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Preface 


This 62d volume of the TRANSAcTIONS of the American Institute of Electrical Engi- 
neers contains all approved technical-program papers and related discussions pre- 
sented at national and District technical meetings during the calendar year, in 
accordance with the improved publication procedure adopted in August 1940. 
Pages 1-310 and 467-790 comprise the papers published in the Transactions Sec- 
tions of the monthly issues of ELECTRICAL ENGINEERING, and pages 311-466 and 
791-1006 comprise papers and discussions that appeared in advance in the June 
and December 1943 ‘Supplements to Electrical Engineering—Transactions Sec- 
tion,’’ respectively. 


The technical papers and discussions in this volume were presented at these AIEE 
national and District technical meetings: 


1943 winter technical meeting, New York, N. Y., January 25-29, 1943. 
North Eastern District technical meeting, Pittsfield, Mass., April 8-9, 1943. 
South West District technical meeting, Kansas City, Mo., April 28-30, 1948. 


1 

2 

3 

4. 1943 summer technical meeting, Cleveland, Ohio, June 21-25, 1943. 
5. 1943 Pacific Coast technical meeting, Salt Lake City, Utah, September 24, 
1943. 


In addition, this volume contains: 
1. 1948 annual report of the AIEE board of directors. 
2. A complete listing of AIEE officers and committees for 1943-44. 


Full correlation of all material in this volume has been accomplished by means of 
the multientry index beginning on page 1029. Reference to any of the several sub- - 
ject entries for a technical paper will lead directly to the paper and to any published 
discussion on that paper. | 


Statements and opinions given in papers and discussions published in TRANSAC- 
TIONS are the expressions of contributors for which the American Institute of Elec- 
trical Engineers assumes no responsibility. 


Errata 


1. Page 67, column 2, equation 23. The equation — 
M=Zy+Z—Zi—Zy should read M=Zyu+Ze—Zy—Zo. 


2. Page 70, column 1. The equation at the bottom a 


Zig 
the column beginning J;, should read hehehe ly 2h we 


"Ly 


3. Page 194, second column, 28th line from en iyeeede 
of “‘less sparsely’ the line should read “more nie if 


4. Page 623, column 3. The first line of the last equa- 
tion should end with a multiplication sign to join the line 
with the following expression which begins with anintegral = 


Performance Calculations on Tapped- 
Winding Capacitor Motors 


A Method of Calculating Low-Speed Performance of Two- 
Speed Capacitor Motors With Open-End Type of Control 
Winding 


P. H. TRICKEY 


MEMBER AIEE 


HE tapped-winding capacitor motor 

is used quite commonly to obtain a 
two-speed fan motor with a compara- 
tively simple switching arrangement. 
With the open-end type of connection as 
shown in Figure 1, the high-speed con- 
nection gives a normal capacitor motor, 
and its performance under any load may 
be determined by calculation with the 
formulas of either the revolving-field 
theory or the cross-field theory. When a 
control winding is added to the already 
complicated capacitor motor circuits, the 
analysis by the usual methods becomes 
even more difficult, and the calculation 
more involved and tedious than ever. In 
the following discussion a method is pre- 
sented for calculating the low-speed per- 
formance. This method while not abso- 
lutely rigorous, should give results well 
within the limits of variation of individual 
motors of the same design. 


Analyzing the Problem 


The problem may be divided into two 
parts: 


1. The performance of the motor is ob- 
tained when operating with the high-speed 
connection at the lower than normal voltage 
which will give the desired second speed. 


2. If one knows the performance at the 
proper spted, with a certain line voltage 
applied, the voltage is calculated which will 


Paper 43-4, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
June 4, 1942; made available for printing October 
20, 1942. 


P. H. Trickey is chief engineer, Diehl Manufactur- 
ing Company, Elizabethport, N. J. 
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be necessary to apply to the total main and 
control winding to give the same speed. If 
this voltage is not equal to the line voltage, 
a different control winding must be designed. 


Low-Speed Performance on High- 
Speed Connection 


One procedure to obtain the low-voltage 
performance would be to calculate the 
full-voltage performance at the desired 
second speed such as point B in Figure 4. 
Then if one knows that the fan torque of 
point A varies as the square of the speed 
and that the motor torque of point B 
varies as the square of the voltage, the 
proper voltage to use in calculating point 
could be obtained by simple ratios. 

‘ In actual practice, however, this pro- 
cedure does not always work out so per- 
fectly, partly because of the change in 
saturation factor with lower voltage, but 
mainly because the friction does not drop 


| OPEN 
| 


Low-voltage operation on high- 
speed connection 


Figure 1. 
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off with voltage, the torque which should 
equal point C very often is a little more or 
less, and a third calculation must be made. 
It has been found advantageous to esti- 
mate the voltage for point C with its 
corresponding saturation factor. It is 
usually found that the torque is so close to 
point C that in one more trial the per- 
formance at point C is determined, and 
thus the result is obtained in two trials 
instead of three. 

Another and sometimes more conven- 
ient method to obtain the low-voltage 
low-speed performance is by actual test. 
The common fan-load test with variable 
voltage known as the fan saturation test 
gives the performance of the motor and 
blade at various voltages and speeds. 
It makes no difference to the second part 
of this problem whether the low-voltage 
low-speed values are obtained from test or 
calculation. In fact, the calculation 
sheet shown in Figure 3 shows an approxi- 
mate method for use when the test does 
not have phase readings. ; 


Low-Speed Performance on Low- 
Speed Connection 


With the low-voltage performance as a 
foundation, it is now possible to calculate 
the performance on the low-speed connec- 
tion at the same rpm. With the speed 
set, the voltage necessary to drive the fan 
at this speed is calculated, and the current 
and input are obtained. If this voltage 


13 If 


Figure 2. Full-voltage operation on low- 
speed connection 
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Figure 3. Example calculation 
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“_ _HIGH SPEED 
FULL VOLTAGE 


TORQUE 


Figure 4. Motor and fan speed-torque curves 


E’ is not equal to the line voltage, the 
motor will not drive the fan at the proper 
second speed, and a new control winding 
must be designed. 

Figure 5 shows the combined vector 
diagrams of the two connections when 
operating at the same speed. J,,, Ig, and 
I, are the currents with the high-speed 
connection and low-voltage H,. The in- 
duced voltage e, in the main winding is 
obtained by subtracting the reactance and 
resistance drops in the main winding due 
to the current J,,. It is assumed that 
this induced voltage will remain the same 
under the low-speed connection if the 
speed is maintained at the same value. 

Since the control winding is placed in 
the main-winding slots, it acts with the 
main winding to form an autotransformer 
as well as to provide a series impedance. 
It is assumed that the autotransformer 
and motor effects are superimposed on 
each and that the motor provides the 
magnetizing current. Because of the 
transformer action, the new line amperes 
T; will be reduced from J, in the trans- 
former ratio. 


T3=I1/K3' 
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where 


K;’=K;3;+1 
Ks=CKips/CKiom 
CKy3 = effective series conductors in con- 
trol winding 
CK ym = effective series conductors in main 
winding 
Because of the transformer action, the 
main winding carries a transformer cur- 
rent 


Ik=I,—Ts 


The actual current in the main winding J,’ 
will be a combination of this current J; 
with the main-winding motor current Jp. 
Im! =Im—Is 

When all the new current values in each 
branch of the circuit are obtained, the 
new low-speed connection line voltage EZ’ 
may be obtained by adding to e the 
proper impedance drops plus the induced 
voltage e; in the control winding. 


E’= eotIn inn +jIm'X1m tes +lers + 7Isxs 
33> K3e2 


The input will differ somewhat from 
W,, the input on the high-speed connec- 
tion, by the addition of the control wind- 
ing copper loss J3? r3, and by the reduction 
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Figure 5. Vector diagram of two-speed 
capacitor motor with open-end control winding 


in the copper loss in the other two wind- 
ings. The main-winding copper loss is 
reduced because of the lower value of the 
current J,,’. Also due to this reduced 
main-winding current, the capacitor- 
phase terminal voltage E»’ is less than Fe, 
and with it the capacitor-phase current J,’. 
The capacitor-phase copper loss is re- 
duced accordingly. 

Figure 3 shows a convenient form of 
calculation sheet with an illustrative ex- 
ample. 
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Analysis of Rating Methods for 


Intermittent Loads 


R. E. HELLMUND 


FELLOW AIEE (Deceased) 


Synopsis: The economics of rating struc- 
tures for electrical equipment from the view- 
points of manufacturing and application are 
considered. Methods for dealing with peri- 
odic load applications are reviewed. The 
present methods have certain limitations for 
some practical applications. An improved 
method for applying motors to load cycles 
where the motor stops and ventilation 
changes in the no-load part of the cycle is 
developed. This method is based on certain 
motor-loss ratios, that is, the relation be- 
tween the losses dissipated with standard 
temperature rise running and at standstill 
and the losses at the nominal or short-time 
rating. It permits the application of service- 
factor or short-time ratings to periodic loads 
with more exactness. Attention is called 
to the wide variations in permissible rms 
current on periodic loads for different loss 
ratios and changes in ventilation on a motor. 


Rating Structures 


ATINGS for intermittent or varying 

loads have recently received con- 
siderable attention*~!° and AIEE Stand- 
ard 1A! is an attempt to clarify and 
rationalize suitable methods for this pur- 
pose. No radically new methods of 
rating are proposed, but some new nomen- 
clature and new viewpoints are intro- 
duced; the report also advocates in- 
creased use of some methods of rating 
which in the past have been applied to 
only a limited extent. 

Naturally there is some hesitation in 
making changes in the rating practice, 
which is justified, because departures 
from well-established methods are likely 
to lead to confusion and expense. On 
the other hand, it must be realized that 
any change in practice which results in 
economies appreciably outweighing the 
disadvantages involved will probably be 
made sooner or later. All action of this 
nature should be based primarily on 
economic considerations. Broadly speak- 
ing, the number of rating methods should 
be kept as small as possible but they 
should not be so limited that they prevent 


Paper 43-6, recommended by the AIEE committee 
on electrical machinery and the standards co-ordi- 
nating committee 4 for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
September 23, 1942; made available for printing 
November 2, 1942. , 


R. E. HELtmMuND was chief engineer of Westing- 
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satisfactory and reasonably economical 
applications of devices under the various 
conditions encountered in practice. 


In making changes in the rating struc- 
ture from an economic point of view, 
serious thought should be given to what 
such a change really entails. If a new 
rating method requires entirely new lines 
of machines and apparatus different from 
those already in existence and thus inter- 
feres with quantity production, and if it 
furthermore complicates the stock situa- 
tion both at the factory and in the field, it 
is justified only if it leads to decided im- 
provements. On the other hand, if a 
change merely means giving some addi- 
tional data for apparatus already stand- 
ardized, it should not be objectionable. 
Even here it must be realized that the 
additional information means expense and 
complications in listing, merchandising, 
and applying the apparatus. Hence the 
inclination to adhere to the present prac- 
tice of handling most apparatus by means 
of a single continuous rating as far as 
possible is quite natural. In the past, a 
departure from this simple practice has 
in general been made only under com- 
pelling circumstances. An example of an 
extreme case is the rating and application 
of single-phase railway motors? where 
the information given with the rating 
structure entails weeks of expensive tests 
as well as time-consuming methods of 
application. These expenses, however, 
are unquestionably well justified in view 
of the large number of motors of the same 
rating in use and the enormous invest- 
ment involved. Between the extreme 
conditions there is, of course, room for a 
variety of intermediate practices, some 
of which have been used to a limited ex- 
tent, as, for example, the rating structure 
for d-c railway, mill-type, and other mo- 
tors. In deciding whether the use of a 
more complicated rating structure is 
warranted, the expense for securing and 
giving additional rating data as well as 
the advantages derived should be taken 
into account. Frequently the inclusion 
of additional information will result in 
easy and economical application and fully 
compensate for the expense involved. 
The choice of method should also be in- 
fluenced by the existence or lack of well- 
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established practices. If a rating practice // 


has been in use for many years and has 
given reasonable satisfaction, a change 
would seem advisable only if the advan- 
tages obtained are appreciable. On the 
other hand, where it is necessary to 
establish new rating structures in entirely 
new fields, it seems logical to apply newer 
methods although they have only moder- 
ate advantage over others. In the 
following it is proposed to discuss some 
of the methods recently advocated and to 
point out their limitations; subsequently 
methods are indicated for overcoming 
these limitations and for handling cases 
which do not seem to be covered satis- 
factorily by AIEE Standard 1A and re- 
lated literature. 


Ratings for Intermittent Duty 


AIEE Standard 1A strongly empha- 
sizes the many applications of electrical 
machines and apparatus where a given 
load is carried for sustained periods or 
repeatedly for shorter periods, but where 
there are also light- or no-load conditions. 
The device must be satisfactory for the 
required load in many respects, such as 
regulation, torque characteristics, me- 


_ chanical strength, and so forth, and it is 


therefore proposed to assign a nominal 
rating corresponding to the load. It is 
also proposed to take advantage in the 
design of the noncontinuous nature of the 
load. 

Two methods are given for such cases, 
namely, the dual or service-factor method 
and the load-cycle method of rating. In 
the first method the nominal rating is 
supplemented by a service factor, which 
is the ratio of the continuous rating to 
the nominal rating and thus indicates 
the continuous rms rating of the machine 
or apparatus. This method, when appli- 
cable, has the advantage of being much 
more flexible in application than the load- 
cycle method. It permits the analysis 
of loads of varying size and time of appli- 
cation, merely requiring that the rms 
load does not exceed the continuous load 
indicated by the service factor. In con- 
trast, the load-cycle method is rather 
inflexible in its present form as its applica- 
tion is limited to a single load cycle, with 
both the amplitude and duration of the 
load for each cycle specified. Therefore, 
this method naturally will be considered 
only where for some reason the service- 
factor method is not suitable. a 

Kither of the periodic rating methods 
permits designs smaller than those with 
continuous ratings equal to the proposed. 
nominal ratings of the periodic rating 
methods. 
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Figure 1. Curves for equation 3 of Appendix 

1, with loss ratios C and F variable and p =0.5, 

showing permissible rms currents for different 
ratios of running time per cycle 


may be accomplished in view of the 
many applications where continuous 
loads are not involved. However, it is 
highly desirable to obtain this economy 
without creating entirely new lines of 
ratings. This can be done by using the 
standard short-time ratings®® wherever 
they exist. These ratings cannot carry 
the nominal rated load continuously but 
usually are suitable for service-factor or 
load-cycle ratings. To get a service- 
factor rating, or to indicate the load dura- 
tion and the percentage of the total time 
during which the nominal load can be 
carried to obtain a load-cycle rating, it 
is then merely necessary to supplement 
the short-time or nominal rating with the 
service factor. Even where no short- 
time ratings are available and new ratings 
have to be established, it seems desirable 
to make designs which are suitable for 
two or more of the rating methods, such 
as short-time, service-factor, and load- 
cycle ratings. 

Unfortunately the service-factor 
method, which is flexible in its application 
to a great variety of load conditions, is not 
always applicable. It is based on a single 
tms value applying for a constant condi- 
tion of cooling, which results in limita- 
tions under certain conditions. 

For example, when a device cannot 
carry any load continuously without over- 
heating, it is obviously impossible to give 
This is frequently the 
case with enclosed machines or other 


enclosed apparatus where the core and. 


similar losses, if prevailing continuously, 
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k 
Figure 2. Curves for equation 3 of Appendix 
I, with loss ratios C and F variable and p= 
0.333, showing permissible rms currents for 
different ratios of running time per cycle 


cause temperature rises in excess of those 
permissible for continuous operation. 
Such devices can be and frequently are 
used to good advantage on intermittent 
loads where no core or similar losses 
oceur during idle periods. (In a few 
cases, stich as series d-c motors where 
the speed varies and the operating volt- 
age ranges between zero and rated 
voltage, an rms rating can at times be 
given at a reduced voltage corresponding 
to the average operating voltage and a 
modified application of the service-factor 
method is possible.) 

Again, when the ventilation during the 
on and off periods of a load cycle changes 
materially, making the resultant effective 
ventilation appreciably less than the 
ventilation prevailing during the tests 
with the continuous load current, the 
service-factor method cannot be readily 
applied. Motors which stand still during 


the no-load periods, with an appreciable. 


reduction in ventilation, are an illustra- 
tion of this. 

When the heating or other operating 
limitations of devices are not entirely a 
function of the rms current, the service- 
factor method is not very suitable. For 
example, in electronic tubes the safe out- 
put is influenced by many different fac- 
tors but only to a negligible extent by the 
rms load, and therefore the rms load can- 
not be used as a correct indicator of 
perinissible load. 

In these cases and possibly others, the 
load-cycle method of rating may have to 
be considered, and it would be of advan- 
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Figure 3. Curves for equation 3 of Appendix 

1, with loss ratios p and C variable and F=0.3, 

showing permissible rms currents for different 
ratios of running time per cycle 


tage to find ways of making this method 
more flexible. One possible way is to 
assign to a given device, in place of a 
single load-cycle rating, a number of 
different load-cycle ratings®!° in such a 
way that intermediate applications can 
be handled by interpolation. This 
method has been used with electronic 
devices for applications, such as spot 
welding, and is giving satisfactory results 
in practice. Although the assignment of 
a number of ratings naturally introduces 
complications, in this case the necessary 
interpolation can be readily and quickly 
made and, in fact, takes less time than 
the calculation of the rms or average 
currents. In other words, the extra ex- 
pense for establishing several ratings is 
compensated for by time saved in apply- 
ing the device. 


Periodic Loads on Motors 


Unfortunately, a similar practice for 
motors is almost out of the question. An 
acceptance test for a load cycle during 
which the motor must be started and 
stopped repeatedly is difficult because of 
temperature measurement and the neces- 
sity of properly adjusting the load to the 
desired value during each cycle. Fair 
results can be obtained where the operat- 
ing period is reasonably long, but serious 
difficulties are encountered in short load 
cycles, which are more common in prac- 
tice. Therefore an entirely different 
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method of attack seems desirable. In a 
previous paper’, a method permitting 
certain load-cycle tests with relatively 
long operating periods on standard short- 
time rating motors was outlined. Meth- 
ods were indicated whereby data ob- 
tained from such tests could be utilized 
to derive results for load cycles of short 
duration. In the following a simpler 
method applicable with short load cycles 
is suggested. 


The Loss-Ratio Method 


Basically, the temperature rise of a 
motor is determined by the losses and 
the ability of the motor to dispose of 
them. This ability is obviously much 
different when the motor is at rest than 
when running. Consequently it seems 
almost hopeless to devise proper methods 
of application without some knowledge of 
the losses and the ability of the motor to 
dispose of heat during each of the widely 
different conditions of operation, Fur- 
thermore, with this knowledge, applica- 
tions can be readily made for any motor 
having a short-time or any other nominal 
rating. ‘The essential quantities are: 

1. The constant losses (core and so forth) 
at the nominal rating = L, 


2. The variable losses (copper and so forth) 
at the nominal rating =L, 


8. The continuous losses permissible for 
standard temperature rise! at rated speed = 


re 


4. The continuous losses permissible for 
standard temperature rise at standstill =L, 


Values for the first two items are always 
available from the efficiency determina- 
tion of the machine. With a service- 
factor rating, the value for the third item 
can be readily calculated from items 1 and 
2 by use of the service factor (equation 
4, Appendix I). If service-factor 
rating is available, the information for 
item 3 can be obtained from a continuous 
run at reduced voltage and load giving 
standard temperature rise. Preferably 
the ratio between constant and varying 
losses during this test should be the same 
as at the nominal rating. The informa- 
tion for the fourth item can be obtained 
by a continuous test run with the motor 
at rest, at a voltage low enough to again 
result in the standard temperature rise. 
Then by means of the simple algebra of 
Appendix I, any desired load-cycle condi- 
tion can be calculated. Formula 2 gives 
the load current which can be carried for 
any value of running time per cycle, and 
formula 3 indicates the rms current for 
the entire load cycle corresponding to the 
load current of formula 2. Figure 1 shows 
curves indicating the value of the per- 


no 
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missible rms current for cases where the 
constant losses and varying losses are 
equal at the nominal rating (p=0.5). 
Figure 2 shows similar curves for applica- 
tions where the constant losses are one 
third and the varying losses two thirds of 
the total losses at the nominal rating 
(p=0.33). It will be noted that the per- 
missible rms current for the different 
ratios varies over very wide ranges, which 
confirms the fact that inexact methods are 
not likely to give very satisfactory re- 
sults. Also, it is evident that the basic 
factors considered in the present method 
should be known to make reasonably 
accurate calculations possible. 


Figure 3 again shows values for the rms 
current for a constant ratio of permissible 
continuous losses standing and running 
(F=0.3). Different ratios (p) for con- 
stant to total losses at nominal rating and 
different ratios (C) for permissible con- 
tinuous losses running to total losses at the 
nominal rating are used. A number of 
curves of this character, each for a differ- 
ent value of /’, seem to be most suitable 
for practical use. The ratio F is a ma- 
chine characteristic, whereas p and C de- 
pend upon the nominal rating considered. 
Reasonably correct results can be ob- 
tained from such curves by interpolation 
for different values of the various ratios. 
Since the variables used in this method are 
all ratios of losses, this method might be 
referred to as the ‘“‘loss-ratio method.” 
It is applicable directly to existing short- 
time ratings as well as to service-factor 
ratings, and it therefore obviates the 
necessity for separate and distinct lines 
of additional ratings. 

In a previous paper® dealing with load- 
cycle ratings, a factor (Ss) was intro- 
duced to cover motors standing still dur- 
ing no-load periods. The formulas given 
were based on a factor (f), intended to 
make allowance for reduced ventilation 
and the absence of core losses at stand- 
still. These two effects influence results 
in opposite directions, and thus factor f 
depends upon the difference of two quan- 
tities. Since in practice each of these 
effects varies over wide ranges, the re- 
sultant difference is erratic, making it al- 
most impossible to deal with uniformly 
consistent values for f (see discussion of 
paper, reference 8), Formula 5 of Appen- 
dix I gives the same factor (Ss) in terms 
of the loss ratio F, With the method now 
proposed, factor F depends only upon the 
change of ventilating conditions and 
hence is likely to be fairly uniform, or at 
least quite consistent for a given type 
and line of machines. Therefore the 
present method will yield reasonably 
correct results even if test data for the 
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value F are not available for all sizes of a 


line of motors, 

The calculations outlined above deal 
with the total losses and neglect the fact 
that hot-spot temperatures are influenced 
to some extent by the distribution of the 
losses in various parts of the machine. 
This can be taken into account by allow- 
ing a slight factor of safety in applying the 
motors. It is also evident that the pre- 
vious considerations apply more particu- 
larly to a-c induction motors, the type 
most universally used. For the different 
conditions prevailing in commutator- 
type motors, certain modifications will 
be necessary; for series motors in particu- 
lar, more complicated methods of appli- 
cation such as used for d-c railway motors 
may be in order. 

These calculations apply directly to 
applications where the load cycles are 
rather short and where the temperature of 
the machine does not vary materially 
during the cycle, the applications most 
common in practice. For relatively long 
load cycles or for load cycles very un- 
evenly distributed, the methods pre- 
viously outlined’ for the service-factor 
method can be used, or the factor S: 
given there can be applied to the method 
outlined here. In other words, the factor 
S: can be used to give the relations be- 
tween short- and long-cycle applications 
regardless of whether the service-factor 
rating is given. When no service factor 
is given, the permissible rms current is 
obtained from formula 3, Appendix I, for 
short-load cycles. By multiplying this 
value by the factor S, (Figure 7 of refer- 
ence 8), permissible rms values for longer 
load cycles involving appreciable tem- 
perature changes can be obtained. Thus 
the loss-ratio method is applicable to both 
types of periodic duty cycles involving 
standstill during the no-load period, a 
condition for which other methods have 
limitations. 


Appendix |. Determination of 

Permissible Periodic Load Cycles 

for Motors by the Loss-Ratio 
Method 


Let 


L=total losses at the nominal rating cur- 
rent I 

L,=constant (core and so forth) losses= 
pL | | 

»=variable (copper and so forth) losses = 

(1—p)L 

L,=continuous losses at rated speed for 
standard temperature rise 

Ls=continuous losses at standstill for 
standard temperature rise ‘ 
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L,= CL where C=L,/L 

L, = FL,=CFL where F=L,/L, 
T =total time per cycle 

T,=kT =running time per cycle 


For any value of k, the losses which can 
be dissipated during the total cycle must 
equal the losses produced by a certain load 
current (%) during the running part of the 
cycle. 

Therefore 


. 2 
La+t—h=Le+(*) Lyk (1) 


Introducing the loss ratios p, C, and F 
and solving 


1 CF 
iz =. (c-r- cre) (2) 


The rms current for the entire cycle cor-* 
responding to the periodic current (1,) is 


mee k CE 
i= V ith =I (c-0- cr+@) (3) 
1—p k 
For a motor with a service-factor rating, 
let 


Si; =service factor 
z7=continuous rating current 
S3;=ratio of rms. current to continuous 
rating current 


Then 
L,=pL+S(1—p)L (4) 
Also 


Ly=Let (4), 


from which 


pee 


i=] 


k CF 
esp (c-p-cr+ 2) (5) 
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A New Type of Adjustable-Speed Drive 
for A-C Systems 


A. G. CONRAD 


MEMBER AIEE 


Synopsis: This paper describes the theory 
and characteristics of a new type of poly- 
phase adjustable-speed motor and its con- 
trol circuit. The system provides an a-c 
drive that has characteristics comparable 
to those of the Ward Leonard system used 
on direct currents. The control circuit 
provides starting as well as speed adjust- 
ments from 0 to 100 per cent of rated value. 
The power factor of the motor is either lead- 
ing or very close to unity over its operating 
range, and consequently the efficiency is 
high. Low costs of this type of motor and 
its control system, the large speed range, the 
facility for rapid reversal by regeneration, 
and its high starting torque make it suitable 
for some industrial applications. 


TTEMPTS to adaptd-cshunt motors 

for use on alternating currents have 
been unsuccessful because of the difficulty 
in producing a flux that is in time phase 
with the armature current. In order to 
obtain a high power factor and a large 
torque, such a motor would have its arma- 
ture current under load inphase or ap- 
proximately inphase with both the arma- 
ture voltage and the air-gap flux. These 
conditions are unattainable in the a-c 
shunt motor. When the field and arma- 
ture are supplied with the same voltage, 
the phase of the field current is approxi- 
mately 90 degrees behind that of the 
voltage. The flux produced by the field 
is approximately in quadrature with the 
armature voltage. The armature current 
is more nearly inphase with the armature 
voltage, and consequently it cannot be in- 
phase with the flux. In addition to this 
the generated voltage produced by rota- 
tion of the armature in the field is ap- 
proximately 90 degrees out of phase with 
the applied voltage instead of being di- 
rectly opposed to it as in a d-c motor. 
Consequently the armature current is 
limited largely by the impedance of the 
armature, and speed has little effect on 
this current. Thus the single-phase 
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shunt motor used on alternating current 
will take very large currents at all loads, 
and, since changes in generated voltage 
have little effect on this armature current, 
increases in load will cause large reduc- 
tions in speed. The speed regulation of 
such a motor is objectionably high. 

The undesirable features referred to 
above can be overcome by adapting the 
motor for use on polyphase systems in a 
manner such that the voltage applied to 
the field is approximately at right angles 
in time phase with respect to the armature 
voltage. Under such conditions the in- 
ductive effect of the field will cause the 
air-gap flux to be approximately inphase 
with the armature voltage. The gener- 
ated voltage in the armature due to rota- 
tion will oppose the applied voltage, caus- 
ing the motor to behave very much like a 
d-c shunt machine. Thus in Figure 1, if 
the field and the armature of a motor are 
supplied from separate phases of a two- 
phase system, the motor would take a 
small armature current at no load and an 
increased current when load is applied. 
The armature current would be out of 
phase with the armature voltage, and, 
because of the large armature impedance, 
the speed regulation would be similar to 
that of a shunt motor with a large resist- 
ance in its armature circuit. 


The Motor and Its Circuits 


Objections to the two-phase motor 
shown in Figure 1 can be overcome by 
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Figure 1. The motor supplied with two-phase 
voltages and its vector diagram 
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Figure 2. The motor supplied with three- 
phase voltage and the voltage vectors 


proper design of the motor and by supply- 
ing the field with a voltage that is in 
proper phase relationship with respect to 
the armature voltage. The armature 
should be designed with the lowest value 
of impedance practicable. This requires a 
compensating winding on the stator which 
can be connected either in series with the 
armature or short-circuited—the latter 
connection produces inductive compensa- 
tion. The voltage applied to the field 
should be shifted in time phase with re- 
spect to its quadrature position shown in 
Figure 1, so that the time phase of the air- 
gap flux is slightly behind the armature 
applied voltage. This shift is essential in 
order that the power factor of the motor 
be kept high and can be accomplished in 
the circuit shown in Figure 1 by connect- 
ing the field across the points a and x. 

The methods of obtaining this slight 
shift of voltage on polyphase systems are 
numerous. The requisite voltages for 
field and armature referred to above can 
be obtained from a three-phase supply by 
use of the circuit shown in Figure 2, The 
motor has an armature similar to that of 
an ordinary repulsion motor. The com- 
pensating winding is placed on the stator 
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in such a position as to neutralize the flux 
produced by the armature ampere turns. 
The main field winding is placed on the 
stator and is Spaced 90 electrical degrees 
with respect to the compensating winding. 
Three-phase voltage is supplied at the 
points a, 6, and c, and an adjustable trans- 
former is connected between b and c. 
The motor armature can be supplied with 
all or any portion of the voltage between 
the points b and c. Selection of speed is 
obtained by adjustment of this armature 
voltage. The field winding is connected 
between line a and point x on the adjust- 
able transformer. The field winding acts 
as a transformer in making essentially a 
three-phase to two-phase transformation 
of voltages. This differs from the ordi- 


Figure 3. The complete vec- 
tor diagram of the motor 


nary Scott connection in that the point x 
is not exactly midway between 6 and c. 


Theory of the Motor 


The theory and operation of the motor 
connected as in Figure 2 can be explained 
on the basis of its vector diagram shown in 
Figure 3. This is the diagram for a two- 
horsepower motor constructed in accord- 
ance with the required features described 
above. The field voltage is shown as the 
vector /7,, and for this particular case it is 
almost perpendicular to the armature 
voltage vector Hy. The phase angle be- 
tween these voltages can be changed by 
moving the tap x on the control trans- 
former. In the analysis presented here it 
is assumed that the armature and field 
voltages remain constant and fixed in 
direction for all values of load and that 
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the impedance of the control traieeorner 
is negligible. 

When voltage is supplied to the field 
of this motor, the back electromotive 
force in the field is produced by a resist- 
ance drop, a drop due to the mutual flux 
that cuts the armature and the field con- 
ductors, and a drop due to the leakage 
flux which cuts the field winding but not’ 
the armature. The vectors representing 
these voltages are shown in Figure 3. 
The voltage applied to the field is Hy, the 
leakage-reactance voltage dropis J,X,, and 
the voltage produced in the field winding 
by the mutual flux is H,’, The mutual 
field flux that generates the voltage 2,’ in 
the winding is represented by the vector @. 

If the armature voltage /, is applied 
while the rotor is held stationary, the 
armature current will be limited by the 
equivalent resistance and reactance of the 
armature circuit. The equivalent resist- 
ance R, is determined by the effective 
resistance of the armature circuit plus the 
resistance of the compensating winding 
reflected to the armature; whereas the 
equivalent reactance X, is determined by 
the closeness of coupling of the compen- 
sating winding to the armature. Thus 
the blocked-rotor armature current J is 
equal to the voltage E, divided by the im- 
pedance Z, of the armature circuit, where 


=VRI+X 


The current Jg) shown in Figure 3, lags 
the armature voltage by the angle 6 where 


B=cos~ ‘Re 

Za 
8 is also the angle between the voltage 
IyZq and the current Jy, where J, is the 
armature current for any value of load 


al. 28 
Torave + Le. Fr 


Figure 4. Speed-torque curves of the motor 
for different values of armature voltage — 
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Figure 5. Power-factor curves for different 
speed settings 


The current J,, acting on the flux @ 
produces torque. If the motor is allowed 
to rotate, a counterelectromotive force 
similar to the back electromotive force in 
a direct-current motor will be generated. 
This generated voltage HE, will have the 
same time phase as the flux ¢, since it is 
proportional to the product of the flux and 
speed. Therefore the generated voltage 
vector E, is parallel to the flux vector ¢, 
and the magnitude of £, is proportional 
to the speed of the motor if the flux is con- 
stant. The sum of the voltages in the 
armature circuit must equal the applied 
voltage, or expressed as an equation 


IaZat+E, =E, 


In this relationship the voltage H, has a 
fixed direction but can change in magni- 
tude as explained above; however the 
voltage E, is constant in both direction 
and magnitude as assumed. Therefore 
the term J,Z, has a variable direction and 
magnitude such that the above equation 
is satisfied. 

For an increase in speed, the magnitude 
of the vector E, in Figure 3 increases 
along the dotted line fd—this line is 
parallel to the flux vector p. The ter- 
minus of the vector J,Z, must always lie 
along the dotted line fd in order that the 
vector sum of J,Z, and E, be equal to the 
vector E,. Thus the extremity of the 
vector I,Z, has the straight line locus fd. 
Since the changes in the brush resistances 
are small over the operating range of the 
motor, the armature impedance Z, is 
essentially constant. The armature cur- 
rent J, is proportional to J,Z,; therefore, 


‘the terminus of the vector J, also follows a 


straight-line locus in the same manner as 
the vector J,Z,. The locus of J,, shown 
as the dotted line gh in Figure 3, is dis- 
placed from the line df by the impedance 
angle 6. The vector J,Z, must lead the 
armature current vector by the imped- 
ance angle £. 

The power developed is equal to the 
projection of E, on J, multiplied by J, 


_ and the copper loss in the armature circuit 
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Figure 6. Efficiencies for different speed 
adjustments 


is equal to the projection of J,Z, on J, 
multiplied by J, At no load the de- 
veloped power is small, therefore the 
current vector J, is approximately perpen- 
dicular to the vector E,. For the condi- 
tion of no load the armature current J, as 
shown by the vector diagram is leading 
the applied voltage E,. When the ma- 
chine is loaded, there is a slight reduction 
in speed and consequently a reduction in 
the magnitude of the vector E, This 
change in E, causes a change in the mag- 
nitude and direction of the vector I,Z,— 
such that its extremity moves along its 
locus df. This clockwise shift of the vec- 
tor J,Z, is associated with an equivalent 
shift in the current vector J,. The locus 
of the terminus of the vector J, is gh. 
Thus an increase in load is associated with 
a reduction of speed. The torque sup- 
plied to the shaft is represented by the 
projection of the current vector J, on the 
flux vector ¢ (Figure 3). Expressed as an 
equation 


T =KdIa cos (a+8) 


where @ is the power-factor angle of the 
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Figure 7. Armature-current curves for dif- 
ferent speed adjustments 
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Figure 8. Circuit for reversing drive 


armature circuit. This angle @ is con- 
sidered plus for leading power factors and 
minus for lagging power factors. The 
factor K is a constant and a is the angle 
between the flux vector ¢ and the voltage 
vector E,. 


Performance 


Experiments conducted on a motor sup- 
plied as shown in Figure 2 reveal that the 
characteristics predicted from the vector 
diagram of Figure 3 check the perform- 
ance characteristics of the motor. The 
speed-torque characteristics of this motor 
with different values of impressed arma- 
ture voltage are shown in Figure 4. 
These speed-torque curves are straight 
lines and are parallel. For the high-speed 
setting the speed regulation of the motor 
is approximately nine per cent. These 
speed-torque curves indicate that the 
motor has an extremely high starting 
torque. Selection of speed can be ac- 
complished by adjusting the armature 
voltage EH, The power factor of the 
armature circuit for different speed set- 
tings is shown in Figure 5. The corre- 
sponding efficiency and armature current 
curves are shown in Figure 6 and Figure 7 
respectively. 

Since one of the three-phase lines to the 
motor carries only field current, while 
each of the other two lines carries the 
transformed armature current and a por- 
tion of the field current, the three line 
currents supplying this system must be 
unbalanced. The extent of unbalance 
for approximate equal intervals of load 
from no load to full load for the perform- 
ance curve 1 of Figure 4 is indicated in 
Table I. 


Additional Control Features 


The motor described here can be easily 
adapted for reversing operation by the 
use of the circuit shown in Figure 8. In 
this circuit one side of the armature is 
connected to the mid-tap of the trans- 
former. The other side of the armature 
can be connected to either side of the mid- 
tap for operation. When connected on 
the right (Figure 8) of the mid-tap, the 
direction of rotation of the motor will be 
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reversed with respect to its direction of 
rotation when connected to the left. 
Thus reversing is easily obtained. 

Other types of transformer connections 
can be used to supply this motor with the 
same terminal voltages as those discussed 
here. Such connections naturally pro- 
vide the motor with the same operating 
characteristics. Field control can be 
added in these circuits, but it usually re- 
sults in poorer motor characteristics. A 
slight amount of saturation in the field 
provides fair speed regulation in the 
motor. Weakening the field will cause an 
increase in speed, but it will also cause an 
increase in the speed regulation. 

If the sliding contact is moved rapidly 
toward the other armature supply tap on 
the adjustable transformer, there will be a 
rapid reduction of the armature voltage 
E,. This causes a reversal of the power 
component of the armature current. The 
machine will act as a generator, and high 
braking action will result. Thus the 
same control apparatus used for starting 
and controlling the speed can be used for 
braking. 


Conclusions 


1. The theory of a new type of adjustable- 
speed drive for use on alternating currents is 
presented here. 


2. The theory is verified through experi- 
ments conducted on a two-horsepower motor 
and its controller. Performance of the 
system was found to be meritorious. 


3. The system provides speed adjustment 
for either direction of rotation. 


4. Thespeed range is from 0 to 100 per cent 
of the rated armature speed. 


5. By proper adjustment the power factor 
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Table | 


Field Current Line Currents Supplying the 


Amperes Armature Amperes 
L I, I; 
9. ys 
9. 0 
9. ous 
9. .0 
9. .2 
9. iff 
9. 5 


of the motor is leading or close to unity from 
no load to full load. 


6. The controller consists of an adjustable 
autotransformer and can be mounted inde- 
pendently of the motor itself. 


7. High starting torques are available for 
accelerating heavy loads or loads with large 
inertias. 


8. No energy is lost in starting resistors in 
this type of control. The system has 
smooth accelerating characteristics from 
standstill to maximum speed. 


9. Since the armature currents on starting 
are supplied at low voltage, the input cur- 
rents to the system are small, thereby 
eliminating line-voltage disturbances nor- 
mally associated with motor starting. 


10. Rapid acceleration and deceleration 
are provided in the control circuit. 


11. Efficiency of the system is compara- 
tively high. 
12. Simplicity of the control circuit and 


its manifold uses make the unit relatively 
inexpensive. 


13. The unbalance of line currents makes 
its application to large motors undesirable. 
The unbalance produced by small motors of 
this type is not objectionable. 


List of Symbols 


Ea—The voltage applied to the armature. 
E,;—The effective value of the voltage ap- 
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plied to the field winding of the motor. 

E,'—The effective value of the voltage in- 
duced in the field winding by the flux 
crossing the air gap. 

E,—The effective value of the generated 
voltage in the armature. 

I,z—The effective value of the armature 
current expressed in amperes. 

Iqy—The effective value of armature current 
expressed in amperes when the motor 
is at standstill. 

Iy—Effective value of the field current. 

K—A constant for any particular motor 
involving the total number of turns on 
the armature, the number of parallel 
paths, and the number of poles. 

R,—The equivalent resistance expressed in 
ohms of the armature and compensat- 
ing winding. 

R,;—Resistance of the field winding. 

T—The developed torque of the motor ex- 
pressed in pound-feet. 

x—The point on the adjustable trans- 
former at which the field is connected. 

Xa—The equivalent reactance of the arma- 
tire and compensating winding ex- 
pressed in ohms. 

X,—The effective reactance of the field 
winding expressed in ohms caused by 
the leakage flux that does not cross the 
air gap. 

Za—The equivalent impedance of the arma- 
ture and compensating winding ex- 
pressed in ohms. 

a—The phase angle expressed in electrical 
degrees between the generated voltage 
and the applied armature voltage. 

8—The angle having a cosine that is equal 
to the ratio of the armature resistance 
R, to the armature impedance Zag. 

0—The phase angle or power-factor angle 
in electrical degrees between the im- 
pressed armature voltage Eg and the 
armature current Ig. 

¢—The total flux per pole crossing the air 
gap expressed in maxwells. 


re 
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. A New Generator Differential Relay 


A. J. McCONNELL 
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iS ELAYS have been available for 

years capable of providing selective 
high-speed protection if—and it is a big 
IF—the intelligence transmitted to the 
relay closely approximates the truth.”’ 
This statement, recently made by a pro- 
tection engineer, is a true statement, the 
import of which is not always fully rec- 
ognized. 

Regarding current supply, there are 
many relay applications for which ortho- 
dox current transformers are quite ade- 
quate. On the other hand, applications 
such as differential relaying require care- 
ful consideration of the current-trans- 
former characteristics. If a high-speed 
differential relay is desired, transient, as 
well as steady-state characteristics must 
be studied. The reason for this is the 
probability of false differential current 
flow occasioned by d-c saturation of a 
current transformer excited by an offset 
current.) 

There has been a gradual improvement 
in the steady-state characteristics of 
current transformers. Also, the transient 
problem has been attacked by increasing 
the size of the core, by inserting air gaps 
in the magnetic circuit,” or by eliminating 
the iron entirely.* By and large, how- 
ever, the major portion of differential- 
telay development has been concerned 
solely with the design of relays capable of 
overcoming the inherent deficiencies of 
standard current transformers. There is 
no better example, in support of this 
statement, than the protection of genera- 
tors against internal faults. 

As of today, what better protection 
could be imagined than the very first 
instantaneous overcurrent relay, con- 
nected differentially, if the currents sup- 
plied to the relay were true representa- 
tions of the actual primary currents? 
Actually, however, there have been at 
least five generator protective-relay de- 
velopments, all concerned with the in- 
adequacy of the current supply. Briefly, 
the chronology has been somewhat as 
follows: 


(a). Time-overcurrent relay connected dif- 
ferentially.45 False current-transformer 
output requires high minimum operating 
-current, or long operating time, or both, in 
order to prevent improper relay operation. 


(b). Percentage- or ratio-differential relay 
(relatively slow speed). Such a relay is 
provided with a restraining force dependent 
upon the sum of the currents entering and 
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leaving the zone of protection. During a 
fault external to the protected zone, it 
operates only if one current is a certain per- 
centage above the other (slope). Figure 1, 
curve A, shows the operating characteris- 
tic of one such relay. 


(c). High-speed percentage- or ratio-dif- 
ferential relay. Such relays have had only 
limited success because of the high false dif- 
ferential current possible, as above noted, 
during transient conditions. 


(d). WHarmonic-current-restrained differen- 
tial relay.?. Although transformer and bus 
relays of this type have been successfully 
applied, the harmonic-current-restraint prin- 
ciple has never been extended to generator 
protection because of design limitations at- 
tending the requirements of high sensitivity 
and ability to withstand heavy fault cur- 
rents. 


(e). Relay utilizing both (1) variable ratio 
(variable slope) and (2) the out-of-phase 
relationship between the differential and 
restraining currents during heavy through 
faults’ (Figure 1, curve B) shows a variable- 
slope characteristic with all currents in- 
phase. 


(f). A new differential relay, described 
herein, the restraining force of which is ob- 
tained by means of a principle heretofore 
unused. It restrains in response to the 
product of the currents entering and leaving 
the protected zone, and, consequently the 
new principle is called ‘‘product restraint.’”’ 
In addition, the relay has a slope which is 
variable and which increases very rapidly 
above approximately twice normal current 
(Figure 1, curve C). 


Limitations of Variable Slope 
With Summation Restraint 


In order to appreciate fully the prin- 
ciple, product restraint, it is necessary 
first to consider the limitation of variable 
ratio or slope as applied to a relay using 
the orthodox summation restraint. 

Variable ratio or slope, as the names 
imply, signifies that the slope of the 
through-fault operating characteristic 
continuously changes, as shown by curve 
B of Figure 1. In order to be really 
effective, however, the slope should in- 
crease rapidly above maximum full-load 
current of the machine, perhaps as in- 
dicated by curve C of Figure 1. To ob- 
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tain such a relay characteristic, it is 
apparent that, as the current increases, 
the operating force must become deficient 
relative to the restraining force. How- 
ever, assuming summation restraint, a 
relay with this characteristic could fail 
to operate under certain internal fault 
conditions. For example, if the internal 
fault is fed only by the protected gen- 
erator (that is no external source), the 
restraining and the differential currents 
are identical. Figure 2 shows curves for 
the operating and restraining forces of a 
relay with a variable slope, summation 
restraint, and identical restraining and 
operating currents. For currents above 
the intersection of the curves, the relay 
will fail to operate, because the restraining 
force is iti excess of the operating force. 
For simplicity, it was considered that 
the curves of Figure 2 were based upon an 
internal generator fault without an ex- 
ternal source of feed. Actually, the 
danger of failure to operate may be 
greater when there is an external source. 
With equal currents fed from the pro- 
tected generator and an external source, 
the restraining force of a summation 
restraint relay is theoretically zero. How- 
ever, the current from the external source 
may be much greater than the current 
supplied from the protected generator 
(for example: there may be _ several 
generators on the same bus). Conse- 
quently, the restraining force may be 
much greater when there is an external 
source than when there is not, and there 
may be a greater possibility of nonopera- 
tion, For example, assume a generator 
bus with four identical generators con- 
nected to it (and no other source of 
power). The total fault current during 
a bus fault is four times the current sup- 
plied by each generator. If the fault is on 
the leads of a generator (within its differ- 
entially protected zone), the differential 
current is four times and the net restrain- 
ing current is twice the respective cur- 
rents for a fault on the generator leads 
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Figure 1. Through-fault operating character- 
istics of three kinds of differential relays 
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Figure 2. Torque curves of saturated operat- 
ing element and unsaturated restraining ele- 
ment (summation restraint illustrating possible 
failure to operate on internal fault) 
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Figure 3. Directions of currents in current 
transformers during external fault 
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Figure 4. Directions of currents in current 
transformers during internal fault 


with no external source. Relative to the 
current at the intersection of the curves 
of Figure 2, doubling the restraining cur- 
rent increases the restraining force to 
four times, whereas increasing the operat- 
ing (differential) current to four times 
increases the operating force by much less 
than four times. Hence, the increase in 
restraining force relative to operating 
force increases the possibility of failure 
to operate when there is an external 
source. 


Product Restraint 


In order to retain the desired through- 
fault characteristic, curve C of Figure 1, 
and yet provide positive operating margin 
during an internal fault, it is necessary 
that the restraining force be greatly re- 
duced, or, preferably, entirely eliminated 
during an internal fault. The latter re- 
sult can be accomplished by restraining in 
response to the product of the currents 
entering and leaving the protected zone, 
rather than to their sum. Thus, during 
an internal fault fed only by the protected 
generator, the restraining force is zero, 
since one of the two terms of the product 
is zero. 

For a through fault, the relative polar- 
ity of the restraining winding is such that 
the force is in the contact-opening direc- 
tion. For an internal fault, assuming 
that the generator is connected to another 
source of power, the relative direction of 
the fault currents is reversed so that the 
so-called restraining windings will actu- 
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Figure 5. Coil locations in product-restraint 
differential-relay element 
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Figure 6. Schematic diagram showing relay 
and auxiliaries for one phase 


ally produce a contact-closing force. 
Thus, the windings which provide the 
restraining force during a through fault, 
produce, in so far as fault current is con- 
cerned, either an operating force or no 
force during an internal fault. 

A somewhat different conception of the 
operation of this relay results if the relay 
is considered to be primarily a directional 
relay. Figure 3 shows that, for an ex- 
ternal fault, the current flow is in the 
same direction in the current transformers 
on opposite sides of the generator winding. 
Figure 4 shows that the short-circuit 
currents in the two current transformers 
are in opposite directions during an in- 
ternal fault. 

If Figure 4 were true under all condi- 
tions, a current polarized directional 
relay, one winding connected to each cur- 
rent transformer, would provide adequate 
protection against internal faults. How- 
ever, there are two conditions during 
which Figure 4 is in error. First, there 
may be no external source, in which case 
the directional relay would fail to operate. 
Second, load current appears to the di- 
rectional relay to be an external fault of 
relatively low current magnitude as in 
Figure 3. If the internal fault current 
is low, the load current may outweigh 
the fault current, thereby preventing the 
current reversal required for relay opera- 
tion. 

In order to provide sensitive operation 
with load current flowing and to permit 
operation when there is no external 
source of power, a differentially con- 
nected overcurrent relay can be added to 
the directional relay, both relays acting 
upon a single shaft. Although it is neces- 


McConnell—New Generator Differential Relay 


Three-phase product-restraint dif- 
ferential relay 


Figure 7. 


sary that the overcurrent element be 


sensitive in order that low values of short- — 


circuit current may overcome the effect 
of load current, it is not necessary that 
the overcurrent element torque ever be 
greatly in excess of the restraining torque 
of the directional element under maxi- 
mum load current conditions. This fact 
permits sharp saturation of the differen- 
tial current circuit, thereby causing the 
relay to be stable during external faults, 
even with the large false differential cur- 
rents which may be present at the higher 
current levels. 


Description of Relay 


The relay unit using the product- 
restraint principle is of the eight-pole, 
induction cylinder construction previ- 
ously described before the Institute.® 
The available poles permit both the 
differential-operating and the product- 


restraining functions to be accomplished © 


ina single unit. Although a single relay 


unit is described, it should be understood — 


that three such units are req for a 
three-phase circuit. 

Figure 5 shows the locations of the 
various coils on the eight-pole structure. 


The upper three coils, denoted by A and — 


. 
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B, are the differential-operating coils, 
while the lower three coils, C and D pro- 
vide the product restraint. 

Figure 6 shows schematically the con- 
nections of the various coils to the cur- 
rent transformers spanning the protected 
zone. 

Figure 6 indicates that the differential 
current is not supplied directly to the 
upper coils of Figure 5, but, rather, in- 
directly through an autotransformer. 
The autotransformer, which saturates at 
a relatively low current, provides the 
greatly increasing slope characteristic as 
the through-fault current increases. It 
also permits the use of relatively large 
wire in the differential circuit, thereby 
facilitating testing at the higher currents 
without the overheating usually encoun- 
tered in testing generator differential 
relays. 


: 


Figure 8. Cross-sectional view of relay back- 
stop ' 


It will be noticed that a resistor is used 
in the circuit of coils A. This resistor is 
for the purpose of shifting the phase of the 
current in the outer poles to obtain a 
torque-producing component. The neces- 
sary phase shift of the product-restraining 
coils is obtained easily in the relay unit 
itself by means of a flux-shifting copper 
tube. 

Figure 7 shows a three-phase relay, all 
auxiliaries of which are mounted behind 
the relay units. Those familiar with this 
construction will recognize the usual 
bounce-suppressing contact on the left- 
hand side of the upper structure of each 
relay unit. Because of constructional 
similarity, there appears to be a contact 
on the right-hand side also. However, 
the tube or “‘barrel” on the right-hand 
side is a new type of backstop construc- 
tion which prevents closing the tripping 
contacts upon the release of a through- 
fault restraining force. This backstop 
has another desirable quality in that it 
acts as a shock-suppressing device. The 
telay can be set as low as 0.1 ampere at 
no load, as indicated by the insert of 
Figure 1. However, for practical pur- 
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poses 0.2 ampere is sufficiently low, and a 
relay calibrated at this value will be safe 
against false operation, even under 
unusual shock conditions. 

Figure 8 shows a cross-sectional view 
of the backstop. Felt pad A, attached 
to the moving contact arm B, normally 
rests against stainless-steel ball C, which 
in turn is free to rollin race D. The race 
is inclined sufficiently to cause the ball 
to retain the contact arm in the position 
shown under normal conditions with full 
load current flowing. Upon the occur- 
rence of an external fault, the restraining 
torque causes the moving contact arm to 
force the ball to the right, opening the 
contact gap and ‘thereby effectively pre- 
venting the stored energy from causing 
contact closure upon the release of that 
energy when the external fault is cleared. 
Regarding the shock-resistant quality of 
the backstop, consider first the action of 
a solid backstop following a blow from the 
right. The energy of the impact would 
be transmitted, with practically no at- 
tenuation, to the moving contact arm, 
causing it to move to the left, or contact- 
closing direction. With the backstop of 
Figure 8, a blow from the right causes 
race D to move sharply to the left. How- 
ever, since the ball is free to move relative 
to the race, the inertia of the ball causes 
it, together with the moving contact, to 
remain substantially motionless in space. 


Relay Characteristics 


The typical through-fault operating 
characteristic of this relay is that pre- 
viously referred to as the “desired char- 
acteristic,’ curve C of Figure 1. The 
insert of Figure 1 shows the same curve 
at low current levels and can be used for 
internal faults, the abscissas then indi- 
cating the load currents. Any further 
attempt to depict the internal fault char- 
acteristic would be quite meaningless, 
since, as previously explained, a flow of 
short-circuit current from an external 
source |causes an operating force to be 
produced by the so-called restraining 
windings and thereby, in effect, reduces 
the minimum operating current of the 
relay. 

The relay is of the high-speed type as 
indicated by the time-current curve, 
Figure 9. 

The burden of the restraining coils is 
very low, approximately 0.08 ohm total. 
The burden of the operating-coil circuit 
is a variable, reaching a maximum of 65 
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Figure 9. Typical time-current curve of relay 
with restraint corresponding to full load 


ohms. This seems high but is actually 
comparable with, if not less than, the 
burdens of other generator differential- 
relay operating circuits. 


Conclusion 


A generator differential relay has been 
described which approaches the ideal of 
fast sensitive protection equivalent to 
that attainable with perfect current 
transformers. Because the product- . 
restraint principle permits a variable 
slope without its usually attendant 
“blind-spot” danger, the relay can be 
applied with a minimum of effort. 

Thus far, the generator differential 
relay is the only relay to which the prod- 
uct-restraint principle has been applied. 
This development was completed before 
December 7, 1941, but further extension 
of product restraint such as to trans- 
former, pilot wire, or bus differential 
relays, must await normal times. ° 
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An Instrument for the Determination of 


Contact Making and Breaking Time 


WALTHER RICHTER 


FELLOW AIEE 


Synopsis: This paper describes an elec- 
tronic instrument for the measurement of 
the arcing time of a contact closing or open- 
ing a circuit. This measurement is accom- 
plished by permitting a current of constant 
value to flow into a capacitor during the 
time that an arc exists across the contacts 
under observation; the charge accumulated 
on the capacitor is therefore a measure of 
the arcing time. The instrument also con- 
tains electronic means of measuring the 
charge on the capacitor, by determining 
the voltage existing across it at the end of the 
measurement. The circuit serving this pur- 
pose is a Wheatstone bridge with a tube in 
one arm, to whose grid the capacitor is con- 
nected, and a microammeter in the diagonal 
. which indicates directly the amount of un- 
balance produced by the capacitor voltage. 

The application of the instrument to the 
investigation of a three-pole contactor is 
described. 


OR the investigation of contact-mak- 

ing devices such as contactors, relays, 
and snap switches under various load con- 
ditions, a device for the quick determina- 
tion of the operating time of a contact 
seemed desirable. As many investigators 
in the field have found that the making of 
a circuit often represents a harder service 
for the contact-making device, because of 
contact bounce, than the breaking of the 
circuit, the instrument described in the 
following paragraphs was originally de- 
signed to permit the quick measurement 
of the bouncing time of a contact, without 
the need of employing an oscillograph. 

The underlying principle of the instru- 
ment is very simple; a current of constant 
and predetermined value is made to flow 
into a capacitor during the time that the 
contact is being made or broken, that is, 
during the time that an arc exists across 
the contacts. The charge accumulated 
on the capacitor and with it the voltage 
appearing across it are therefore propor- 
tional to the time of arcing, since the 
charge is the time integral of the current 
flowing into the capacitor. 
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Obviously, mechanical relays cannot be 
used to connect and disconnect the meas- 
uring capacitor to and from a suitable 
charging circuit during the arcing time of 
the contact-making device under observa- 
tion, since the error introduced by these 
relays would be of the same order of 
magnitude as the time to be measured, 
A vacuum tube, on the other hand, is a 
practically inertialess relay and thus 
offers a convenient solution to this prob- 
lem. Furthermore, if a capacitor and a 
tetrode or pentode, properly biased, are 
placed in series across a fixed d-c voltage, 
the current which will flow in this series 
combination, that is, the charging current 
of the capacitor, will remain practically 
constant, as a result of the flat plate char- 
acteristics of these types of tubes, until 
the voltage across the tube has been re- 
duced to a relatively low value. A 
nearly linear relation between time and 
accumulated charge is thus obtained. 


Figure 1 shows that part of the circuit 
which accomplishes the charging of the 
capacitor. Itis seen that the capacitor is 
placed in series with a pentode across a 
suitable d-c voltage. The capacitor is 
by-passed by the meter MM, and the 
normally closed switch SS, which is 
opened just before a measurement is 
taken and is kept open only until the 
measurement is completed. The grid 
bias of the pentode consists of voltage 
drops caused by currents flowing in the 
resistors R; and R3, as will be explained in 
more detail later. During the adjust- 
ment of the charging current to a suitable 
value, as well as during the actual arcing 
time, no current flows through R3, and 
the bias voltage consists only of the volt- 
age drop e, across R;. This voltage is of 
constant value and such that it permits 
plate current to flow, the amount being 
adjustable to any desired value by varying 
the screen grid voltage obtained from the 
potential divider P;. If switch S: were 
opened at this moment the plate current, 
which up to this instant was indicated by 
the meter M,, would flow through the 
capacitor, charging it linearly with time. 
Switch S. is not opened, however, until 
additional bias, furnished by a current 
flowing through resistor R;, has biased 
this tube beyond cutoff. 
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It now becomes evident that means 
must be provided to maintain a current 
flow through Rs ‘sufficient to bias the 
charging tube to cutoff, except during the 
arcing time of the contacts under observa- 
tion, at which time the current flow 
through R; should be reduced to zero, so 
that the previously adjusted charging 
current will flow into the capacitor, as 
already explained. Furthermore, the in- 
strument should indicate directly the 
charge accumulated on the capacitor dur- 
ing this period. The circuits accomplish- 
ing this are shown in Figure 2. 

A conventional rectifier system fur- 
nishes the necessary d-c voltage; two 
voltage-regulator tubes in series keep the 
supply voltage constant. Previous to an 
actual measurement switch S; is opened, 
which prevents any possible current flow 
through R; and thus permits the adjust- 
ment of the plate current, as outlined 
above. S: is kept closed, of course, dur- 
ing this operation. Consider now the 
two control tubes V; and V2. Resistance 
Rs is common to both plate circuits. If 
either one of these tubes is made suffi- 
ciently conducting, the current flow in this 
resistance will make point H negative 
with respect to point F, or, in other words, 
the voltage across the control tubes will 
be less than the voltage across Re. With 
switch S, closed, current will therefore 


Detail of capacitor charging circuit 


Figure 1. 


V;—6C6 tube | 
CG—0.1-, 0.25-, 0.5-, 1.0-microfarad mica 
capacitor (depending upon desired range) 

R,—250-ohm 10-watt wire-wound resistor 
R:—5,000-ohm 10-watt wire-wound’ resistor 
R;—150,000-ohm 1-watt carbon resistor 
P,—5,000-ohm wire-wound potential di- 
vider 
P2—1,000-ohm wire-wound potential di- 
vider 
M,—O-1-milliampere d-c meter 
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flow from point F through R; and the di- 
ode to point H. This provides the addi- 
tional bias voltage needed to cut off the 
current in the charging tube. If the cur- 
rent flow through R, is reduced to such a 
value that point H becomes positive with 
respect to point F, the current through R; 
ceases, since the diode prevents a reversal 
of current, and the charging tube passes 
the previously adjusted current. 


The contact to be investigated in series 
with a suitable load is connected across a 
d-c source with a polarity as shown in 
Figure 2. A resistor Rio, acting similarly 
to a shunt, is included in the circuit. Its 
resistance should be such as to produce a 
voltage drop of at least 0.25 volt with the 
lowest value of load current. This volt- 
age drop furnishes a negative bias to one 
of the control tubes, whereas the second 
control tube receives a negative grid 
voltage when a voltage exists across the 
contacts. It is evident, therefore, that 
before the contact closes, V2 will be biased 


negatively, whereas V, will have zero grid 


“voltage (since no current flows in the 


shunt); V; will consequently be conduct- 
ing, its plate current passing through R,. 
After the contact is established firmly, 


‘however, V; will become nonconducting 


as a result of the bias produced in the 
shunt, whereas V» will now become 
conducting. The inclusion of a dry cell 
in the grid circuit of this tube serves to 
overcome any possible effects caused by 
contact resistance. It is seen that during 
the period of arcing both control tubes 
will be biased negatively, V; by the volt- 
age drop across the shunt and V2 by the 
atc voltage existing across the contacts. 
Current flow through R, is therefore re- 
duced or ceases entirely during the arcing 
period, which in turn permits current flow 
in the charging tube, as explained above. 
Since S, is opened just before a measure- 
ment is taken, a charge will accumulate 
on the capacitor. 


The remaining circuit element serves 
to measure the voltage across the capaci- 
tor. Any device for this purpose—unless 
a ballistic method were to be considered— 
must draw no appreciable current for the 
measurement. An _ electrostatic volt- 
meter would be the ideal instrument, of 
course, but for the relatively low voltage 
to be measured this type of instrument is 
very delicate. Special tubes, called elec- 


trometer tubes, such as General Electric © 


FP-54 are available, the grid current of 
which is about 10~' amperes, with a 
corresponding input resistance of about 
10 ohms. Since a charged capacitor 
will lose its voltage as a result of its own 
leakage resistance, however, it is obvious 
that not much is gained by employing an 
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Figure 2. Circuit diagram of instrument 


V,—6F5 tube 

V.—6F5 tube 

V.—6C6 tube 

Vis—38 tube 

V;—6H6 tube 

Ci—0.1-, 0.25-, 0.5-, 1.0-microfarad mica 
capacitor (depending upon desired range) 


instrument with an input resistance two 
or three powers of ten higher than the 
leakage resistance of the capacitor and its 
associated circuits, 

Of the common radio tubes, the type 38 
has a grid current of about 10~® amperes 
when operated with a filament voltage of 
four volts and with about 30 volts on the 
screen and plate. This tube is used in the 
instrument forming one arm of a Wheat- 
stone bridge. The rate of change of 
capacitor voltage, caused by the com- 
bined action of leakage and grid current, 
is so low in the instrument that the drift 
of the meter does not exceed one scale 
division in three or four seconds, so that 
ample time for taking a reading is avail- 
able. ‘ 

Before a measurement is made, the 
bridge is balanced (that is, meter Mp is 
brought to zero) by adjustment of poten- 
tial divider P.:, which furnishes grid 
voltage for V4. Switch S:is closed during 
this adjustment, of course. The meter 
M, can once and for all be calibrated in 
terms of voltage across the capacitor by 
simply applying known voltages across it, 
keeping S; open during this calibration. 
With the capacity of the capacitor known, 
the charging current adjusted to a known 
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Ri—250-ohm 10-watt wire-wound resistor 
R2—5,000-ohm 10-watt wire-wound resistor 
R;—150,000-ohm 1-watt carbon resistor 
Rs—150,000-ohm 1-watt carbon resistor 
R;—100-ohm 0.5-watt carbon resistor 
Rs—110,000 1-watt carbon resistor 
R,—225,000 1-watt carbon resistor 
Rs—One-megohm 1-watt carbon resistor 
R,—100-ohm 0.5-watt carbon resistor 
Rio—Shunt (see text) 

P,—5,000-ohm wire-wound potential divider 
P2—1,000-ohm wire-wound potential di- 
vider 

M,—O-1-milliampere d-c meter 
M,—0-200-microampere d-c meter 


value, and the meter M, calibrated in 
terms of capacitor voltage, all factors for 
the calculation of the duration of current 
flow are therefore known. Since the 
measuring circuit is highly degenerative, 
because of cathode resistor R;, the indica- 
tions of the meter M2 are practically lin- 
ear with respect to the capacitor voltage. 
As a matter of interest, it may be stated 
that a capacitor voltage of approximately 
20 volts produces full-scale deflection on 
the 200-microampere meter M». 

Since the action of the instrument de- 
pends on the negative bias applied to the 
two control tubes, the contact under 
observation can be tested only with direct 
current. At first sight this might be con- 
sidered as a serious limitation of the in- 
strument. The addition of relatively 
simple rectifying circuits, however, would 
make the use of the instrument on a-c 
circuits possible. This was not deemed 
necessary, or even desirable, for the fol- 
lowing reason: the performance of a con- 
tact in an a-c circuit will naturally depend 
on the exact instant of the a-c cycle when 
the contact opens or closes. Thus, a 
number of readings taken on the same 
contact will vary widely, unless care is 
taken to synchronize the contacts to a 
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particular instant of the cycle. If the 
test is made with direct current, the latter 
can be adjusted to any value, thus simu- 
lating any desired ‘‘instantaneous”’ value 
of alternating current. 

Figure 3 is a picture of the instrument. 
A tap switch not shown on the diagram is 
provided to insert various values of ca- 
pacitance, thus changing the time range 
of the instrument. These values are 1.0, 
0.5, 0.25, and 0.1 microfarad, and, with 
the charging current adjusted to one 
milliampere, full-scale deflection of the 
meter M, represents 20, 10, 5, and 2 milli- 
seconds respectively. These values can 
be increased or decreased, naturally, by 
further changes of capacitance or adjust- 
ment of the charging current to a dif- 
ferent value. 

The instrument has been used success- 
fully in the investigation of relays and 
contactors. The effect of changes made 
in the mechanical structure of the con- 
tactor and the effect of changes in the load 
can be studied quickly without having to 
wait for the development and measure- 
ment of films taken with an oscillograph. 
The instrument can also be used for pur- 
poses other than determining the arcing 
time of a contact. Thus, the operating 
time of relays or solenoids can be deter- 
mined by inclusion of contacts at the be- 
ginning and the end of the travel, furnish- 
ing suitable voltages to the terminals of 
the instrument in place of those produced 
by the shunt or the arc. The measure- 
ment of the L/R ratio of an inductive load 
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Electronic time gauge 


Figure 3. 


can also be carried out with the aid of a 
relatively simple external circuit. 

A specific example of the use of this 
instrument and the benefits derived there- 
from is the recent investigation of the 
closing bounce of a 1,200-ampere three- 
pole a-c contactor. Observations of the 
bounce were made as each set of contacts 
closed a 100-ampere 115-volt d-c non- 
inductive circuit. The nominal voltage 
of the operating coil was 208 volts, but 
measurements were included at 195 and 
220 volts, so that the effect of voltage 
variations might be ascertained. 

Duration of bounce of the set of con- 
tacts behaving most poorly under the origi- 
nal adjustment of the contactor was 4.8, 
5.6, and 6.4 milliseconds with coil voltages 
of 195, 208, and 220 volts respectively. 

By increasing the initial contact pres- 
sures from the original value to a some- 
what higher one, the respective bouncing 
times were reduced to 2.8, 3.4, and 4.5 
milliseconds. 


Richter, Elliot—Instrument for Measuring Contact Time 


After increasing the wear allowance of 
the two outside sets of contacts slightly, 
setting the middle movable contact ahead 
of the others by one-eighth inch, and clos- 
ing an orifice in the dashpot which allowed 
quick motion at the start of the armature 
stroke, the durations of bounce were 1.2, 
1.4, and 1.7 milliseconds, respectively. 

And, finally, after decreasing the clear- 
ance between the piston and cylinder of 
the dashpot assembly, the bounce dura- 
tions were found to be 0.3, 0.3, and 0.5 
millisecond. 

Within a few hours time, therefore, it 
was possible to observe the effect of sev- 
eral variables upon the action of the con- 
tactor and to reduce the duration of clos- 
ing bounce to about seven per cent of its 
original value. To accomplish this by 
means of an oscillograph would obviously 
have required a considerably greater ex- 
penditure of time and effort. ; 

In another case, it became necessary to 
reduce the time required for a small relay 
to interrupt a circuit. Observations 
were made thereupon of the duration of 
the opening are both with and without 
blowout assemblies. The arcing time 
without a blowout, for example, was found 


to be 14 milliseconds, with a coil-type 


blowout 7.5 milliseconds, with a tool 
steel magnet blowout 2.6 milliseconds, 
and with an Alnico magnet 2.2 milli- 
seconds. The effectiveness of numerous 
magnet designs was thus readily observed, 
and an educated selection made of the 
most suitable one for the purpose. 
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Correlation of System Overvoltages 


and System-Grounding Impedance 


AIEE COMMITTEE ON PROTECTIVE DEVICES 


i Working Group on Correlation of System-Grounding Impedance 


Synopsis: This report summarizes available 
data and engineering opinions on the subject 
of power-system overvoltages, particularly 
as to their correlation with system-ground- 
ing impedance. It is hoped that the report 
will be useful in connection with overvoltage 
problems for all types of power-system ap- 
paratus. 


HE characteristics of power-system 

connections with respect to ground 
have long been recognized as having an 
important bearing on many phases of 
system operation, including overvoltages 
between line conductors and ground.” 
As early systems (which were of the un- 
grounded type) became extended, oper- 
ating experience became unsatisfactory 
because of the occurrence of multiple 
faults at the same or different locations 
resulting from an initial ground fault. 
Since troubles of this nature were fre- 
quently thought to be associated with 
arcing faults, such faults became broadly 
classified as “arcing grounds.” Difficul- 
ties thought to be attributable to this 
type of fault were one of the main factors 
leading to the general practice of ground- 
ing power systems. However, the cor- 
relation of system overvoltages with the 
various forms of grounding and the values 
of grounding impedances was so com- 
plicated that many years elapsed before 
much progress was achieved, and even 
now many conditions are incompletely 
classified. 


Causes of System Overvoltage 


In a study of system overvoltage phe- 
nomena and their correlation with system- 
grounding impedance, it is convenient 
to list the causes. Causes of system over- 
voltage (other than lightning) may be 
classified as follows: 


1. Conditions resulting in sustained over- 
voltage: 
(a). Increase of operating voltage level. 


Paper 43-5, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
October 26, 1942; made available for printing 
November 2, 1942. 


Personnel of working group: W. W. Lewis, chair- 
man; J. R. Eaton, R. D, Evans, P. A. Jeanne, 
J. W. Milnor, H. A. Peterson, 
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(b). Generator overspeed. 
(c). Self excitation, 


2. Circuit unbalances: 

(a). Open phase or phases. 

(b). Unequal pole opening of breakers. 
(c). Fuse blowing. 


3. Faults: 

(a). Solid. 

(b). Resistive. 

(c). Arcing with forcing of current zero. 
(d). Arcing with restriking. 

(e). Distortion from saliency effects. 

4. Switching operations: 

(a). Simple. 

(6). Arcing with forcing of current zero. 
(c). Arcing with restriking. 

(d). Neutral inversion. 

5. Extraneous influence from other sources: 


(a). Conduction, metallic cross or ground 
potential, from other power circuits. 


(b). Induction, magnetic or electric, from 
other power circuits. 


(c). Electrostatic charging of ungrounded 
systems by wind-borne particles, such as 
sand or dust. 


Frequently overvoltages result from 
combinations of two or more of the fore- 
going factors. In order to define the 
various causes of system overvoltages, a 
brief discussion of each type of phenome- 
non is given. 


CONDITIONS RESULTING IN SUSTAINED 
OVERVOLTAGE 


On ordinary power systems overvolt- 
ages at fundamental frequency may be 
produced by: 


(a). Increase of operating voltage level. 
| 
(b). Generator overspeed from loss of load. 


(c). Self excitation of machines. 


Five per cent tolerance for emergency 
operation is the maximum overvoltage 
above rated circuit voltage recognized 
by the joint committee on preferred volt- 
age ratings of the National Electrical 
Manufacturers’ Association and the Na- 
tional Electric Light Association.’ Ap- 
plication procedures for standard rated 
apparatus are based on this maximum 
circuit voltage. Sustained overvoltages 
generally are, under normal conditions, 
of little importance in regard to voltage 
stress on apparatus and functioning of 
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protective equipment, but they may be- 
come important during or following an 
abnormal condition, such as produced by 
a lightning discharge or fault to ground. 


It is believed that generator overspeed- 
ing and loss of load as single factors with- 
out faults or unbalances will seldom give 
rise to dangerous overvoltages. How- 
ever, overspeeding may be a contributing 
factor, especially if it occurs during 
ground faults. The voltage amplitude is a 
function of governor characteristics and 
of means for controlling the excitation. 
With water-wheel generators without 
regulation of speed or excitation, the 
maximum voltage may be as high as 160 
to 180 per cent of normal under full-load 
rejection; whereas with machines under 
control of modern governors and genera- 
tor voltage regulators, the voltage will 
probably be limited to 120 to 140 per 
cent of normal. 


Self-excitation is an infrequent source 
of overvoltage on systems. It can occur, 
however, under abnormal circuit condi- 
tions which leave relatively small syn- 
chronous or induction machines con- 
nected to circuits with relatively large 
capacitance, supplied from lines or capaci- 
tors. The possibility of setting up the 
conditions for self-excitation should be 
considered in the various stages in the dis- 
connection of faulted circuits. 


Sustained overvoltages under unbal- 
anced load conditions may also be pro- 
duced by saliency effects in machines.** 
Solid faults, other than balanced three- 
phase, sometimes cause the generation of 
dangerously high harmonic overvoltages 
in addition to increased fundamental- 
frequency voltages. These overvoltages 
are obtained when the system electrical 
constants and loads are of such propor- 
tions as to provide partial resonance to 
one of the lower harmonics. Magnitudes 
of overvoltage of this type depend not 
only on the type of unbalanced fault and 
the method of grounding but on other 
system constants as well. Such phenom- 
ena are most frequently encountered on 
systems with water-wheel generators 
without adequate damper windings, under 
conditions in which the machines are 
connected to unloaded or lightly loaded 
transmission lines with appreciable ca- 
pacitance and subjected to unbalanced 
faults. 


Crrcuir UNBALANCES 


On three-phase power systems the 
opening of one or more phase conductors 
will, under some circuit conditions, pro- 
duce large overvoltages between line 
conductors and ground. These voltages 
are normally observed on the part of the 
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system which is partially separated from 
the main power source, under conditions 
with circuit constants such as to provide 
approximate resonance at fundamental 
frequency for some path between line 
conductors and ground. In_ general, 
these voltages are encountered on iso- 
lated-neutral systems or on systems 
having relatively high impedance between 
phase conductors or between phase con- 
ductors and ground. These circuit unbal- 
ances may arise from open-phase opera- 
tions, such as occur as a result of con- 
ductor breaking, fuse blowing, or the 
opening of one or more breaker poles. 
Extreme conditions are produced with 
two synchronous systems which are out 
of step but are connected on one phase, 
the highest voltages being produced with 
both of the systems ungrounded and one 
of them subjected to a line-to-ground 
fault on either of the other two phases. 


FAULTS 


Faults cause the most frequently en- 
countered and usually the most impor- 
tant power-system overvoltages. When 
a balanced three-phase system is sub- 
jected to a single or double line-to-ground 
fault, overvoltages may be produced on 
the unfaulted phase or phases. The 
amount of overvoltage may readily be 
calculated if the system constants, in- 
cluding nonvariable fault resistances, are 
known. If the fault takes place through 
an are, the overvoltages may be increased 
by two phenomena: 


1. The forcing of current zero. 
2. Restriking. 

Both of these phenomena are discussed at 
length subsequently. 


SWITCHING OPERATIONS 


Transients resulting in overvoltages of 
important magnitudes are produced by 
simple circuit changes involving a single 
transition from ‘‘make’’ to “break’’ or 
vice versa, as may occur on the energizing 
or de-energizing of a line section. Circuit 
changes may produce unbalances and 
thus result in overvoltages resulting from 
both unbalances and circuit changes. 
When circuit changes take place through 
an arcing path, there is also the possibility 
of increasing system overvoltages through 
the action of ‘forcing current zero” or of 
restriking as mentioned previously in 
connection with arcing faults. Since 
switching operations can take place in 
many ways in opening or closing the 
several poles of the circuit breaker, and 
since many transients may be produced 
for each of these steps, many combina- 
tions are possible. Switching operations 
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are normally encountered in combination 
with other factors including faults and 
circuit unbalances, so that such transient 
overvoltages are usually the result of a 
combination of several factors. 


EXTRANEOUS INFLUENCE 


Occasionally a circuit is subjected to 
voltages which are impressed by conduc- 
tion from metallic cross or ground-poten- 
tial effects or by electric or magnetic 
induction from an adjacent power circuit, 
usually of higher voltage and capacity. 
Electrostatic charging of conductors 
during sand, dust, and sometimes snow 
storms, occurs in some regions. These 
effects are readily studied in a particular 
case if this cause of overvoltage is rec- 
ognized, 


Correlation of Overvoltages With 
System-Grounding Impedance 


The various types of system over- 
voltages when appearing separately can 
be correlated with system-grounding im- 
pedance, except those that produce over- 
voltage under balanced conditions, such 
as emergency operating voltage, sudden 
loss of generator load, self-excitation of 
machines, and saliency effects (on line-to- 
line faults), However, in specific cases 
each of these types can be so correlated 
when the overvoltage occurs in combina- 
tion with a fault to ground or other un- 
balances with respect to ground, 

For correlation with system-grounding 
impedance, it is convenient to use a 
different classification from that just used 
for listing the causes of system over- 
voltage, basing the classification upon the 
type of transient phenomenon involved: 


1. Simple circuit changes; 

(a). Ground faults. 

(6). Switching operations. 

2. Complex circuit changes through arcing 
paths: 

(a). Forcing current zero. 

(6). Restriking arcs. 


By a “simple circuit change” is meant 
a single circuit change that takes place 
with abrupt transition from “circuit 
open” to “circuit closed’’ condition or 
from ‘“‘circuit closed” to “circuit open” 
condition, the opening taking place at a 
“normal current zero.’’ By a “complex 
circuit change’ is meant one that takes 
place through an arcing path which intro- 
duces additional circuit voltage transients 
either by 


1. Forcing current zero. 


2. Re-establishment of a conducting path 
as with intermittent arcs. 


System Overvoltages and System-Grounding Impedance 


“ 


3 ai 
Complex circuit changes in general in- 


volve the superposition of a second tran- 
sient before the effect of the first transient 
has disappeared. 


SimeLe Crrcuir CHANGES 


Calculation of Fundamental- Frequency 
Overvoltage 


The simplest and most important, al- 
though not necessarily the most severe, 


types of system overvoltage produced ona ~ 


power system occur as the result of the 
application of a single or double line-to- 
ground fault on a normal balanced three- 
phase power system. Upon such an 
occurfence, the sound phases may rise to 
fundamental-frequency overvoltage with 
respect to ground as determined by the 
sequence impedance constants of the 
system. In addition, there is a transient 
term which, in simple systems without 
loss, is equal to the difference between the 
fundamental voltages before and after 
the application of the fault. The funda- 
mental-frequency components of over- 
voltage are of controlling importance in 
lightning-arrester applications, and the 
ratios of the fundamental-frequency volt- 
ages under fault condition to the normal 
voltages permit estimating the transient 
overvoltage magnitudes. 


The fundamental-frequency overvolt- 
ages that appear on a balanced three- 
phase system upon the application of a 
single or double line-to-ground fault are 
readily calculated for the point of fault 
by well-known methods based on sym- 
metrical components using the normal 
voltage before the fault and the sequence 
impedance constants of the system as 
viewed from the fault location, including 
Xo, X; and X2, and the fault resistance 
or resistances.®*%1! Voltages at locations 
other than the point of fault will not as 
a rule appreciably exceed those at the 
point of fault, except possibly in case of 
a very long line, the far end of which 
has an isolated neutral. 


It has been found possible to compare 
the grounding characteristics of systems 
by expressing overvoltages to ground in 
terms of normal voltage (usually on a 


ca 


line-to-neutral voltage base) and by ex- | 


pressing the zero-sequence resistance and 
reactance as ratios to the positive-se- 
quence reactance. When this procedure 
is adopted, it is possible to group systems 
which give the same ratio of overvoltage, 
although the characteristics of the sys- 
tems may be radically different. In 


addition, it is sometimes desirable to give © 


the ratio of the zero- to positive-sequence 
capacitive reactances. The effect of 
fault resistance is to increase the magni- 
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reactances in parallel. In considering 
the magnitude of the system overvoltages, 
it is, of course, essential to consider all 
circuit conditions and fault locations.?* 
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TIMES NORMAL LINE-TO-GROUND CREST VOLTAGE 


Figure 1. Transient and sustained fundamental- 

frequency voltages on unfaulted phases during 

single line-to-ground faults on a three-phase 
system 


Z:=22.=Ri+jXi=O+im 

Z, = positive-sequence impedance 

Z,=negative-sequence impedance 

R, = positive-sequence resistance 

X, = positive-sequence reactance (subtransient) 

Xo=zero-sequence reactance 
1=positive-sequence capacitance 

Co=zero-sequence capacitance 

Ry=fault resistance 

All viewed from the fault location 


Solid line curves—maximum sustained funda- 

mental-frequency voltage to ground on 

unfaulted phases with solid single line-to- 

ground fault. No fault resistance. Numbers 
on curves are Ro/X, ratios 


tude of overvoltage under some conditions 
and decrease it in others. 


Correlation With Different Forms of 
System Grounding 


The preceding discussion has shown the 
complexity of the problem of correlating 
overvoltages with system-grounding im- 
pedances. To avoid some of these diffi- 
culties it has been found expedient to 
consider five classes of system grounding 
as follows: 

(a). Isolated neutral system. 

(6). Ground-fault neutralizer system. 
(c). Reactance grounded system. 
(d). Resistance grounded system. 


(e). Solidly grounded system. 


(a). Isolated-Neutral System. For 
isolated-neutral systems of small capaci- 


_ tance to ground and small extent the 
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Dash-dot-dot-dash curve—maximum sustained 
fundamental-frequency voltage to ground with 
the value of fault resistance which gives the 
maximum voltage to ground for any value of 
Ro/X;. Curve plotted only on negative side, 
as fault resistance is not as important on the 
positive side, and additional curves would lead 
to confusion 


Dash-dot-dash curves—maximum transient volt- 
age to ground on unfaulted phases following 
sudden application of a single line-to-ground 
fault. Ro/Xi:=0 
Dashed curves—maximum transient voltage to 
ground on unfaulted phases following sudden 
application of a single line-to-ground fault. 
C,=Co. Numbers on curves are ratios of 
Ro/X;. The dash-dot-dash curve for Ci: =Co 
is one of this family of curves for Ro/X;=0 


maximum line-to-ground voltage for a 
single line-to-ground fault will be equal 
to the line-to-line voltage before the 
fault. As the capacitance to ground in- 
creases with increasing extent of the 
system, the maximum voltage to ground 
will rise above the normal line-to-line 
voltage and will reach very high values 
for systems with the ratio of Xo/X; in 
the vicinity of —2. This condition cor- 
responds to approximate resonance in a 
circuit consisting of the positive- and 
negative-sequence reactances and the 
zero-sequence capacitive reactance, all in 
series. For a double line-to-ground fault 
the voltages on the sound phase will in 
general be less than for a single line-to- 
ground fault except for the range of 
Xo/X1 between —2 and 0. In this range 
there is the possibility of resonance in a 
circuit consisting of the positive-sequence 
reactance in series with the negative- 
sequence and zero-sequence capacitive 
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Usually the highest overvoltages are 
encountered on some abnormal condition 
which leaves a small amount of generating 
capacity connected to a system of large 
extent. Practical curves*! for the esti- 
mation of the magnitude of overvoltages 
on isolated-neutral systems subjected 
to ground faults are available for zero and 
unit ratios of line resistance to X}. 


(b). Ground-Fault Neutralizer System. 
The voltage from a sound phase to ground 
on a ground-fault neutralizer system will 
rise to the normal line-to-line voltage in 
the event,of a single line-to-ground fault. 
For double line-to-ground faults the 
voltages from the sound phase to ground 
will be less than for a single line-to-ground 
fault. If the ground-fault neutralizer 
system is out of tune, there will be some 
increase in the voltage to ground on the 
sound phase, depending upon the con- 
stants of the system and the departure 
from the tuned condition. 


(c, d, e). Impedance-Grounded Systems. 
When power systems are grounded, the 
layouts are normally made to provide a 
ground-fault current which is greater 
than the zero-sequence charging current 
for normal line-to-neutral voltage on the 
zero-sequence network. This, of course, 
is done to provide sufficient current to 
secure positive relay action on ground 
faults, which is one of the principal ad- 
vantages of the grounded-neutral system. 
When power systems are laid out in this 
manner, the systems generally have posi- 
tive or inductive reactance from line to 
ground in the zero-sequence network 
when viewed from the fault location. 
This is in contrast to the negative or 
capacitive reactance in the zero-sequence 
network for the isolated-neutral system. 
For all impedance-grounded systems, 
including resistance, reactance, and 
solidly grounded systems, it is practical 
to estimate the overvoltages from sets 
of curves®*®%11 which give the maximum 
line-to-ground voltage for various ratios 
of Ro/X, and Xo/Xi for single and 
double line-to-ground faults. 

When fault resistances are of an appre- 
ciable magnitude, their effect on the over- 
voltages must be taken into account,”* 
Fault resistance will in some cases in- 
crease and in other cases decrease the 
maximum line-to-ground voltages at 
fundamental frequency. Curves*!! are 
available which take into account the 
overvoltages which are plotted on the 
basis of the value of fault resistance giving 
the highest overvoltage. When fault re- 
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sistances are of important magnitude, it 
is necessary to select the points between 
which the overvoltages are to be con- 
sidered. If tower-footing resistance or 
ground resistance at the point of fault is 
high, it may be necessary to distinguish 
between the voltages from unfaulted to 
faulted conductor and from unfaulted 
conductor to ground, Thus, for pro- 
tector tubes, the important overvoltage 
during fault may differ from the im- 
portant overvoltage for an arrester appli- 
cation, because in one case the fault is 
to the protective apparatus ground and in 
the other case it may not be. 

Sometimes it is desirable to obtain only 
an indication of a ground on a system. 
For this purpose, a potential transformer 
may be connected between an available 
neutral point and ground, or three trans- 
formers may be connected in wye with 
the neutral point grounded, the second- 
aries being connected in wye or broken 
delta. The latter connection is some- 
times also used for metering or relaying. 
Either method would fall in the class of 
high reactance grounding. In addition 
the latter method leads to the possibility 
of another type of overvoltage known as 
“neutral inversion,’ unless suitable means 
for stabilizing are employed.*® 


Transient Overvoltages on Simple 

Circuit Changes 

The application of a ground fault to 
a normally balanced three-phase power 
system gives rise to changes in the funda- 
mental-frequency voltage as discussed in 
the preceding section. In addition, there 
is a transient voltage produced by the 
circuit change which is frequently taken 
as the difference between the initial and 
final fundamental voltage. This con- 
ception is accurate for a simple circuit 
without loss. The overvoltages will, in 
general, be less than these values because 
of decrement and because of the resolu- 
tion into oscillating components of differ- 
ent frequencies. However, if the change 
in fundamental-frequency voltage is 
known, the natural-frequency overvolt- 
age superposed on the fundamental fre- 
quency can be estimated, thus providing 
a method of evaluation sufficient for most 
practical cases. 


Ground Faults on Unbalanced Systems 


If a power system is unbalanced with 
respect to ground, because of either 
series impedances or shunt admittances, 
» there will be a tendency to increase the 
voltages on some phases and to decrease 
them onothers. If these unbalances oc- 
cur at the same time as ground faults, the 
voltages to ground may be importantly 
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increased.? These double unbalances 
frequently arise as the result of a ground 
fault, such as may be produced by 


1. A conductor breaking with grounding of 
the broken conductor. 
2. Fuse blowing. 


3. The opening of one breaker pole ahead 
of the others. 


Such conditions may produce very high 
voltages to ground under conditions 
which would give relatively low voltages 
if the open-phase condition did not exist 
at the time of a ground fault. Sometimes 
the system provides a parallel resonant 
path from the conductors of other than 
the open phase through the shunting 
paths to the open conductor beyond the 
phase break to ground. Under these con- 
ditions excessively high voltages may be 
produced by resonance action at funda- 
mental frequency. Each of these cases 
must be investigated individually, and 
it is not practical to set up general curves 
for the determination of the magnitude 
of system overvoltages that occur under 
these double unbalances. The calcula- 
tion of the overvoltage for a particular 
case of double unbalance can be carried 
out by the use of the method of sym- 
metrical components, using one of the 
equivalent networks for simulating the 
double unbalances. 


CompLex Circuit CHANGES 
THROUGH ARCING PATHS 


Circuit changes through arcing paths 
may give rise to system overvoltages, 
either as a result of 


1. Forcing current zero. 


2. Restriking through the previously con- 
ducting path. 


These phenomena give rise to additional 
transients, because of the variable re- 
sistance which is characteristic of the arc, 
and thus introduce additional complica- 
tions in overvoltage calculations. 


Forcing Current Zero 


If an arcing path is rapidly deionized, 
there may be ‘forcing of current 
zero''!*8 by which is meant a more rapid 
change of current than would occur in 
the circuit if certain characteristics of the 
are were not present. This action pro- 
duces transient voltages which increase 
those produced by the circuit change it- 
self. If current is flowing through the 
inductive elements of the circuit at the 
time an are is suppressed, there is a 
tendency for the current to continue, 
completing the circuit through shunt 
capacitances, thus greatly increasing the 
voltages across them. 
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Figure 2. Line-to-ground sustained voltage 
chart for grounded systems, in the region of 
small Xo/X, and Ro/Xi 


Figures on curves are times normal line-to- 
neutral voltage. In parentheses are given 
times line-to-line voltage for two significant 
values. Curves are for X»=X; and R.=R,=0 


The rate of increase of voltage and the 
magnitude reached depend upon the cur- 
rent at the time of sudden interruption, 
the inductance and capacitance of the 
circuit elements, and the dielectric 
strength that can be established. Such 
voltages can be calculated for simple 
circuits from the stored energy relation 
LI? = CE?, using for J the value of cur- 
rent at the instant of sudden interrup- 
tion. If considerable current is flowing 
and the inductance is relatively high, 
the transient overvoltage produced by 
forcing the current zero will be very large 
if the shunt capacitance is small. Froma 
practical point of view, the overvoltage 
which may be impressed on a circuit as a 
result of forcing of current zero is usually 
limited in an arcing path because of its 
dielectric characteristics. The arcing 
path cannot instantly change from (1) 
low resistance corresponding to heavy 
current flow to (2) high dielectric strength 
ata very short time after the suppression 
of current flow. If restriking takes place, 
transient overvoltages may be built up or — 
limited as discussed subsequently under 
the subject of ‘‘restriking”’. 

Arcing paths in air over insulator 
strings and apparatus bushings rarely 
result in important overvoltages as a 
result of the forcing of current zero. 
However, forcing of current zero may 
take place in circuit breakers of either the 
air or oil type because of the means used 
to deionize the are path rapidly. Failure 
of solid types of insulation may force 
current zero because of the high pressure 
built up in the fault path. In this con- 
nection it is, of course, pertinent to re- 
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Table 1. Comparison of Various Methods of Power-System Grounding 


a a — — 


Solidly Grounded 
Xo Ro 
ren —<1.0 
(F< 3.0 and Xi 


by Definition ) 


Isolated Neutral Ground-Fault Neutralizer Reactance Grounded* Resistance Grounded 


Satisfactory (Opinions 


Good if neutral re- 
range for generator bus 


1 \ \ Overvoltage.......seeces eee acid 


aL SHORE sree aa Satisfactory came asins from 3 to 10 and for exceed ground Lowest 
transmission system eaalel ueutralizer 
from 3 to 40 for Enea 
Xo/ X1)** 
Highest, but seldom ap- 
2. Ground-fault current..... Very lows wen .cs Negligible. ....6..055,. PL emt POs fe stetece ane iusto ores ¥\si6sei6 LsOW parce ere sisloven arsine he iigee aan rey es 
rent. Limit is 150 per 
cent of 3-phase value 
around line-to- Goodtontelow 
(| Fi ground faults are sao ‘ 
AMMRSIAVANE ss cele este vee Difficult et .+.<self-clearing. Re-)+-++ GOOd ..-.. se cess seen eee pile a ace Good 
most cases . actory for high 
laying of other valies 
faults is satisfactory 5 
5 < : . : Same as for iso- 
4, Protective level......... ghesti cg ces are as for iso- \ ..., {Same as for isolated } Rreakt 
lated neutral neutral or better eras neutral or Lowest 
er 


* Exclusive of systems that can be classified as solidly grounded, 


** Applications in the higher range may require special study. 


member that, when pressure has been 
dissipated in this fault path, the di- 
electric strength is reduced below its 
normal value. 

The interruption of current in a circuit 
breaker in forcing current zero is con- 
veniently analyzed in terms of extinction 
voltage.'417 By extinction voltage is 
meant the voltage that appears across a 
circuit breaker at the end of the last half- 
cycle of current flow; it includes the in- 
creases in arc voltage and the increases 
resulting from diversion of current to 
shunting paths. Extinction voltages are 
usually relatively low but may approach 
the normal circuit voltage. The effect of 
the extinction voltage is to increase the 
magnitude of the transient overvoltage 
by an amount that is approximately equal 
to the extinction voltage itself. 


Restriking Arcs 


When current flows through any arcing 
path in a power system, there is a tend- 
ency for the arc to go out at every cur- 
rent zero and to restrike immediately or 
within a slight interval after normal 


‘current zero. In some cases the current is 


interrupted at current zero, and there is a 
definite “current pause’ before current 
flow is re-established following a restrike 
through the are path. This interval may 
be in microseconds or may last for a half- 
cycle of the fundamental frequency of the 
circuit or longer before restriking takes 
place. 

Re-establishment of are voltage across 
an are path is controlled by the char- 
acteristic of system recovery voltage that 
is impressed across the are path and tends 
to cause dielectric breakdown and the 


dielectric recovery characteristic of the 


are path. If the dielectric recovery 


January 1943, VoLuME 62 


strength is at all times greater than the 
transient recovery voltage, then restrike 
will not take place. The magnitude of 
the resultant transient overvoltage is, 
therefore, greatly affected by those sys- 
tem characteristics that control the shape 
of the transient recovery voltage-time 
curve of the system and by the dielectric 
voltage-time curve of the are path. If 
the are path is of certain characteristics, 
restriking will take place at substantially 
the same potential under all conditions. 
Under other system transient recovery 
voltage and dielectric recovery character- 
istics, breakdown may occur under con- 
ditions for the arcs to produce cumula- 
tive oscillations!” resulting in high 
voltage across the arcing path. 


Analysis by Means of 
Miniature-System Setups 


The preceding discussion has shown 
the difficulty of analyzing the effects of 
arcs in increasing transient voltages as a 
result of either forcing of current zero or 
as a result of restriking. In fact, the only 
practical method'!51 available for the 


‘laboratory study of such problems is by 


the use of a miniature power system which 
is set up to simulate the actual system 
and which is subjected to corresponding 
circuit changes. In this method the 
various circuit elements are set up to have 
the corresponding positive-, negative-, 
and zero-sequence series impedances and 
shunt admittances. Distributed circuit 
elements, such as a transmission line, are 
simulated by equivalent circuits of 
lumped or semidistributed constants. 
The characteristic of the are path can be 
simulated, or the arc path can be re- 
established as determined by the assumed 
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dielectric characteristic of the breaker, 
or, as is more frequently done, the arc 
can be re-established at the point on the 
system voltage wave which would result 
in the highest transient disturbances. 
Several restrikes are possible under some 
conditions, However, practically all of 
the voltage studies to date have assumed 
that the probable maximum overvoltage 
would be obtained as a result of two re- 
strikes occurring at such intervals as to 
produce the greatest possible rate of in- 
crease in system overvoltage. In the 
‘operation of a circuit breaker many re- 
strikes may occur in the process of open- 
ing. In this connection it is to be pointed 
out that unless the magnitude and time 
of the dielectric recovery voltage curve 
have just the right values to cause break- 
down by system recovery voltage, the 
restrikes will not occur at such intervals 
as to produce maximum cumulative ac- 
tion. Frequently the transient over- 
voltages, which cannot be avoided on the 
energizing of a circuit, are comparable 
to the voltages produced on opening a 
circuit with many restrikes. 

System overvoltages as a result of 
arcing faults to ground or ares through 
switching equipment in the process of 
opening or closing the circuit are affected 
by the method of system grounding and 
the magnitude of the grounding im- 
pedance, because these voltages are con- 
trolled by the magnitude of the sequence- 
impedance constants to ground and their 
relation to the normal circuit impedance. 

Miniature-system setups have been 
used for the study of transients on systems 
grounded in different ways.*!"19 These 
investigations of the transient over- 
voltages for single or double line-to-ground 
faults or switching operations on ground- 
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faulted systems show that the solidly 
grounded system is the best, and the 
isolated system is the worst. In addition, 
the investigations of ground-fault neutra- 
lizer systems show that 


1. For arcing faults to ground that are 
cleared without switching, the transient 
overvoltages are very low. 


2. For switching a grounded line, the tran- 
sient voltages are comparable to those of 
an isolated-neutral system. * 


For ground faults on _ reactance- 
grounded systems, the range of transient 
voltages has two minimum values cor- 
responding to the solidly grounded sys- 
tem and to the ground-fault neutralizer 
system, and two maximum values, one 
corresponding to the isolated-neutral 
system and the other corresponding to a 
reactance intermediate between zero for 
the solidly grounded system and the 
ground-fault neutralizer value. With 
resistance-grounded systems of low ohmic 
value, the transient voltages approach 
those of the solidly grounded system, and 
with high ohmic values (higher ‘than 
ground-fault neutralizer values), the 
voltages approach those corresponding 
to the isolated-neutral system. 


Summary 


The foregoing discussion of system 
overvoltages indicates broadly the scope 
and complexity of the problem. In this 
section of the report an attempt will be 
made to present as concisely as possible 
the relationship between system over- 
voltages and the method of neutral 
grounding. 

In the preceding classification of the 
causes of system overvoltage (see section 
on causes of system overvoltage) items 
la, b, and ¢ deal with phenomena which 
are independent of the method of system 
grounding. 

Items 2a, b, and c do not lend them- 
selves to a generalized relationship with 
neutral-grounding impedances. How- 
ever, it can be said that the isolated- 
neutral system is likely to give more 
trouble from this source than any other 
type of system. 

The overvoltage most frequently en- 
countered in power system operation is 
that which occurs as a consequence of a 
fault to ground (items 3a and b). These 
overvoltages are definitely related to 
the amount of grounding impedance as 
indicated in Figure 1. The curves of 
this figure are based on the sequence 
series reactances X,, Xo, Xo, the zero- 
sequence resistance Ro, the sequence 


* This of course does not apply when the ground- 
fault neutralizer is short-circuited before switching 
is done. 
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shunt capacitances Ci, C2, Co, and the 
values of fault resistance Ry, all viewed 
from the point of fault. The values of 
negative-sequence reactance and shunt 
capacitance are taken, in line with con- 
ventional practice, as equal to the corre- 
sponding positive-sequence quantities, 
although slightly higher values of voltage 
would be obtained if X, were greater than 
X,. The solid curves of Figure 1 show 
the sustained fundamental-frequency volt- 
ages (neglecting decrement in machine 
fluxes) that appear from line to ground for 
a single line-to-ground fault. These 
curves are important mainly, because 
they are the basis for determining ar- 
rester ratings required for a particular 
system. A double line-to-ground fault 
need not be considered generally in the 
practical range of system constants, 
since voltages to ground are less than for 
a line-to-ground fault except as indicated 
in the discussion of the curves of Figure 
2. If Xo/X, is small and positive, sus- 
tained overvoltages resulting from faults 
are low when Ro/X, is also low. 


The region in which Xo/X, and Ro/X1 
are both small is of considerable im- 
portance. This region has been plotted 
in Figure 2 in a different way!! for the 
purpose of showing more clearly the effect 
of zero-sequence impedance upon the 
maximum sustained voltages to ground 
for any type of fault and for any value of 
fault resistance (in Figure 1 fault resist- 
ance was neglected for positive values 
of Xo/X1). These curves are for X,=X, 
and R;=R,=0. They show the maxi- 
mum zero-sequence impedance ratios 
Ro/X, and Xo/X, for which a definite 
voltage will not be exceeded between any 
phase and ground. 


The curves of Figure 2 are irregular, be- 
cause they are composed of parts that 
represent limiting voltages on different 
phases or for different types of faults. 
Thus, assuming counterclockwise rota- 
tion in a, b, ¢ order, the principal parts 
of the curves are arcs of circles corre- 
sponding to the voltage on phase c for a 
single line-to-ground fault on phase a 
with zero fault resistance. For parts of 
the 1.25 and 1.40 curves near the Ro/X, 
axis, the effect of introducing fault re- 
sistance is to increase the voltage on 
phase c. For the 1.25 and 1.4 curves the 
portions between the Xo/X, axis and the 
points of abrupt change in the curves are 
determined by the voltage on phase }, 
for a single line-to-ground fault on phase 
a with the fault resistance such as to give 
maximum voltage. Part of the 1.25 
curve near the Xo/X, axis is determined 
by the voltage on phase a for a double 


2 line-to-ground#fault on phases b and c. 


\ 
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With reference to Figure 1 again, it is: 
evident that sustained overvoltages can 
be very high if the ratio Xo/X is in the 
vicinity of —2. However, this is of little 
practical significance, since systems would 
not normally operate with such con- 
stants. Most systems normally operated 
with isolated neutral (Xo/X1 negative) 


would have a negative value of Xo/X; 


greater than 40. Consequently the re- 
gion of highest voltages would not be of 
importance except possibly during a 
system disturbance in the course of which 
a large portion of generating capacity is 
lost, or the major neutral grounding 
points are separated from the system as a 
result of switching. 


Isolated neutral systems have nega- 
tive values of the ratio Xo/X; which 


‘usually are in the range between —40 and 


minus infinity. From Figure 1 it will be 
seen that for a ground fault the funda- 
mental-frequency sustained voltage from 
line to ground equals 1.73 times line-to- 
ground. voltage for the ratio of X0/X1 
equal to minus infinity, and, that as the 
ratio is decreased to —40, the voltage in- 
creases 'to about five per cent above this 
value. For ground faults on isolated- 
neutral systems the effect of fault 
resistance (item 3b in the previous classi- 
fication) causes further increase in the 
voltages to ground. The maximum sus- 


. tained voltages to ground for any value 


of fault resistance are given in Figure 1 by 
the curve made up of long dashes sepa- 
rated by two short ones. In the applica- 
tion of protective devices, such as light- 
ning arresters, this circumstance theo- 
retically requires the use of devices with 
ratings higher than the emergency-rated 
voltage of the system. For some isolated- 
neutral systems this procedure is neces- 
sary. However, there exists considerable 
experience on many isolated-neutral sys- 
tems with lightning arresters of ratings 
equivalent to the emergency-rated cir- 
cuit voltage. The damage to the arrester 
resulting from this practice has usually 
been negligible, and it is probably more 
economical to take the risk of an occa- 
sional lightning-arrester failure from this 
cause than to apply arresters of higher 
rating.111 


When a fault suddenly occurs on one 
phase of a system, a transient voltage 
occurs on the other phases. The maxi- 
mum transient voltage depends on the 
ratio of C,\/Co, system configuration, the 
amount of reactance in the circuit 
(X,/X), the amount of resistance in the 
circuit (Ro/X;), and the instant at which 
the fault occurs relative to the voltage 


" wave, a particular instant being required 


to give the maximum disturbance. The ” 
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effects of these factors are indicated in 
Figure 1, and from them an estimate can 
be made of the maximum transient volt- 
age that can be obtained for most system 
operating conditions. The curves in 
Figure 1 made up of long dashes separated 
by one short dash are for Ro/X,=0. In 
particular, it should be noted that as Co 
increases telative to Ci, the maximum 
transient voltage increases. In most 
eases C; will be greater than Co, however. 

Zero-sequence resistance (Ro/X) is 
seen to be helpful in reducing these tran- 
sient oscillations. Curves for C;)= Cp) and 
for various ratios of R)/X, are shown as 
a series of short dashes in Figure 1. 
While no curves are shown for values of 
Ro/X, other than zero for positive values 
of X0/X1, any resistance will tend to re- 
duce the overvoltage from the maximum 
values shown for Ry/X,=0. 

Items 3c, d, and e do not lend them- 
selves to generalized summarizing, such as 
shown by the ‘curves for items 3a and b. 
Any of these items may be present to a 
certain degree and may in some cases 
add considerably to the amount of over- 
voltage shown by the curves of Figures 
1 and 2. 

Switching operations collectively (item 
4) cannot be related definitely to system- 
grounding impedances. The isolated- 
neutral system on the one extreme is sub- 
ject to the highest switching surges, while 
the solidly grounded system on the other 
extreme is subject to the lowest switching 
surges, generally speaking. Studies of 
particular systems and particular switch- 
ing operations have been made, and these 
are helpful in pointing to circuit condi- 
tions and methods of grounding to be 
avoided. Certain values of neutral 
grounding reactance have been shown to 
give rise to high transient voltages during 
switching.'6—!9 Relatively high values 
of neutral grounding resistance are per- 
missible without encountering dangerous 
overvoltages.1719 In cases for which the 
published results are not sufficiently 
indicative, it is recommended that fur- 
ther detailed studies be made. In many 
cases, the probability of occurrence may 
be small, although the possibility of get- 
ting destructive voltages of the types 
classified earlier in this report may 
actually exist. 

Of the influences listed under item 5, 
only ‘‘(c). Electrostatic charging of 
ungrounded systems by wind-borne parti- 
cles, ...’ is recognized generally as a func- 
tion of grounding impedance. Cases in 


which conduction or induction is a recog- 


nized cause should be studied individu- 
ally. 
It should be evident that it is not 
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possible to specify any specific number of 
ohms of resistance or reactance as being 
adequate for grounding and for eliminat- 
ing the possibility of all overvoltages, 
since the magnitude and arrangement of 
other system constants is directly in- 
volved. However, it is possible to limit 
the overvoltages and thus protect appara- 
tus by means of lightning arresters. 
Arresters respond to voltage and make no 
distinction as to whether the cause is 
lightning or a switching operation. In 
any case, a voltage protective level is 
held. In the case of a sufficiently low 
grounding impedance, permitting the use 
of grounded neutral rating arresters, this 
protective level is substantially lower 
than for higher grounding impedance 
requiring the ungrounded rating arrester. 
Consequently there is a gain, from the 
standpoint of lowering the protective 
level, in selecting grounding impedances 
of low ohmic value. However other 
considerations, such as limitation of 
short-circuit currents for power-system 
operating reasons or for inductive co- 
ordination, may prevent taking full ad- 
vantage of this possibility. 

It should be emphasized that the num- 
ber of grounding points is of importance 
also, since during a system disturbance it 
is undesirable to have any part of the 
system with connected generation to be 
left without a neutral ground. While in 
the limit, this would mean that every 
source of short-circuit current should have 
a neutral ground, practical and economic 
considerations may dictate a somewhat 
smaller number of grounding points. 

Engineering opinions, as to the choice 
of resistance or reactance grounding and 
the proper ohmic value, have not crystal- 
lized. This situation results from the 
complexity of the problem, the intangi- 
bility of many factors involved, the range 
of conditions encountered, and the results 
to be achieved. However, it is pertinent 
in connection with this discussion to con- 
sider the effect of such factors in the 
grounding problem as relative dielectric 
strength of apparatus, current limitation 
requirements, relaying requirements, and 
lightning-arrester settings, since they 
affect the kind and magnitude of ground- 
ing impedances. 

Many engineers prefer to ground 
directly all available neutral points, intro- 
ducing neutral reactance where neces- 
sary to avoid increasing machine stresses 
and breaker ratings on ground faults 
beyond the values corresponding to three- 
phase short-circuit currents. This pro- 
cedure comes within the classification of 
solidly grounded systems with Xo/X1 <3. 
Other engineers prefer to introduce 
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greater limitation of fault current, which 
is generally accomplished by neutral re- 
sistors. The problems are different for 
grounding transmission systems through 
transformers than for grounding generator 
busses because of the relatively lower 
dielectric strength of rotating machines. 
In general, the transient overvoltages 
with resistance grounding are more favor- 
able than with moderate values of re- 
actance grounding, and the maximum 


_ value of resistance which may be used is 


generally considered to be that which 
corresponds to the tuned reactance value 
of the ground-fault neutralizer, The 
maximum permissible value of reactance 
grounding is considerably more specula- 
tive, and discussions have not reached a 
conclusion, The permissible value of the 
ratio X/X is affected by the extinction 
voltage, the sequence series reactance and 
sequence shunt capacitance constants of 
the system, since they affect the condi- 
tions for which a high-frequency current 
zero may be obtained and thus control 
the conditions for restriking. Engineer- 
ing opinion on the maximum permissible 
value of Xo/X, ranges from 3 to 10 for 
generator grounding. For grounding 
transmission systems, higher ratios of 
X0/X, have been considered, ranging 
from 10 to 40, the highest values having 
been considered for grounding trans- 
formers applied to transmission circuits 
with aerial lines. Applications in this 
range however may require special study. 
Sometimes resistors in parallel with neu- 
tral reactors have been used, with the 
reactor to limit ground current and the 
resistor to limit transient voltages. 

Table I lists in a very general way the 
advantages and disadvantages of various 
methods of system grounding. 


Classification of Power Systems With 
Respect to Method of Grounding 


The preceding discussion has shown 
that, from the standpoint of overvoltages 
at least, the various methods of grounding 
power systems may be classified according 
to ground connections and sequence im- 
pedance constants* as follows: 


1. An isolated-neutral (ungrounded) system 
is a system without an intentional connec- 
tion to ground. Isolated-neutral systems 
may be subjected to various overvoltages, 
depending upon the ratio of Xo/X1 as viewed 
from the fault location. ** 


* Ro, Xo,and X1are, respectively, the zero-sequence 
resistance, the zero-sequence reactance taken as 
positive if inductive and negative if capacitive, 
and positive-sequence subtransient reactance. All 
these impedances are those of the system as viewed 
from the fault location. 


** A system grounded through potential trans- 
formers is not an isolated-neutral but a reactance- 
grounded system, according to this classification. 
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2. A grounded systemt is a system in which 
at least one conductor or point (usually the 
middle wire or neutral point of transformer 
or generator windings) is intentionally 
grounded, either solidly or through im- 
pedance, Grounded systems may be sub- 
jected to various overvoltages, depending 
upon the ratios of Xo/X, and Ro/ Xi as 
viewed from the fault location, 


3. A solidly grounded system or portion of a 
system is a system or specified portion thereof 
that has for all fault locations zero- to posi- 
tive-sequence ratios of Yo/X,<8 and Ro/\, 
<1 for any condition of operation and 


amount of connected generator capac- 
ity.8:20, 11, 20 


4, A resistance-grounded system is a system 
grounded through an impedance, the prin- 
cipal element of which is resistance, 
5. A reactance-grounded system is a system 
grounded through an impedance, the prin- 
cipal element of which is reactance, 


6. A ground-fault neutraliser system is a 
system grounded by means of a grounding 
device which provides an inductive reac- 
tive component of current in a ground fault 
that is substantially equal to, and therefore 
neutralizes, the rated frequency capacitive 
component of the ground-fault current. 
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Synopsis: Many electromechanical systems 
that are being studied in connection with the 
war effort have so many degrees of freedom 
that it is totally impractical to analyze their 
performance by direct calculation. It is, 
therefore, increasingly important to develop 
equivalent circuits for these multiple oscil- 
lating systems, that can be put on the a-c 
calculating board and so solved by direct 
reading of instruments. 

In this paper it is shown that a necessary 
(though not sufficient) condition for the 
existence of a physical model, corresponding 
_ to a given set of equations, is that the set 
should be a tensor equation. This follows 
from the fact that only quantities that are 
tensors can be measured by instruments. 
The conclusion is therefore reached that only 
equations that are in tensor form can be set 
up on the a-c calculating board. 

The principle is illustrated by setting up 
equivalent circuits with the aid of tensorial 
hunting equations for the determination of 
the steady-state, hunting, and self-excita- 
tion performance of two interconnected 
instrument-Selsyns, of two salient-pole syn- 
chronous machines, and of a capacitor-com- 
pensated transmission line connected to a 
galient-pole synchronous machine. A com- 
panion paper, ‘“‘Self-Excited Oscillations 
of Capacitor-Compensated Long-Distance 
Transmission Systems’’!? contains the results 
of an extended study made on the a-c net- 
work analyzer with the aid of one of the 
equivalent circuits developed here. 


Difficulties in Establishing 
Equivalent Circuits for Hunting 


N trying to set up equivalent stationary 
networks for the hunting performance 
calculation of interconnected systems, it 
was found to be impossible to establish 
networks that correspond to the equations 
of the systems, even though the latter were 
sets of linear algebraic equations of the 
form e=Z-i. All known methods of 
tranformation of reference frames or of 
variables led to expressions that could 
not be measured by instruments. 

The apparently insurmountable diffi- 
culties were finally overcome by the fol- 
lowing reasoning: - 

The equations of small oscillation under 
consideration were the standard Lagran- 
gean equations of motion, in which x* 
was replaced by x*+ Ax* as is the uni- 
versal custom. It is however well known 
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that, while the Lagrangean equations are 
tensor equations, the equations of small 
oscillations, derived from the former by 
standard methods, are no longer tensor 
equations. Since a tensor is a measurable 
physical entity, it seems plausible that 
the standard equations of hunting do not 
show correctly the physics of the prob- 
lem—even though they do give correct 
numerical answers—nor do they express 
the hunting phenomena in terms of meas- 
urable quantities. Hence, no physical 
model. corresponding to a set of non- 
tensor equations may exist. 

The tensorial form of the equations of 
small oscillations of electrical machinery 
already has been established’. These 
tensor equations differ from the standard 
equations by having certain terms added 
to and subtracted from the latter. In other 
words, if the standard hunting equations 
are expressed as 


A+B=0 


(where none of the sets of expressions 
A or B nor the combination A+B are 
tensors), the tensorial hunting equations 
may be expressed as 


A+B+C—C=0 


where C represents a set of expressions, 
that otherwise would cancel. 

Now while neither A nor C are tensors, 
the combination A+C is a tensor, so is 
the combination B—C. Hence each ex- 
pression in the equation 


(A+C) +(B—C)=0 


is a tensor. Therefore A+C must be a 
measurable quantity and so must B—C. 

If the reasoning is valid then this last 
equation and not the simplified equation 
must be the proper physical form, that 
admits an equivalent circuit. If C is 
cancelled, then the resultant equation 


still would give correct numerical an- 


swers, though it would represent an in- 


complete physical picture, hence a phy- 


sically unrealizable equivalent circuit. 
This reasoning proved to be correct in 

every detail: When the additional terms 

C were calculated, the equivalent circuit 
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of the oscillating system followed im- 
mediately and in a perfectly straight- 
forward manner, 

In machines for which the standard 
hunting equations did give an equivalent 
circuit outright, the terms A and B each 
were already tensors (measurable quanti- 
ties) because of the simplicity of the 
physical system. Hence the hunting 
equation itself A+B=0 was already a 
tensor equation, 


The First Principle of the General 
Theory of Relativity 


In 1905 Einstein came forward with the 
special theory of relativity. One of the 
consequences of this theory is the postu- 
late that the three co-ordinates of space 
x, y, z, and time ¢ are not two distinct 
physical entities 


\m 1 2 3 


but are components of a single tensor, a 
single physical entity 


Coe ety aa 
w=|x | y |e | jet] 


With this assumption it could be shown, 
for instance, that the separate electric 
and magnetic fields were only components 
of one underlying physical reality, the 
electromagnetic field. (Namely, B=B, 
and H=/* are components of one tensor 
Bey 

In 1916 Einstein announced the general 
theory of relativity. One of the out- 
growths of this more general theory is the 
postulate that both the gravitational and 
the electromagnetic fields are components 
of only one underlying physical reality. 
The first principle of this theory may be 
formulated for the present purpose as 
follows:! 


“All laws of nature are tensor equations’’* 


For instance, the equations of Lagrange 
are tensor equations; so are the field 
equations of Maxwell in special reference 
frames. For more general reference 
frames Maxwell’s equations have been 
brought into tensorial form by Min- 
kowsky. 

The question whether the group of 
transformations under which the laws of 
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Two instrument 


Figure 1. 


single-phase 
Selsyns 
nature are invariant is the Lorentz group 
(as postulated by Einstein), or the 
Galilean group, has no bearing upon the 
argument of this paper. 


A Principle to Establish Models 
for Physical Systems 


Of course not only the grandiose dif- 
ferentialequations that describe the curva- 
ture of light as it passes near the sun are 
tensor equations, but also the simple 
linear differential or algebraic equations 
that represent the performance of such a 
lowly creation as a stationary network. 
Hence if a stationary network is given, 
and its set of linear algebraic equations 
e=Z-i is established by Ohm’s and 
Kirchhoff’s laws, the set always comes 
out as a tensor equation. 

But let now the problem be reversed. 
Let a set of linear algebraic equations 
e=Z-i be given: Are or are they not the 
equations of a stationary network? In 
other words, is it possible to establish a 
physical model whose performance cor- 
responds term by term to the given set of 
equations? 
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4) Steady-State Network 
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b) The Second Machine (Receiver) Hunts 


26 TRANSACTIONS 


Table I. 


Torque Formulas of Two Instrument Selsyns 


Valid If Either Machine Hunts 


(a), Steady-State Torques 
WE,*=Wi WEn*=Ws Ti = WitWe 
PE *= Wo 2? Eyy* = Ws Lye= W3+W, 
(b). Damping and Synchronizing Torques of the Second Machine (Receiver) 
Wy+WetWit+W. 
if AEn* = Ws+i0s 2 AB y:* =Wrtj0r Ty'= eines 
)— 
AEy* =Weti0s Ai Bys* =Wstj0s Ta,! = Oetker Te) 


Repeat the same measurements with —/ hunting network. 


T2= Ty.’ +1 53" 
(c). 


i AE, * = WietiQr 


AVE, * = WiotJQr 


rs AE, * = WuaitjQOnu 


AP Ey, * = Wie tjOr 


Ta=Ta'— Ta,” 


Damping and Synchronizing Torques of the First Machine (Transmitter) 


T= Wot Wo+ Wut Wie 
vt aaa 9 
~ , (Qo +Qi2) = (Qs-+On) 
To a 


Repeat the same measurements with —/ hunting network. 


Ta =Ta'—Ta" 


In consequence of the first principle of 
general relativity, it is safe to conclude 
that a primary and necessary condition 
for the establishment of a model is that 
the set of equations should be a tensor 
equation. If it is not a tensor equation, 
then the set definitely cannot represent 
any physically existing structure, such as 
a stationary network. 

This deduction was rather emphatically 
proved in attempting to establish equiva- 
lent circuits by use of the nontensor hunt- 
ing equations e=Z-i. 

This simple fact may be generalized 


iXsde "sde ae-2 
O00 


_ ithe ey) 
ho 
'sqe-'sde 
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RHE step) 
i "aa Shoe 
‘ge Figure 2. Two 
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ment Selsyns 
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to include all physical phenomena by the 
following principle: 


“A set of equations, representing the per- 
formance of any physical system (be it 
mechanical, electrical, thermal, or any other 
system) may be represented by a physical 
model (equivalent circuit) only if the set of 
equations is a tensor equation,” 


Even if no model of a system is built, 
the engineer is interested in the objects. 
that he can measure. Or if he does not 
care to measure certain quantities, he may 


still be interested in a mental ‘physical 


picture” of the phenomena taking place 
in the various parts of the system. As a 
corollary of the above principle it may be 
stated that: 


“In order that a set of equations should ex- 
press the performance of a physical system 
in terms of measurable and visualizable 
quantities, the set of equations must be a 
tensor equation,” 


Examples of sets of nontensor equations 
are those that represent small oscillations 
of dynamical systems, if these equations 
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c) The First Machine (Transmitter) Hunts 
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a) Steady-State Network 
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c)The First Machine Hunts 


are derived from the equation of Lagrange 
by standard methods. Other nontensor 
equations are those of magnetrons, ultra- 
high-frequency tubes, and so forth, in the 
analysis of which small variations are 
taken in Maxwell’s equations. 

Many of the theories used in electrical 
engineering for the study of rotating ma- 
chines and stationary networks are also 
nontensor equations. Such theories are 
usually valid for one particular machine 
and even then only for one particular ref- 
erence frame. In contrast with these in 
Park’s analysis of the synchronous ma- 
chine, all basic equations (except those of 
hunting) may be shown to be tensor equa- 
tions, and to this very fact their success 
must be attributed. Fortescue’s method 
of symmetrical components is a tensorial 
transformation; hence its value and 
permanence. 

The conclusion of the reasoning is that 
even though a set of linear algebraic equa- 
tions e= Z-iis available, it does not follow 
that an equivalent stationary network can 

' be established forit. A necessary (though 
not sufficient) condition is that the equa- 
tion should be a tensor equation. If it 
is not, then it cannot correspond term 
by term to any physically realizable net- 
work. y 

The change of a set of linear algebraic 
equations e=Z-i into a tensor equation 
consists—in the present case when it 
tepresents small oscillations—of the in- 

troduction of such tensorial concepts as 
the Riemann-Christoffel curvature tensor 
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Figure 3. Two sali- 
ent-pole = synchro- 
nous machines 


Kapys. Just how to change a set of 
equations into a tensor equation always 
depends on what the equations represent 
physically. The equations of each type 
of physical phenomenon require separate 
treatment. 


The Affine Connection 


The most general form of connection 
used in affine differential geometry and 
also in the study of electrical machinery is 


1/ Oagy , Oya Sat) 
Tas y =" ee = 

cia i ont ax® Oat 
Qa, y +278, a+Qya, B+ Sapy —SyBa— 


il 
Syabt5 (Qapy +Qpye—Qyap) (1) 


where 


Sasy =torsion tensor, skew-symmetric in 
a and B 

Qapy = “Weyl 
aand gs 


tensor,” symmetric in 


Table Il. 
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50s 4) “C4, 
xKqe%kae) 4) E a°, 
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‘kde 
ics 
"te 
AM kde he 
— 2 
frit tre jE, I*fa 
hv 
b) The Second Mochine Hunts 
Q~g,y=nonholonomic object, skew-sym- 


metric in a and B 


In the special types of electrical ma- 
chines considered in this paper the Weyl 
tensor Qypy is zero. 

In the dynamical equations of Lagrange 
Tas, is always multiplied by x«* =7* 
twice, as Tyg, i718. As a consequence 
some of the above terms cancel or become 
equal, so that the affine connection sim- 
plifies to 


Oagy 1 Odag pe 
Tag, y= ( ox “3 Ox +2008 =—2S yap 


x lap, 7]—2S yap (2) 


where [aB, y] is the nonholonomic Chris- 
toffel symbol. 

It is emphasized that the above simpli- 
fied form of Iggy can be used only 
in the equation of motion and in its varia- 
tions, such as the equations of small oscil- 
lations. In any other equation, such as 
the field equations of Maxwell, the com- 
plete form of Tag, as it appears in 
equation 1 must be used.? 


The Three Types of 
Transformations 


In establishing equivalent networks for 
electrical machines there are at least 
three types of transformations used :? 


1. Co-ordinate transformations. 


Torque Formulas of Two Synchronous Machines 


Valid If Either Machine Hunts 


Steady-State Torques 


Damping and Synchronizing Torques 


First Machine First Machine 
iE,,* =M, yi AEp a Ws+i0s 
2° Ey, * = Wa AiE7,* = WetjQs 

TN=Wi4+W2 q4 AEy,* = Wi+JjQ7 


Ai?* Ey, * = WetjOs 


Second Machine 


TE p* — W; 
By, * = W 
T2 = Ws+ Ws Ta 


h 
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Ts, = —(Ws+ We+ W7+ Ws) 
i (Qs+Q7) —(Qe+Qs) 


Second Machine 
i! AE gn * = WotjOr 
Ai Ep* = WrotJ?10 
0? AEy* =Wutjon 
Ai? Eiyg* =Wy +jOu 


Ts = —(Wy+ Wit Wut Wi) 


a (Qs+0O11) — (Qio+Qi2) 


Ta h 
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2. Spin transformations. 


8. Gauge transformations. 


Co-ordinate transformations are used 
in passing from the stationary a, b,c 
axes to the rotating d, g, o axes or in 
interconnecting the reference axes. Spin 
transformations are employed in intro- 
ducing the hypothetical symmetrical 
component frame. Gauge transforma- 
tions enter in eliminating some of the 
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b) Hunting Network 


Figure 4. Transmission line with series ca- 
pacitors connected to salient-pole syn- 
chronous machine 


All reference axes rotate uniformly with the 
infinite bus 


phase shifters that would otherwise ap- 
pear in the equivalent circuits. 

In consequence of all these necessary 
transformations, the theories of spinor 


Torque Formulas of Synchronous Machine Connected to Transmission Line 


= 


Steady-State Torques 


Damping and Synchronizing Torques 


VE*=W' AES =WitjQ, AV Ey*=Wetj0s  Ts=WitWatWstW 
PE,*= Ww" 2 AE,*= W2+j02 APE,*= Wi+I0. fas (Q3+Q4) eke 
T=W'+Ww’" 
uis) Tn-1 Wek =IXe1 t 
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Self-excitation network of the transmission system (mass = infinite) 
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analysis must be resorted to, in addition 
to those of tensor analysis. 


Spinor Form of the Equation 
of Motion 


When the components of Tag , con- 
tain complex numbers or complex fune- 
tions, it has been shown® that eight dif- 
ferent Iug,, may occur in the most 
general case, namely Tog 5, Vag » 
T3,8, y Tas, y and their conjugates. It 
has been found by the writer that in the 
Lagrangean equation, or at least in elec- 
trical machinery, six of the above eight 
expressions are zero, and only the follow- 
ing two have nonzero components, 
Tus, 7 and T'gg,5. In particular it was 
found, that of the two components of 
Tag, namely 


Yep, y*-[e8, ¥]—-2S5ae (3) 


the nonholonomic Christoffel symbol 
[aB, Y] has only its free index barred, 
while the torsion tensor Sgg; has its 
skew-symmetric indexes both barred. 
Hence in interchanging a and £ in the 
latter, the components change signs only, 
but do not assume conjugate values, 


From this property the following con- 


clusions may be drawn, to be used as a 
laborsaving device: 

In analyzing electrical machinery in 
complex variables (for instance when sym- 
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metrical components are introduced or 
when polyphase machines are studied) 
the usual tensor equations containing the 
unbarred Tyg, may be used in all 
manipulations, even though the variables 
are complex. However when Iag, y is 
replaced by its component objects, then 
[a8, y] should have its free index barred 
and Say its two skew-symmetric indexes. 

Accordingly the equation of motion of 
Lagrange 


‘B iP re 
= Rapi’+aap yt ler ata (4) 


may be written for complex variables as 


where [fy,a] is the nonholonomic 
Christoffel symbol. 

From this notation automatically follows 
for instance that in calculating the torque 


one of the currents must be changed to its 


ai® pk im 
ea = Ragi® +aap at by a}iPiY —2S api" 


Salient- 
synchronous 


Figure 6. 
pole 


line 
vth 


2 
ae XitXo/V 
Xi-X_/v? 


conventional nontensorial equation of 
hunting is 
OE, ORs . ; 
Ba +53 4% ew iP Ax¥ + Rap AiP + 
aah 
dep A +l py, aA + gy, at? Atv + 
dap ai? or re 7m 
- Ax? iPivAx® tf 
Ox? dt as ax? phen 
where H, is any small impressed force. 


In the special case when agg and Tyg, y 
are constant, the last two terms disappear, 
and the equation becomes a tensor equa- 
tion. 


(5) 


The tensorial equation of small oscilla- 
tions and of their geometrical analogue, 
the disturbed geodesic is well known.'~7 
Its derivation, when applied to electrical 
machinery, has been given in reference 8, 
equation 161 as 


conjugate. It should be remembered 


that: 


1. eais normally barred. 
2. i“ is normally unbarred. 


38. The metric tensor aag is no longer sym- 
metrical, but hermitian 


(6) 


4. When in the transient equations the 
p=d/dt are replaced by jw, the spin indices 
do not refer to these new complex numbers. 
For that reason p should be replaced by kw 
where k plays a similar role to 7, still it 
remains distinct from it. 


a=a;" or dag =a 


5. When the free index is a geometrical 
index s the equation represents torques. 
Hence only the real part of the torque equa- 
tions is calculated. 


The Equations of Hunting 


Making small changes in the equation 
of motion of Lagrange (equation 4) the 
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Each symbol in the equation is a tensor. 

Replacing each tensor by its compo- 
nent geometric objects, the above equa- 
tion may be written as (reference 8, 
equation 162): 


machine connected reat 
to infinite bus : Xe 
through R-L-C tie- “ene 


ithE pn +hE ¢+ veg) 


j(hEpn+hEp-vep) 


ae 
AFa=—T py, « a 2 ant + (Tra al gy +2l pn, aap Os 


b) Hunting Network 


The equation given in the reference is 
generalized here to include nonholonomic 
reference frames, as all examples con- 
sidered below involve nonholonomic sys- 
tems. “ 


The Set to Be Added and 
Subtracted 


The tensorial equation of hunting (9) 
consists of the standard equation of hunt- 
ing (7) with a set of terms AE, added 
and subtracted. The set is 


AF a= —V py, e(® —RF 50° —Ve5i*i) Ax? + 


or aay 
(M0, al gy +—— aie +21 Br, a5 s) Fi a 


(10) 


This set may be simplified by noting 
that by the equation of motion (4) 


5 bes diB P 
ce —RB 53? —1 581%? = — = pi (11) 
dt 
Hence the set to be added and sub- 
tracted from the standard equations of 


hunting is 
tare), 1879 Ax 


‘It should be noted that in electrical 
machinery * Ax’ must always have a 
geometrical index s as Ax‘, since all ob- 
jects are functions only of x*. Also in _ 
all the examples considered here, the two 


(12) 


Oe, 
Eat dea { Eat gAaxP +s, at? Ax? 
=6(Repi®) , = Rap Ai? + am iP Ax +145, aRY pi? Ax? 
5 B Axo d ip 4 0tas di, Biy 
(5%) tTyaae? Ax? —Wye, oR gt? Ax? deg a Ai eae i — Ax’ +-Tgy, « Ais 
ae dt B 
+I'sy, wit aiv + (TE # at is +Tys, Aine —Dxy! algs* —20 pr, a2sy ») Ax? 
ors, orgy, ae / 
+Kiypaililds” | +( sem Se +T ay, al’gs*—T rs, apy +20 pr, aM » ai Ax” (9) 
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machines run at the same speed, x*=6.—6, 
=constant, hence #*=p(6.—0,)=0, and 
the last term is zero. 

By allowing the free index a to assume 
the electrical variables m or the geo- 
metrical variables s, the equation of hunt- 
ing automatically separates into an equa- 
tion of voltage and an equation of torque. 
The latter may be expressed in terms of 
geometric objects of valence two G, V, 
and so forth, instead of objects of valence 
three or four. 


Tensor Form of the Voltages 
and Torques 


1. If a=m, the remaining terms may 
be expressed as 


dié 
AEm = —T gsm 7G Ax*+(Ix3, alps + 
QT pr, mss®)iFi> Ant 


=—Tns, mpi” Ax® +20 in, mst Ax*+- 
Tns, wl xst't? Ax? 


= — Vanbt” AS —GarynLl”™ V;xi* po Aé+ 


ViinL™ Vzyi* ps 
AE=—V-piAs—G-L-!-V-ip Ad+ 
V-L-1-V-ips (13) 


If the two machines run at the same 
speed Vpd=0, and the last term is zero. 


Psd. tH? sq 
(Lea +L 5q1)P 


edi Geciats 
(Lai —Lgqi)P 


Hence the additional term to the equation 
of voltage is (to be added and subtracted) 


AE=(—V-pi—9,*- Vp0-i) AS 


where 6=-+(6.—6;). It must be remem- 
bered that this formula is valid only if 
the two machines run at the same steady- 
state speed, p0. 
2. If a=s(6=n and B=k) 
AEs= (Un, gs" +20 gm, 5%ns”)°A" Ax’ 
(15) 


(14) 


The first term is zero and the second term 

is 

2D Em, sOns™i*i" Ax’ = —7*GEnL™ Veni" Ad = 
—i-G-L-1-V-iAd (16) 


Hence the additional term of the equation 
of torque is (to be added and subtracted) 


AT = —1-9,*-V-1A6 (17) 


Example of Two Instrument 
Selsyns 


In interconnecting two slip-ring induc- 
tion motors, Figure 1 (or synchronous 
machines) running at an angle 6=0.—0 
from each other, their equivalent circuit 
requires two phase shifters. One with 


é® in the f, mesh, another with e~” in 


(MatMq)p (Ma—-Ma)p 


Ysa. —Tsqit 
(Lea —L qi) 


sart+fsqit 
(Lear +L) P 


the 6, mesh. One of these phase shifters 
may be eliminated by rotating first all 
the axes of the second machine by e”. 
Then the two machines are interconnected 
(if both are expressed along sequence 
axes) by 


f, by 


; (18) 


The various tensors of the individual 
selsyns are given in reference 10. The 
resultant transient Z tensor of the inter- 
connected system is found by 


Z'=C,*-Z-C+C,*pL-C (19) 
given in equation 21. The corresponding 
equivalent circuits are shown in Figure 2. 
The voltages AE impressed on the hunt- 
ing networks are given in equation 22. 
The torques are found by 


(Ma-—My)p (MatMa)p 


(Mar + Ma) (b—J091) | (Mai — Mg) (b —JP61) 2 + (Lrar+Lra): 


(Lea —Ln) (p <a 
jpn) =F (Lra 5A 
Leger 4 [p— 
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(P—jpi) +2r72+ 
(Lyra +Lrq) 3 
(P—jpA1) 


(Ma— My \(p+jpa.)| (Mat My) (p+j p61) (Lra he) : 


277 te (Lra +E ai) 3 
(p+j pA) +21 72+ 
(Lyra +L¢2) - 
(b+7Ph1) 


(p+ 5p61) + 

cd (Laz ae Lrg) > 
[p+7(2p62— 
ph) 


—(Mat+ Ma) : 
[p+j(p92— ph.) | 


j(P92— ph1) | 


aT =i. aE} ai-E*4eS “1 Ad (20) 
—(MatMe) . —(Ma+Mq): 
(P—J:) (b—jphr) 
—€??(Ma— —€??(Ma+Ma): 
My) (b+ [p-+j(2p6.— (21) 
J(2p82— pA) J pA) | 
sazt+sqa+ Ysa. —Tsqn-+ 
(Lsa2+-Lsqz) e (Laz — Lsq2) — 
[p+j(p2—pA) | [b+7(b92— ph) ] 
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AG 


fi 


Ab, 


by 
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1 Oe etic ee lle 
(22) 


It should be noted that no matter how the expressions in AE are grouped, they 


cannot be measured on the steady-state network. 


(equation 14) is added to AE 


Abe 


However if the following matrix 


Aji 


(Lya2—Lrq2) (Pb —j P02) €7 ahead _ 
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then in the presence of these additional expressions the components of AE may be 
regrouped and expressed in terms of measurable voltages and currents as 


A62 


Ab; 
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Similarly, it should be noted that in the torque equation 20 the last term can- 
not be measured off the hunting network. Hence, if to the torque equation the fol- 


lowing matrix (equation 17) 
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is added, then the torque equation may 
be regrouped, expressed as 


AT =t- AE'*+ Ai-E* (26) 


and measured off the hunting network as 
usual, 

The corresponding equivalent circuits 
are given in Figure 2 and the torque 
measurements in Table I. There are two 
similar hunting networks for each case of 
hunting, one containing everywhere +/ 
the other —h. 

The two shaded circles represent a 
phase shifter, one shifting the current, the 
other the voltage by an angle 26. In 
writing equations for the armature mesh 
b, by tracing out the equivalent circuit, 
it has tobe remembered that only one 
equation need be written since the cur- 
rent generators form only junction pairs. 

It should be noted that the curvature 
tensor enters only in the establishment of 
the voltage generator 27H, and the current 
generator 277” that appear at the terminals 
of the machines. 


Synchronous Machines 


The same method of reasoning applies 
when two salient-pole synchronous ma- 
chines are interconnected. Their equiva- 
lent circuits are given in Figure 3 and the 
torque measurements in Table II. 

When a synchronous machine is con- 
nected to a transmission line, two cases 
are possible: 


1. The reference frame is rigidly con- 
nected to the field pole, and the frame takes. 
part in the oscillation. This case was con- 
sidered in reference 11. The disadvantage 
of the resulting equivalent circuit of hunting 
is that it requires as many generators as 
there are meshes in the transmission line. 


2. The reference frame is rigidly connected. 
to the infinite bus. Since the latter is not 
assumed to hunt, the transmission network 
is free of generators. They appear now in 
the synchronous-machine field meshes, 
whose number is however few. The 
equivalent circuits for this case are given in 


‘Figure 4 and the torque measurements in. 


Table III. The two Figures 5 and 6 are re- 
produced from reference 11. 


The results of a study made on Figures. 
4-6 are given in a companion paper.}” 
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Abnormal Overvoltages Caused by 


Transformer Magnetizing Currents in 


Long Transmission Lines 


H. A. PETERSON 


=e MEMBER AIEE 


$ power-transmission distances have 
A increased, new problems, both tech- 
nical and economic have been encoun- 
tered, analyzed, and taken into considera- 
tion in the design and operation of power 
systems. As transmission distances con- 
tinue to increase it is logical to expect 
that in addition to the already exposed 
problems, new ones may arise which pre- 
viously have not required consideration. 
It is the purpose of this paper to present 
an analysis of a technical problem which 
falls in the latter category. 

In the course of studying various prob- 
lems associated with long-transmission- 
line phenomena, it has been found by 
means of the transient analyzer that cer- 
tain combinations of transmission-line 
length and system reactance can give rise 
to overvoltages of considerable magni- 
tude when a lightly loaded transformer is 
connected to that transmission line. It 
is shown in the paper that such a system 
is most susceptible to overvoltage phe- 
nomena when the transformer is connected 
to the receiving end of that transmission 
line, although, theoretically, similar phe- 
nomena may occur for any transformer 
location including the transformer at the 
sending end. These overvoltages are in 
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addition to the normal fundamental-fre- 
quency voltage rise and are of a combina- 
tion subharmonic and harmonic nature. 
In magnitude, this overvoltage may be 


twice as high as that which can be calcu-’ 


lated by conventional methods when 
transformer magnetizing currents are 
neglected. 

A comprehensive analysis of represen- 
tative circuits with and without series- 
capacitor compensation has been made 
to determine the regions of abnormal be- 
havior and the effectiveness of various 
practical methods for safely limiting such 
overvoltages. Such practical means for 
controlling the overvoltage include proper 
switching and relaying arrangements, 
the synchronous condenser, shunt reac- 
tors, and resonant shunts. 

The results presented include a physi- 
cal picture of the underlying mechanism 
which gives rise to the phenomenon. It 
is felt that these results will be of consid- 
erable importance from the standpoint 
of designing and operating systems in- 
volving the transmission of power over 
distances in the practical range above 200 
miles, 


Summary and Conclusions 


The phenomena discussed in this paper 
are more likely to occur when the trans- 
former is located at the receiving end and 
is lightly loaded or carrying no load. 
While an unloaded or lightly loaded trans- 
former located at any point along a trans- 
mission line can give rise to these over- 
voltage phenomena, the system is most 
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susceptible to such disturbances when thé 
transformer is at the receiving end of the 

line because of the normal frequency rise 

in voltage with increasing distance from 

the source end. It should be borne in 

mind that either end of a long transmis- 

sion line may become the receiving end 

in the sense employed in this study. The 

condition would probably be most serious, 
when accompanied by generator over- 

speeding immediately following sudden 

loss of load caused by low side switching, 

which would simultaneously remove any 

receiving-end synchronous-condenser ca- 

pacity otherwise normally present. 

In designing a power system requiring 
transmission distances in the practical 
range above 200 miles, consideration 
should be given to the possibility of over- 
voltages such as these discussed in the 
paper. The more important factors the 
effects of which should be evaluated are 


1. System frequency (including range due 
to generator overspeeding). 


2. System reactance. 
3. Line length and losses. 


4. Receiving-end transformer size and 
saturation characteristics. 
5. Switching arrangement 


(a). Use of high side breakers, with proper re- 
laying, may prevent unloaded transformers from 
every being on the receiving end of the line. 


(b). If no high side breakers are used, care should 
be taken so that the receiving-end synchronous- 
condenser capacity is operated as an integral part 
of the line and reoeiving-end transformer. 


6. Series capacitors. 


Remedial measures which are effective 
in eliminating the overvoltages for cases 
falling in the danger region include the 
following: 


Switching arrangements (see 5 above). 


1 

2. Synchronous condensers. 
3. Shunt reactors. 
4 


Second harmonic shunts. 


Shunt reactors or the second harmonic 
shunt should be an integral part of the 
line, preferably located at or near the 
terminals of the receiving-end transformer 
for maximum effectiveness. They 
need not be on the high-voltage side of 
the transformer. To make the second 
harmonic shunt effective over a range of 
frequencies likely to be encountered as a 
result of possible overspeeding, it would 
be preferable to have it tuned for a fre- 


-quency slightly higher than the second 


harmonic. However, with series capaci- 
tors, the second harmonic shunt alone is 
not capable of stabilizing the voltage at 
the receiver end. 

In some specific cases it may be desir- 
able to set up the system in miniature to 
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SENDING END % RECEIVING END 
f TRANSMISSION LINE { { 
GEN, Aw WA 
TRANSF. TRANSF. 
Figure 1. One-line diagram of system studied 


evaluate accurately the effects of all of 
the factors involved under various con- 
ditions of operation. 


System Studied 


Figure 1 shows the basic circuit ana- 
lyzed. In a system such as this, the re- 
ceiving-end transformer would become 
considerably overexcited if its load were 
suddenly lost during a system disturb- 
ance severe enough to cause the receiv- 
ing-end low-voltage circuit breakers to 


open. This would leave the transformer - 


energized with no load and thus with only 
exciting current flowing. However, the 
magnetizing impedance of a transformer, 
while fundamentally reactive, is a vari- 
able quantity because of saturation of the 
iron core. During periods of saturation, 
relatively high peak currents may flow 
momentarily. 


Analysis of the problem involving a 
distributed constant line, and a saturable 
reactance would be extremely complicated 
and time-consuming using ordinary meth- 
ods. Therefore the transient-analyzer 
method of miniature-system representa- 
tion, which is ideally suited to the study 
of such nonlinear circuit phenomena,”1%1! 
was used. For the purpose of analysis by 
this method, the system of Figure 1 was 
set up as shown in Figure 2. The arti- 
ficial transmission line and the miniature 
transformers used at the receiving end 
have been described previously,!? and so 
no space will be devoted to a description 
of the miniature system in this paper. It 
will be sufficient to point out that the 
abruptness of transformer saturation 
could be varied simply by varying X; as 
shown in Figure 3. The values of X; used 
were always small relative to X,, so that 
Xm Temained substantially independent 
of X,/Xm. Consequently the connected 
receiving transformer kilovolt-amperes re- 
mained essentially independent of X;/Xim, 
and only the saturation characteristic 
of the receiving-end transformer was 
modified by varying X,/X,, as shown in 
Figure 3. Each single-phase transformer 
used at the receiving end had a magnetiz- 
ing impedance of X,,=13,000 ohms at 
normal voltage of 110 volts. Two of 
these units could be put in each phase in 
parallel, thus halving the value of Xj, or 
two units could be put in series in each 
phase (provided values of E in volts were 
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Figure 2. Three- 
phase miniature sys- 
tem equivalent of 
the system shown in 
Figure 1 


TO 2:1 
SINE WAVE TRANSFORMER 


GENERATOR 


doubled) thus doubling the value of 
Xm. Inany case, the receiving-end trans- 
former kilovolt-amperes to be associated 
with any value of X,, is given by the fol- 
lowing relation. 


kv? X 1,000 
kva XI 


Am= 


where 


Xm is the receiving-end transformer mag- 
netizing reactance in ohms per phase at 
normal voltage 

Kv is normal system line-to-line voltage 

Kva is the receiving-end transformer-bank 
rating 

I, is the exciting current in per unit per 
phase at normal voltage. 


Thus, if X»=13,000 ohms, and if a three 
per cent exciting current and a 230-kv 
system are assumed, the receiver-end 
transformer kilovolt-ampere rating rep- 
resented by the miniature system would 
be 

_ (230)?(1,000) 


kva = 
138,000(0.03) 


= 135,000 kva 

Provision was made for operating the 
receiving-end transformer with or with- 
out the delta open. Shunt reactors or 
resistors of variable kilovolt-ampere rat- 
ing, as well as resonant shunts and syn- 
chronous condensers, could be switched 
in at the receiving end. Series capacitors 
for line-reactance compensation could be 
inserted as desired. Provision was made 
for varying the resistance of the trans- 
mission line and of the receiving-end 
transformer and for varying the sine- 


TIMES NORMAL VOLTAGE 
(RMS OF SINE WAVE) 


10) 5 10 1S 20 
TIMES NORMAL RMS EXCITING CURRENT 


Figure 3. Saturation curves used in this study 
D-c resistance of winding expressed as a ratio 


to Xm isO.0003. Xm_=13,000 ohms at 110 
volts, 60 cycles, for one transformer 
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wave generator voltage, thus changing 
the operating flux density in the receiv- 
ing-end transformer as desired. Conse- 
quently numerous factors separately or 
in combination could be carefully studied. 

The effect of lightning arresters in 
limiting these overvoltages and thus pro- 
tecting terminal equipment was not in- 
cluded in this study. It follows from the 
results revealing the nature of the phe- 
nomenon, however, that lightning arrest- 
ers may be damaged by such sustained 
overvoltages. 


Nomenclature 


E=voltage back of X, in per unit 

X,=source reactance 

X,=transformer series reactance (for satura- 
tion adjustment) 


zero-sequence line reactance 


Xo / x1 = aa ; 
positive-sequence line reactance 
line resistance oe 

1, /x: =. (positive sequence) 
line reactance 

Vr = 


voltage at receiving end with transformer 


voltageatreceiving end without transformer 
Xex/ x R= 
(positive-sequence capacitive reactance) 


shunt reactance 


line resistance 


ro / %o= (zero sequence) 


line reactance 

f=cycles per second 

Xm=Magnetizing reactance in ohms at 
normal voltage and frequency 

Xa Xco=positive- and zero-sequence shunt 
capacitive reactance of line respectively 

X 5. =series-capacitor reactance 

Xz, =nonsaturable reactance in parallel with 
X sc 

R=resistance in parallel with X,, 

Xp=nonsaturable shunt reactance at re- 
ceiving-end transformer terminals 

Rr=shunt resistors at receiving-end trans- 
former terminals 


Discussion of Results 


With the system set up as in Figure 2, 
curves as shown in Figures 4a and 4b 
were obtained. It should be emphasized 
that the voltage Vp is a ratio of crest 
voltage to ground at the receiver end 
with the transformer connected, to the 
crest voltage at the same location with 
the transformer disconnected. Thus the 
normal rise in the line is eliminated from 
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Figure 4. Voltages Vz obtained in the system 
of Figure 2 


X,=86 ohms 

f =60 cycles per second 

Xo/X1 =4.0 

n/x. =0.1 

X,/Xm= 0.014 

Xm= 13,000 ohms 

No series-capacitor compensation 
No load on system 

No shunt reactors 


600 


Delta open 


the results, and the effect of the trans- 
former alone is shown by these figures. 
The oscillograms shown in Figure 5 are 
typical illustrations. No two of these 
oscillograms were taken simultaneously, 
so it is not possible to correlate instan- 
taneous values of voltage and current. 
However, the variation in voltage and 
current wave shapes with time is indi- 
cated. The voltage is seen to be made up 
largely of a second harmonic and sub- 
harmonics. The current traces clearly 
show evidence of subharmonics and even 
harmonics. The time required for this 
condition to be reached following sudden 
loss of load varies from a couple of cycles 
to a second or two depending upon the 
value of £ and the system constants. 
The values of # maintained back of X, 
range from a maximum of 1.1 down to 
values such that the effect of the trans- 
former is negligible from the standpoint 
of producing overvoltages. It is felt that 
this covers the practical range, including 
the case of sudden loss of load at the 
receiving end. Unit voltage E=1.0 


34 TRANSACTIONS 


Figure 5. Oscillo- 

grams showing the 

nature of the phe- 
nomenon 


System constants as 
in Figure 4a, with 
320 miles of line 


EN Vp—Phase-A 

voltage to ground at 

receiving-end trans- 
former terminals 


B. Receiving-end 
phase-A_ transformer 
magnetizing current 


‘S. Voltage to 
ground at sending 
end times that which 
would exist without 
the transformer 


defines the normal operating point on the 
saturation curves of Figure 3 when applied 
directly to the terminals of the trans- 
former. 

It is to be noted that if E is reduced ap- 
proximately to values such that the re- 
ceiving-end transformer is not overex- 
cited, no overvoltages will occur. It is of 
significance also that the region of ab- 
normality is not greatly affected by the 
delta being opened or closed. Further- 
more, the phenomenon is essentially inde- 
pendent of the method of grounding the 
receiving-end transformer neutral when a 
closed delta winding is present. 

It should be noted that, while the sys- 
tem studied is characterized by a “‘send- 
ing end” and a “receiving end,” in the 
actual case, either end may become the 
receiving end in the sense employed here. 
That is, during a system disturbance, 
either end of the line may be switched 
out on the low-voltage side, leaving an 
unloaded system of the type illustrated 
in Figure 2. 

Similar tests made under numerous 
miniature-system conditions have made it 
possible to summarize the effect of source 
reactance X, as shown in Figure 6. Since 
the case of the delta open is of little prac- 
tical significance, only the delta-closed 
condition is shown. This figure shows 
the regions in which Vp is greater than 
unity in terms of miles of transmission 
line and source reactance in ohms. Since 
the delta being opened has little effect 
on the region of abnormality in general, 
it is to be concluded that the reactance 
of the tertiary winding is of little conse- 
quence. Furthermore the negligible effect 
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of the delta being opened has some signifi- 
cance from the standpoint of the theory 
involved, as will be shown later. 

The curves of Figure 6 indicate that 
overvoltages are to be expected over a 
range of line lengths from 200 miles on 
up to slightly over 400 miles when the 
system frequency is 60 cycles per second, 
and source reactances are in the practical 
range. With lower frequencies the line 
lengths could be increased inversely as the 
frequency before encountering the dif- 
ficulty. The maximum value of Vp ob- 
tained was 1.8 with the delta closed, and 
the length of line producing the maximum 
overvoltage is shown to increase as the 
source reactance decreases. Thus, under 
system conditions corresponding to these, 
voltages on the order of twice those nor- 
mally expected may exist at the terminals 
of the receiving-end transformer if the 
line length and system source reactance 
are in the right combination, and if cor- 
ona and lightning arresters are not volt- 
age-limiting factors. 
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Figure 6. Boundaries of overvoltage region 
as affected by line length and source reactance 
with receiving-end transformer delta closed 
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System constants as in Figure 4a 


While the curves of Figure 6 are for the 
transformer located at the receiving end 
of the transmission line, it can be shown 
(see Appendix II) that the critical com- 
bination of length of line and source re- 
actance which is susceptible to these 
phenomena is independent of the trans- 
former location. Even the sending-end 
transformer can produce the same phe- 
nomena for the same range of constants 
shown in Figure 6. However, a somewhat 
higher range of values of E (voltage back 
of equivalent system reactance, X,) 
would be required to give rise to the 
phenomenon in this case. The receiving- 
end transformer location renders a given 
system more vulnerable to such disturb- 
ances because of the normal-frequency 
voltage rise in the line. 

The effect of the voltage H maintained 
within the system is shown in Figure 7 
for the same case as in Figure 4. As the 
system voltage is decreased, the range of 
system constants capable of giving rise 
to this abnormality decreases, and at 
E=0.8 the phenomenon disappears en- 
tirely. This suggests the theoretical 
possibility of avoiding such overvoltage 
phenomena by using low-flux density 
transformers, although other means may 
generally be more desirable. 

The effect of varying the magnetizing 
reactance X,, is illustrated in Figure 8. 
It is believed that this covers the practical 
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Figure 8. Effect of varying the receiving-end 
transformer magnetizing reactance X,, 
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range of X,, and shows that the phenome- 
non is not critical to a particular value 
of Xm. Obviously if X,,is © the value of 
Vr=1 as shown, and if very high values 
of X are connected to the transmission 
line, little disturbance of the type under 
discussion would be expected. In order 
to make the results more general, values 
of X,, are given in ohms, but they can 
readily be converted to specific trans- 
former kilovolt-ampere ratings in sys- 
tems of given voltage rating, if the 
magnetizing current in per cent is known or 
assumed. The formula given in the pre- 
ceding section can be used for this pur- 
pose. 

The effect of line resistance is illus- 
trated in Figure 9. It appears that, if 
r,/x, could be as high as 0.4 or higher, the 
phenomena would not occur. However, 
practical values of 7/x; in lines such as 
these under discussion would fall con- 
siderably below this value—on the order 
of 0.2 or less. Therefore line resistance 
would not be expected to eliminate the 
overvoltages in a practical case. Further- 
more, any attempt to increase the circuit 
resistance may result in an increased 
tendency for hunting to take place.%:41? 

The effect of steepness of saturation is 
illustrated in Figure 10. It is evident 
from this illustration that the phenome- 
non is not critical to the abruptness 
of saturation over a practical range, al- 
though the more abrupt saturation char- 
acteristic in general appears to lead to 
higher voltages and broaden the range of 
constants for which they may be obtained. 


The effect of generator overspeeding is 
illustrated in Figure 11. A system nor- 
mally not in the region of overvoltages 
may be brought into the region by genera- 
tor overspeeding as a result of loss of 
load. 


After observing the effects of various 
factors in producing these overvoltages, 
means were investigated for controlling 
them. Among the first means investi- 
gated was shunt reactors placed at the 
terminals of the receiving-end transformer. 
The ability of reactors to accomplish 
the desired purpose is illustrated in 
Figure 12. It is interesting to note that 
shunt reactor kilovolt-amperes as high as 
65 per cent of normal line-charging kilo- 
volt-amperes may be required to keep Vz 
down to unity. This amount of reactance 
does not include compensation for the 
normal rise in the line since Vz as defined 
is independent of the normal rise in volt- 
age in the line. If generator overspeed- 
ing is an appreciable factor, shunt reac- 
tors to take care of the normal funda- 
mental-frequency rise in the line may not 
prevent the occurrence of this phenome- 
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non because of the increase in applied 


frequency. 
Figuré 13 indicates that if the receiv- 
ing-end transformer saturates more 


abruptly, more reactor kilovolt-amperes 
may be required to stabilize the voltages 

Figure 14 suggests that the maximum 
required X,/X,p is likely to increase as 
the value of X,, decreases. This is repre- 
sentative for the practical range of Xp. 

Figure 15 shows that a synchronous 
condenser is very effective in eliminating 
the overvoltage hazard, In most actual 
cases, a condenser at the receiver end of a 
size greater than the minimum required 
for overvoltage stability would likely be 
present. Consequently this is one very 
practical and effective means of overcom- 
ing the difficulty. However, provision 
must be made for keeping the condenser 
on the system, even though the load is 
lost. Thus, in addition to controlling 
the fundamental-frequency voltage at the 
receiver end during normal load condi- 
tions, a condenser is expected to be ef- 
fective in eliminating abnormal harmonic 
and subharmonic voltages such as these 
during system disturbances. 
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Figure 10. Effect of abruptness of transformer 
saturation at receiving end 
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Figure 11. Effect of generator overspeeding 


System constants as in Figure 4a 


The curves of Figure 15 require some 
discussion, because they show a minimum 
condenser requirement for the length of 
line giving rise to the maximum values 
of Vz. Practically, however, the neces- 
sity for reducing Vp at all is greatest 
when Vz is greatest. Therefore, for 
practical purposes, the maximum con- 
denser requirements for this given case 
are more nearly the minimum values 
shown in Figure 15. In other words, a 
condenser of 15,000 kva would probably 
be adequate for keeping Vz from becom- 
ing destructive in magnitude for this case. 

One other very effective means that 
has been found for eliminating the over- 
voltages is the resonant shunt located 
at the receiver-end transformer. The 
shunt may be either delta- or wye-con- 
nected. If wye-connected, it makes no 
difference whether the neutral point is 
grounded or not. Its effectiveness is il- 
lustrated in Figure 16. The reason for 
the effectiveness of the second harmonic 
shunt is discussed in the following sec- 
tion. 

The effect of series capacitors at the 
mid-point of the transmission line is 
illustrated in Figure 17. Series capacitors 
at the mid-point of the line for 50 per cent 
compensation of the line drop were used 
for this case. The region of abnormality 
was broadened considerably by the pres- 
ence of the series capacitors as can readily 
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Figure 13. Effect of abruptness of saturation 
on the required shunt reactor kilovolt-amperes 
to reduce Vp to unity 


System constants as in Figure 4a 


be seen by comparing this figure with 
Figure 4a or 4b. The reason for this 
broadening of the region of abnormality is 
that an additional phenomenon, different 
in nature, is introduced by the presence 
of series capacitors.4 This is discussed 
further in the section headed ‘‘Theory.”’ 

It is possible to eliminate the phe- 
nomenon entirely by using shunt reactors 
located at the terminals of the receiving- 
end transformer. The amount of react- 
ance required is shown for one case in 
Figure 18. In this figure also is shown the 
amount of shunt resistance required for 
the same case. 

The possibility of using a resistor in 
shunt with the series capacitor has pre- 
viously been given some consideration.* 
A reactor in parallel with the series capaci- 
tor also is effective as shown in Figure 19, 
although for this case, the effectiveness of 
either a resistor or reactor so placed de- 
creases rapidly for lengths of line above 
280 miles. 

In Figure 20, the curves show the 
amount of reactance or resistance re- 
quired in parallel with the series capacitor 
for the same case, the only difference being 
that a second-harmonic resonant shunt 
has been connected to the terminals of the 
receiving-end transformer. Reactance 
is seen to be quite effective as a means of 
eliminating the phenomenon in this case 
for line lengths up to well over 400 miles, 
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Figure 14. Effect of magnitude of X,, on the 
required shunt reactor kilovolt-amperes to 
reduce Vz to unity 


System constants as in Figure 4a 


while resistance is not nearly so effective. 
Furthermore, resistance is undesirable 
since it introduces losses during normal 
load conditions which in the proportions 
required would be intolerable in some 
cases. 

A condenser of practical size at the re- 
ceiving end is very effective in eliminating 
the voltage instability, either with or 
without series capacitors. 


Theory 


The cause of the phenomena discussed 


in the preceding section can best be under- — 


stood by first considering a single-phase 
circuit as shown in Figure 21. Here the 
essential elements of the three-phase cir- 
cuit of Figure 2 are present, the trans- 
mission line being represented by a capaci- 
tor, X,, and the source reactance by 
X,. The transformer X,, which can be 
connected or disconnected by the switch, 
corresponds to the receiving-end trans- 
former of Figure 2 where X, and X,, de- 
fine the transformer characteristics. 
With V, defined as in the preceding 
discussion the results obtained by varying 
X,/X, and X,/X, are shown in Figure 
22. Here two peaks of overvoltage are 
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Figure 15. Synchronous-condenser capacity 
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unity ‘ 
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System a8 in Figure 4a, with X;/X=O, tran- 
sient reactance of condenser assumed to be 
30 per cent on rating in. 230-kv system. 
Voltage back of transient reactance of con- 

denser, 133 per cent 
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Figure 16. Effect of resonant shunt on Vz 


Shunt consists of reactor and capacitor in 

series located at the terminals of the receiving- 

end transformer. Reactor 6.0 henrys. Capaci- 

tance varied. System constants as in Figure 4a 
with 320 miles of line 


shown, one largely of second-harmonic 
and subharmonic nature for X,/X, just 
below 4 and the other largely of third- 
harmonic nature for X,/X, just below 9. 
The higher values of X,,/X, cause the 
peaks of overvoltage to move closer to 4 
and 9 respectively. Now when X,/X, = 4, 
the circuit viewed from the switch loca- 
tion with the switch open is tuned to the 
second harmonic, and when X,/X, =9, 
it is tuned to the third harmonic. 

For the case of X,/X, just below 9, it is 
not difficult to see why overvoltages will 
occur. If X,/X;, = 9, the impedance of 
the circuit viewed from the switch with 
the switch open is infinite to the third 
harmonic neglecting resistance. Conse- 
quently, in trying to supply the required 
third to the transformer, a large third- 
harmonic drop is encountered, and this 
shows up at the transformer terminals 
as indicated in the curves. If X,/Xy, is 
lower than about 7.5 and higher than 
about 12, the impedance to the third 
harmonic required by the transformer is 
low enough essentially to eliminate the 
overvoltages of the third-harmonic type. 

It is to be noted that the overvoltages 
of this type are a maximum when X,/X, 
is slightly less than 9. This means that 
the system impedance is capacitive and 
o: a high value to the third harmonic. 
This is to be expected since, with the 
switch closed, the path for third har- 
monics includes X,, also, which, while dif- 
ficult to evaluate under these saturated 
conditions, nevertheless is fundamentally 
reactive to the third and probably com- 
pensates for the resultant capacitive 
reactance of the system to bring the over- 
all system more nearly in tune to the third 
harmonic at the point giving rise to the 
maximum V, shown in Figure 22. 

With regard to the peak values of Vp 
for X,/X,, slightly less than 4, the ex- 
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Figure 17. Relationship between Vp and 
miles of line with series capacitors 


Series-capacitor kilovolt-amperes at mid-point 

of line correcting for 50 per cent of line 

reactance drop. System constants as in 
Figure 4a. ES1.1 


planation is more difficult, because, while 
the system impedance with the switch 
open is infinite (neglecting resistance) to 
the second harmonic when X,/X,=4, 
the transformer in normal steady-state 
operation with sinusoidal voltage applied 
does not require a second harmonic toflow. 
Consequently the preceding explanation, 
while satisfactory for the region of third- 
harmonic overvoltages is not satisfactory 
for the region of second-harmonic over- 
voltages. 

In order to visualize the cause of the 
second-harmonic overvoltages, it is de- 
sirable to substitute the equivalent cir- 
cuit of Figure 23 for the circuit of Figure 
21. In this figure, the two reactances 
X, and X, correspond to the reactances 
so labelled in Figure 21. The reactances 
Xm and X, are constant (not saturable) 
and represent the transformer of Figure 
2 

In th’s equivalent circuit, the satura- 
tion of the transformer is represented by 
two straight lines as shown in Figure 
23b. The effect of saturation of this type 
is introduced in the equivalent circuit 
by closing switch S at every instant that 
the current 7 into the equivalent trans- 
former exceeds a critical value and open- 
ing it at every instant that the current i 
falls below this critical value. In the 
illustration of Figure 23b, this critical 
value has been arbitrarily taken to be 
0.9 of the crest value which would be 
taken by X,, if the switch S were never 
closed. On this basis the switch S would 
be opened and closed every half-cycle of 
fundamental frequency, or the switching 
cycle would be repeated at a frequency 
corresponding essentially to second-har- 
monic frequency, and, since the circuit 
made up of X, and X, is approximately 
tuned to the second harmonic, it is to be 
expected that the transient oscillations 
will be those corresponding at least ap- 
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quired at the receiving-end transformer ter- 
minals to hold Vz down to unity for E<1.1 


System constants as in Figure 4a with 50 per 
cent series-capacitor line-reactance drop com- 
perisation at the mid-point of the line 


proximately to the natural frequency as 
dictated by X,/X,. 

Furthermore, this concept aids greatly 
in visualizing the production of subhar- 
monics as well as the second harmonics. 
Consider the equivalent circuit as oper- 
ating in a steady-state condition with 
switch S open. Then assume that on 
some half-cycle, saturation is to be in- 
troduced in accordance with the preced- 
ing theory. This will mean that switch 
‘SS must be closed when 7 reaches 0.9 of the 
crest value it had been reaching on pre- 
vious half-cycles. This instant can also 


be defined with respect to the funda- 


mental-frequency voltage wave. Follow- 
ing the closing of the switch, a high peak 
of current will flow momentarily, and, 
when the total z returns to 0.9, switch S 
will be opened. This will leave a natural 
frequency oscillation in the circuit, and, 
when the current 7 has gone through zero 
and reaches a value of 0.9 again, switch S$ 
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Figure 19. Resistance or reactance required 
in parallel with series capacitor to hold Vz 
down to unity for E<1.1 


X,- =reactance of series capacitors 
X;,, =reactance in parallel with X;, 
R_ =resistance in parallel with X;, 


Other system constants as in Figure 4a 


50 per cent series-capacitor line-reactance 
drop compensation at the mid-point of the line 
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Figure 20. Resistance or reactance required 
In parallel with series capacitors to hold Vz 
down to unity for E<1.1 


X;, =reactance of series capacitors 
Xz, =reactance in parallel with Xs, 
R =resistance in parallel with X¢- 


Second harmonic shunt at receiving-end trans- 
former terminals. Shunt made up of 2,000 w 
inductance in series with 0.32-microfarad 
capacitance wye-connected and ungrounded. 
Other system constants as in Figure 4a. 50 
per cent series-capacitor line-reactance drop 
compensation at the mid-point of the line 


must be closed. This time, however, the 
instant of closing is not the same with 
respect to the fundamental-frequency 
voltage wave as it was on the first half- 
cycle because of the transient condition. 
However, the switch must be opened 
again when the current decreases to 0.9 
in accordance with our criterion. Fur- 
thermore, the next half-cycle will likely 
require that switch S be closed at still a 
different point on the voltage wave so that 
several cycles may elapse before two 
cycles are identical or nearly identical. 
Consequently subharmonics must ap- 
pear, and the lowest subharmonic will 
be that corresponding to the period in 
cycles of fundamental frequency required 
for the exact initial conditions of closing 
switch S to repeat. It is conceivable that 
in a very low loss circuit, this might take 
a very long time, that is, the subhar- 
monic frequency might be very low. 

The preceding analysis of the single- 
phase circuit can be applied directly to 
the three-phase case by recognizing that 
the regions of abnormality in the single- 
phase circuit were associated with circuit 
constants which offered infinite impedance 
to the second or third harmonics. In 
Figure 24, the relationship between miles 
of line and source reactance for which 
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circuit studied 
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Figure 22. Results obtained in the study of 
the circuit shown in Figure 21 


infinite impedance is offered to harmonics 
is shown. Also the region in which Vz 
was found to be greater than unity (from 
Figure 6) is shown. It is significant that 
this region is close to the curve giving the 
relationship between miles of line and 
source reactance which offers infinite 
impedance to the second harmonic. Thus 
it corresponds to the single-phase case 
which for X,/X, slightly less than 4 gave 
rise to overvoltages of a similar nature. 
Furthermore, the maximum values of 
overvoltage in the single-phase case oc- 
curred when X,/X, was slightly less 
than 4. This meant that the impedance 
of the system was actually capacitive. 
In Figure 24, the region of abnormality 
lies above the line defining infinite im- 
pedance to the second harmonic. This 
also means that the reactance in this re- 
gion is capacitive, thus further establish- 
ing the similarity between the three- 
phase and the single-phase case. 

In Figure 24, a curve is shown for in- 
finite impedance to the third harmonic. 
Infinite impedance to the third harmonic 
occurs naturally for shorter line lengths 
than for the second harmonic for a given 
source reactance. However, with a re- 
ceiving-end transformer having a closed 
delta, the third harmonic is not neces- 
sarily supplied from the line, and there- 
fore the system impedance has little 
effect. If the receiving-end transformer 
had no closed delta, then a region of over- 
voltages should be expected here of third- 
harmonic nature corresponding to the 
case of X,/X, slightly less than 9.0 in 
Figure 22. This region does exist but is 
considered of little practical significance 
in connection with this paper and so is not 
included in the curves. 

The question as to why the delta being 
opened or closed made little difference 
in the phenomenon is answered in Figure 
24, Curves showing the relationship be- 
tween miles of line and source reactance 
for zero impedance viewed from the re- 
ceiving end are shown. The curve for 
zero impedance to the third harmonic is 
shown to fall partially within the region 
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“y 
of abnormality, near its upper cen 
Thus in the abnormal region the system 
offers a low impedance to third-harmonic 
currents, and it makes little difference 
whether the receiving-end transformer 
has a closed delta or not, since in either 
case third-harmonic current can easily 
be supplied. 

The preceding discussion would not be” 
complete without some mention of why 
the second-harmonic shunt is so effective 
in reducing the abnormal condition in 
the long lines case. In the single-phase 
case, the third-harmonic region of over- 
voltages could be eliminated by a third- 
harmonic resonant shunt, while the sec- 
ond-harmonic region could be eliminated 
by a second-harmonic shunt. By analogy 
between the single-phase and three-phase 
circuits it is evident that the abnormal 
region shown in Figure 24 or Figure 6 can 
be eliminated by a second-harmonic 
shunt. Furthermore, for reasons just 
mentioned, with the delta closed, no re- 
gion of abnormality appears for the third 
harmonic. Consequently, for the delta 
closed condition, which is the practical 
case, a second-harmonic shunt is com- 
pletely effective in eliminating the 
abnormal condition brought about by ex- 
citing power transformers through long 
lines. 

The preceding analysis has dealt with 
only the second and third harmonics. 
Higher harmonics, when suppressed by sys- 
tems offering infinite impedance to them 
will produce voltage distortions, but the 
overvoltages produced will in general be 
of no practical significance as compared 
to the phenomena as discussed in this 
paper. 

While the foregoing discussion has 
dealt primarily with long lines carrying 
magnetizing currents, it is possible that 
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Figure 23. Equivalent circuit (system of 
Figure 21) for visualizing the underlying cause 
of the phenomenon , 
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the phenomena observed may be en- 
countered in other cases when the load 
requires harmonic currents to flow 
through long lines or from sources which 
tend to suppress them. 

When series capacitors are present, the 
impedance of the system viewed from the 
receiving-end transformer terminals re- 
mains only slightly changed as far as 
harmonics are concerned.. This is readily 
understood, because with any practical 
series-capacitor compensation the react- 
ance of the series capacitor varies in- 
versely as the frequency. Consequently, 
in the region which caused voltage insta- 
bility without series capacitors, it is to be 
expected that instability of the same type 
will be found with series capacitors. In 
addition, the presence of series capacitors 
introduces the possibility of series reso- 
nant conditions in a nonlinear circuit con- 
sisting essentially of source and line 
reactance, series capacitor, and saturable 
reactor (transformer) which accounts for 
the broadening of the region of abnormal- 
ity shown in Figure 17. This circuit has 
been discussed in the technical press, and 
its behavior is generally well under- 
stood.*~* It generally requires some form 
of “shock’’ excitation in order for the 
subharmonics to appear. That is, there 
are several modes of ultimate behavior 
depending on the initial conditions. This 
is in contrast to the phenomenon charac- 
teristic of the circuit shown in Figure 21 
which is discussed in this paper and which 
generally does not require shock excita- 
tion for the phenomenon to appear. The 
harmonics and subharmonics appear spon- 
taneously, within a few cycles generally, 
and represent the only mode of steady- 
state behavior for the circuit. That is, 
the circuit can respond only in accordance 
with the curves of Figures 4a and 4b 
whether the system voltage is raised 
gradually or whether the system is sud- 
denly energized. 


Appendix | 


In the equivalent circuit of Figure 19, the 
per-unit current zs (base current=1/L,,) 
through the switch following the closing of 
it at an initial angle @ after a positive volt- 
age crest (assumed to the unity) is 
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The current 7 flowing into the equivalent 
transformer is 


iq =A’ sin (t+6;) +B,’ sin (wet+¢1)+Dy’ 
(2) 
where 
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The voltage across the capacitor is 


€. =F, cos (t+@:)+Gi cos (wot +¢1) (3) 
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Interrupting the current is, the voltage 
across the capacitor is 
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cos (wot ton) +Ki cos (wot + B,) (4) 
=cos (t+61’) + Mi cos (wot-+2) 


where 
Ws (wo? —we?)w, sin 6 
wc? 
®? — wc?) a tae) ee oe 
Ji eee / sin? 6:-Fwc? cos? 6; X 
w¢?(1—we?) 
Ni et cos? 6;-+w,? sin? 6 
- _ (&9?—w?) 
Soy ee ea V cos? 6;’ + w,? sin? 0,’ 
(wg?—1) 
6: =wclat?di 
0’ =ta tA 


ta is the interval of time in radians during 
which the switch was closed 


W, Sin 6; 


sin ay 
VS wet cos? 5;-+w,? sin? 6; 


we COS 6; 


Waid cos? 6:+w,? sin? 4, 


cos a;= 
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ia 8 Wo sin 6,’ 
sin = 
VV 29,/ 2 ojn2 9,’ 
cos? 6,’ + w,? sin? 4; 
cos 6,’ 
cos B= 


V/ cos? 0;'+w,? sin? 6,’ 
The current 7 becomes 


: ’ Ay Ji 
ip) =sin (t+61) —— cos wet+— X 


®o Wo 


sin (wet+ py ee sin (wt+ 61) (5) 


@o 


Closing the switch at the next instant when 
the current 7 reaches the critical value 


tgg=A, sin (f+62)+Bz sin (wot+¢2)+ 
Dr+M,S2 sin (wct+y2)+W2Mi (6) 


A, defined in equation 1 
(wo? — wo?) es 
B,= peels Oe) in? 6 2 cos? 6. 
ag & etl z o?) V/ sin? 2+wo 2 
X mo? sin 6 
5p ee 
X wo? 
O2=ty ttaté 
sin A 


sin ¢2= ——— 
A/ sea 4.-+w¢? cos? 62 


we COS 42 

cos ¢2= SS SS SSS SS 

/ sin? 02+w? cos? 42 
Xe. 
= V won? sin? A3t+we? cos? Ay 
wo?X, 
: Ww, sin Ag 
sin Y2= 


\/ cag sin? Ast+wo? cos? A» 
wo cos Ay 


A/a sin? Ar+wo? cos? As 


cos Y2= 


A,;=angle of w, frequency voltage past 
positive voltage crest when switch 
is closed 


X mWo Sin Ay 
ae 
X50? 


The voltage across the capacitor is 


Xs diss 
SE ena 


and the current i,. into the equivalent trans- 
former is of the form of equation 2. 

At the time of interruption, the current 
ipg takes the form of equation 5 subject to 
the new boundary conditions. The voltage 
€o2 takes the form of equation 4 also subject 
to the new boundary conditions. 

This procedure can go on for as long as 
desired, each time imposing the new bound- 
ary conditions. It can be seen readily that 
these successive boundary conditions will 
not in general be the same for adjacent 
cycles of fundamental frequency. That is 
0,:+2 62, Oo+m ¥8;, On +3 ~On 41. 
Ultimately, however, 6,+a7r=6,+, and a 
definite subharmonic frequency will appear. 
Furthermore, the voltage oscillation across 
the capacitor will be of fundamental fre- 
quency plus a natural-frequency oscillation 
which is predominantly that defined as w,, 
the natural frequency of the system with the 
switch open. This is brought about by the 
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fact that the switch S is closed in general 
only a short fraction of a fundamental- 
frequency period, and that period is gen- 
erally in the vicinity of fundamental-fre- 
quency voltage zero. Therefore, it is to be 
expected that when circuit losses are low, 
the natural frequency of the circuit with 
the switch open and subharmonics will ap- 
pear across the capacitor in the circuit of 
Figure 23. 


— Appendix Il 


Viewed from the receiving end, the system 
of Figure 1 or 2 neglecting losses offers an 
impedance? 


a fos ne 
wL, cos wl\/LC+ 4 sin wly/LC 


Lay (1) 


cos wl VEC—alaalS sin wl>/LC 


where 


Z=inductance per mile in henrys 
C=capacitance per mile in farads 
2,=source inductance in henrys 
w=2nf 

1=length of line in miles 


In the transient-analyzer artificial line 


L=0.002 henry per mile 
C=0.016 microfarad per mile 


For Z,= ©, the criterion is 


cos wly\/ LC—wL, \< sin wl+/LC=0 (2) 


or, rewriting 


Zr= 0 
when 
zoomed! ie 
tan wl4/LC=— 4/= (3) 
wL, Cc 


This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give infinite impedance in Figure 20 

For Z,=0, the criterion is 


wL, cos wl\/LC+ \. sinwl\/LC=0 (4) 
or, rewriting 
Z,=0 


when 
G 
aly/ LC = —owL; y° (5) 


This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give zero impedance in Figure 24. 

It can also be shown that the relationship 
between source reactance wl, and line 
length to give infinite impedance is inde- 
pendent of the point considered along the 
line. If / is the total length of line con- 
sidered, and d is the distance between the 
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Figure 24. Relationship between miles of 

line and source reactance which offers infinite 

or zero impedance to harmonics viewed from 
any point along the line 


Resistance neglected 


sending end and the point from which the 
impedance is to be determined, then 


= YE cote VICIX 


wL,; cos wd+~/LC+ NES sin wd+/LC 
= (a 
cos wd+/LC—wL, iB 


sin wd/LD 
ee 


~iy= cot w(l—d)/LC+3X 


wL, cos wd\/LC+ \ a sin wd+/LC 


cos od /EC~ abe] ¢ sin wd\/LC 


= y ico w(l—d)\/LCX 
es Cu oa 
E cos wd\/LC+ v5 sin ivi | 


= fs 
| — yEcor eave }x 


os wt VTC- ob sin Vic | x 


wL, cos wd\/ LCO+ yi sinwdx/LC (6) 


Z= when the denominator of equation 6 
is zero. Rewriting this denominator 


= y cot w(l—d)./LC-cos wd\/LC+ 
wL, cot w(l—d)+/LC: sin wd+/LC+ 


wl, cos whi~/LC+ \ sin wd1/LC 


=— y= wd\/LOX 


1+ tan wl/LC tan wd>/LC 
tan wly/LC— tan wd+/LC 


1+ tan wl>/LC tan wd+/LC 
tan wl1/LC— tan wd+/LC 


wL, cos wd\/LC+ y sinwd1/LC=0 


+oLl,X* 


sin wd>/ EG 
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cal 
“ 


‘4 


ig re me ay 
~ bcos wt VIC~ aces wdr/ CL X 


tan wl/LC tan wd/LC+oL, sin wd+/LC+ 
oL, sin wd+/LC tan wl/LC tan wd+/LC+ 
wL, cos wd+/L CE tan wl>/LC— 
wLs cos wd+/LC tan wd+/LO+ 


iy pst 
y. sin wd+/LC tan wl\/LC— 


ve 


y sin wd4/LC taeda ieeD 


wL, [sin wd+/LC+ sin wd~/LCtanol>\/LCX 
tan wd+/LC+ cos wd/LC tan wl\/LC— 
cos wd+/LC tan wd+/LC} 


= y [cos wd4/LC+ cos wd+/ZLC tan wl X 


V LC tan wd+\/LC— sin wd>\/LC tanelX 
WVLC+ sin wd\/LC tan wd>/LCloLsX 
tan wl+/LC [sin wd\/LC tan wd-/LC+ 


cos wdv/ LC] = y [cos wda/ LC+ 


sin wd1/LC tan wd>/LC) 

nots 
and finally tan wl4/LC=— L 
: wl, YC 


which is identical with equation 3, which 
was to be proved. 

Similarly it can be shown that the condi- 
tion for Z=0 as given by equation 4 holds 
for any location along the line. 
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Self-Excited Oscillations of Capacitor- 
Compensated Long-Distance 


Transmission Systems 


R. B. BODINE 


ASSOCIATE AIEE 


HE transmission of electric power over 

long distances has been the subject of 
considerable study,! and it has been con- 
cluded that an effective way of increasing 
the permissible straightaway transmission 
distance is by means of series-capacitor 
compensation of part of the transmission- 
line inductive reactance. The introduc- 
tion of longer lines together with capact- 
tor compensation brings up several tech- 
nical problems which must be considered 
if proper operation is to be assured. 
Studies of transient stability and switch- 
ing times following faults and of abnor- 
mal overvoltages which may result from 
interaction of line capacitance and trans- 
former exciting impedance at no load are 
presented in references 2 and 3 respec- 
tively. This paper presents the results of 
a study of hunting and self-excitation dur- 
ing normal operation as affected by line 
and machine characteristics. 

Previous work’ and field experience 
have indicated the possibility of self- 
excited oscillations when synchronous 
machines are connected to capacitor- 
compensated circuits. It has been 
shown’ that a high ratio of line resistance 
to reactance reduces the machine damping 
torque, and that the compensation of the 
line reactance by means of series capaci- 
tors increases the effective value of this 
ratio. It has also been shown*®’ that 
series-capacitor compensation of line re- 
actance may lead to self-excited electrical 
oscillations as well as to mechanical rotor 
oscillations (hunting) under certain cir- 
cuit conditions. 

The series-capacitor-compensated long- 
distance transmission system is somewhat 
difficult to analyze directly in terms of 
previously developed criteria, as in this 
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case there is a considerable distributed 
shunt capacitance in addition to the series 
capacitance. This shunt capacitance has 
been neglected in previous mathematical 
analyses because of the analytical difficul- 
ties involved as well as for the reason that 
in the previously considered application 
to distribution circuits’ the shunt capaci- 
tance was relatively small and unim- 
portant. Setting up and solving directly 
the complete differential equations of the 
system including a synchronous generator 
and compensated transmission line are 
impractical, if the transmission line is 
represented with any reasonable degree of 
exactness, as the order is extremely high. 
The alternative of setting up and studying 
a laboratory model, as reported in a recent 
paper® and as was done in a previous un- 
published study, was not considered 
desirable because of the difficulty of vary- 
ing system parameters. Instead it seemed 
preferable to develop and apply the 
method of equivalent circuits, using the 
a-c network analyzer, which had already 
shown itself to be of practical value in 
other related studies.9.° The equivalent- 
circuit method has the advantage of ease 
of varying system parameters over a wide 
range, as in mathematical analyses, but 
with a minimum of calculation, as in 
model testing, since most of the results 
can be read directly on instruments. 
The network analyzer is particularly con- 
venient, compared to hand calculations, 
in the nécessary setting up of initial con- 
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HIBANSEORMERS: 
Ceara * 
(aie 


SYNCHRONOUS INFINITE 
GENERATOR SYSTEM 


SERIES 
CAPACITOR 


Figure 1. Series-capacitor-compensated trans- 
mission system 


Transformer reactance=ten per cent (each) 

Line reactance =0.8 ohm per mile 

Line resistance =0.08 ohm per mile 

Line capacitance =5.210~& mho per mile 

Generator xg=110 per cent, x7=74 per cent 
Xq' =37.7 per cent 

Xq" = 28.1 per cent, x,” =39.3 per cent (with 

amortisseur) 
Base kilovolt-amperes =2.5 (kv)? 
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ditions, that is, machine excitations, 
fluxes, currents, and so forth, which vary 
with practically every change of any 
system parameters for a specified system 
load angle, or other condition. 


Conclusions 


1. A method of attack using equivalent cir- 
cuits set up on the a-c network analyzer has 
been developed which enables one to pre- 
determine from an equivalent circuit the 
possibility of self-excited oscillations in 
generators connected to  series-capacitor- 
compensated long-distance transmission 
lines. A detailed study of any proposed 
installation can be made by this method, if 
it appears necessary from a preliminary in- 
spection. 


2. In the range of transmission line studied 
(up to 3800 miles and fully compensated) 
hunting can be prevented by a proper gen- 
erator amortisseur without encountering 
electrical self-excitation. An amortisseur 
is necessary if hunting is to be avoided under 
all conditions, but self-excitation will not 
occur unless the line resistance is lower than 
for usual practical transmission lines. 


3. Rotor inertia has little effect on the 
significant regions of electrical self-excita- 
tion. 


Procedure 


Equivalent circuits for the synchronous 
generator and for the compensated trans- 
mission line during oscillations are de- 
veloped and described in the companion 
paper! and in reference 12, respectively. 
Only the procedure used in applying the 
method to the network analyzer will be 
discussed here. 

The system for which results are pre- 
sented is shown in Figure 1. It consists 
of a 300-mile transmission line terminated 
at both ends by a transformer of ten per 
cent reactance. A generator having the 
electrical characteristics of an average 
water-wheel generator is connected 
through the transmission line and trans- 
formers to an infinite bus. The damping 
and synchronizing torque coefficients 
T, and T, for a range of oscillation fre- 
quencies # have been obtained for several 
cases. The limits of stable operation are 
determined in terms of the stable ranges 
of generator inertia as follows. 

For the generator, the torque equation 
during sinusoidal rotor oscillations may 
be expressed as: 


(—Mh?+jhT44+-T;)A5=AT (1) 
where 


M=generator rotor inertia, per unit= 
4a fH 
h=oscillation frequency, per unit 
Aé=rotor angular oscillation 
AT =applied torque required to produce the 
oscillation Aé 
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“3? MACHINE 


ALL RESISTANCES ARE DIVIDED BY V AND CAPACITORS BY vV® 


LET Vev MEASURE 2)=R)+jX; THEN Zps=X)~ JR AND 2p5=X)+jRi 
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(C) HUNTING NETWORK 
Figure 2. Equivalent circuits for transmission 
line connected to salient-pole synchronous 
machine 


At the boundary between stable and un- 
stable oscillations the total rotor torque 
must be zero (AT=0). Equation 1 then 
shows that Ty must be zero, and 7, must 
equal h°M (or M must equal T7,/h?*). 
Thus at each point where 7y crosses zero, 
a limiting value of Af may be found. For 
low values of / and positive 7, it has pre- 
viously been shown that the system is un- 
stable for negative values of Ty. This 
provides the information required to 
distinguish between the stable and un- 
stable ranges of rotor inertia. The magni- 
tude of the negative damping torque 
coefficient Jy also provides a measure of 
the degree of instability, just as the 
magnitude of the positive damping torque 
coefficient is a measure of the amount 
of negative damping which can be toler- 
ated in the system. In the region of high 
oscillation frequency no such simple and 
foolproof criterion of stability can be 
found. : 

From the previous studies (references 
4, 6, 7, 18), it is known that electrical 
self-excitation may occur even aside from 
rotor oscillations, that is, even with in- 
finite rotor inertia. In this case the 
electrical-network effective impedance 
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becomes zero! at the self-excited oscilla- 
tion frequency, and the torque developed 
becomes infinite. If, however, the sys- 
tem will not self-excite except with a 
finite rotor inertia M, the limiting value of 
Msmay be found as described above. 
With any reasonable value of M the 
torques in the region of self-excitation are 
extremely great, and the transition from 
stable to unstable operation can thus 
easily be detected. 

The equivalent circuits required are 
shown in detail in references 11, 12, and 
15. Figure 2 shows the circuits as applied 
to the present case. Two points are to be 
noted in connection with the procedure 
used. First, the equivalent circuit for 
the transmission line is set up separately 
and its characteristic impedances and ter- 
minal voltages determined as indicated in 
Figure 2a over the desired range. These 
values are then used in the equivalent 
circuit for the synchronous machine, 
Figures 2b and 2c. Second, since the 
machine equivalent circuit as developed 
in references 12 and 15 can be so adjusted 
as to contain both positive and negative 
resistances but no capacitance, all im- 
pedance values are multiplied by a 
factor —j, resulting in the circuit shown 
in Figures 2b and 2c, which contains in- 
ductance, capacitance, and positive re- 
sistance over a good part of the range. 
The torque formulas undergo a similar 
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(C) HUNTING NETWORK 


Figure 3. Equivalent circuits for salient-pole 
synchronous machine connected to infinite bus 


through R-L-C tie 


transformation, as may be seen by com- 
paring Figure 2d with the formulas of ref- 
erence 12. For large values of the oscil- 
lation frequency h (that is, for h>(1— 
V x./%)) approximately, where 2, is 
the total line, transformer and machine 
armature leakage reactance), the im- 
pedance Z,, of Figure 2c has a negative- 
resistance component X;. These cases 
were handled by a method of superposi- 
tion, by first measuring the circuit im- 
pedance viewed from the Az’ mesh and 
then making the necessary additional cal- 
culations by hand. 


Results 


Figures 4-7 show some of the results 
obtained. 

Figure 4 gives damping and synchroniz- 
ing torques for the system with line 
capacitance neglected. Here there is no 
possibility of purely electrical self-excita- 
tion, but it is seen that for oscillation 
frequencies in the range 0.56<)<1.0 the 
damping, torque coefficient is negative, so 
that hunting will occur for rotor inertias 
which give natural frequencies in this 
range. From the formula M=T,/h?, 
applied at the points of zero damping, the 
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Figure 4. Damping and synchronizing torque 
aie for synchronous machine con- 
nected | to infinite bus through series resistance 
and reactance—at no load and with amortis- 


seur 


range of rotor inertias for which the sys- 
tem is unstable is 0.43 <M <3.24, or in 
terms of the conventional inertia con- 
stant H(M =47fH), 0.00057 <H <0.0043. 
These values are extremely small and en- 
tirely outside of any practical range, so 
the conclusion is that the system is stable. 
This would be expected for the machine 
considered, since it has an amortisseur. 

Figure 5 shows the effect of varying the 
amount of series-capacitor compensation 
for the same system as in Figure 4 but now 
considering the transmission-line capaci- 
tance. The line capacitance does not 
by itself affect the range of negative 
damping very much, as may be seen by 
comparing Figure 5a with Figure 4a. 
Figures 5b to 5d show that one effect of 
series-capacitor compensation is to extend 
the lower limit of rotor inertia for which 
the system is unstable to zero, as seen by 
the fact that T, becomes zero while Jy is 
still negative. However, the upper limit 
is still extremely small; in the most 
severe case of full compensation of line 
and transformer reactance (x,=0.8, Fig- 
ures 5d and 5h) the greatest rotor inertia 
for which the system will be unstable 
is M = T,/h? = 5.05/(0.19)? = 140, or 
H = 0.186. 

The fact that T, becomes negative and 
that resonance points in both Tg and T, 
occur at high oscillation frequencies does 
not mean that the system is unstable. 
The curves of ATq versus T, given in 
Figures 5e to 5h are useful in this respect 
as they exhibit a remarkable regularity, 
forming more or less circular curves in the 
resonance regions and thus serving as a 
good indication of the magnitude of the 
torque coefficients and the probable form 
of the 7, and JT, versus h curves in these 
regions. 

Figure 6 is similar to Figure 5 but for a 
generator with no amortisseur. The 
damping now becomes negative at a 
much lower oscillation frequency, cor- 
responding to a rotor inertia approaching 
practical values; Figure 7 shows the 
effect of load angle on the system of 
Figure 6. Even with 75 per cent load 
on the generator the system is still un- 
stable at rather low oscillation frequencies. 

In all of the cases considered above 
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With series-capacitor compensation, 
X,=40 per cent (see Figure 5f) 
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(A) cleft). With series-capacitor compensation, 
X-= 40 per cent (see Figure 5b) 

(g) (right). With series-capacitor compensation, 
x,= 60 per cent (see Figure 5c) 
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(c). With  series-capacitor compensation, 


x-=60 per cent (see Figure 5g) 
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(d). With  series-capacitor compensation, 
X-= 80 per cent (see Figure 5h) 


Figure 5. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through 300-mile trans- 

mission line—at no load and with amortis- 
seur 


the armature and line resistance are so 
high that electrical self-excitation does 
not occur, in spite of the fact that a 
rather low (r/x=10 per cent) line re- 
sistance was assumed. Previously’? it 
had been concluded that the line resist- 
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¢h). With 


series-capacitor 
x,-= 80 per cent (see Figure 5d) 


compensation, 


ance below which self-excitation could 
exist with infinite rotor inertia and zero 
shunt line capacitance was well below 
the actual probable value. The results 
presented above lead to this same con- 
clusion for an actual line and considering 
rotor inertia. As a quantitative check of 
the effect of rotor inertia the case of 
Figure 2, reference 12, has been set up and 
studied by the equivalent-circuit method, 
using the circuit of Figure 3. The results 
obtained show that the introduction of a 
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Figure 6. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through 300-mile trans- 

mission line—at no load and without amortis- 
seur 


finite rotor inertia makes very little 
difference in the critical line resistance 
even for inertias considerably smaller 
than could actually exist. In terms of 
equation 1 and the curves of hTq versus 
T,, it is evident that T, must be practi- 
cally infinite at the boundary of self- 
excitation except for very small oscilla- 
tion frequency h, since reasonable per 
unit values of inertia are always large. 
The series of curves of Figures 5e to 5h 
shows the growth of the lower circle as 
the compensation x, is increased and the 
region of electrical self-excitation is 
approached. At the critical value when 
self-excitation is just possible this circle 
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(b). With  series-capacitor compensation, 


x,=80 per cent 


Figure 7. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through 300-mile trans- 

mission line—at 75 per cent load and without 
amortisseur 


becomes infinite, and in the unstable 
region it curves upward rather than down- 
ward and so does not intersect the 
hTz=0 axis. 
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Dielectric-Recovery Characteristics of 


Large Air Gaps 


G. D. McCANN 


i ASSOCIATE AIEE 


Synopsis: In contrast to power arcs in air, 
for which the dielectric-recovery voltage de- 
creases with increasing arc current, arcs in 
air produced by surge currents of several 
hundred microseconds’ duration possess di- 
electric-recovery characteristics that vary 
only slightly with current magnitude and 
wave shape. Even when the discharge cur- 
rent is prolonged at low magnitude for as 
long as a thousand microseconds, the rate of 
dielectric recovery is little affected. For 
this condition at times when current as high 
as one ampere is flowing, the transient volt- 
age required to convert to a high current are 
is quite high. The mechanism for such a 
discharge is different than for the break- 
down of virgin air, and the initial are drop 
is sufficiently high to record its transient 
character. It is about ten times the steady- 
state value at the time the crest current is 
reached and drops about 50 per cent in the 
first 20 microseconds. 

Photographic studies show that even at 
short-time intervals successive discharges 
do not follow exactly the path blazed by the 
initial discharge but occur in an air column 
of low dielectric strength expanding radially 
with time. It is indicated that the high arc 
temperatures diffusing in this region can be 
the principal factor determining the rate of 
recovery after the first 1,000 microseconds. 

A comparison is made with the mecha- 
nism of natural lightning particularly from 
recent data obtained on the low-magnitude 
portions of stroke currents between stcces- 
sive components. Such records show that 
current does not always flow continuously 
between multiple-stroke components for 
strokes to objects of normal height. The 
maximum interval of recorded zero current 
is about 23,000 microseconds. The rates 
of recovery for spark gaps indicate that 
about 40,000 microseconds is the upper limit 
for which the dielectric strength of the 
stroke channel will be sufficiently low to 
insure successive breakdown in the same 
general region. 

The character of a lightning discharge 
initiating a power follow does not affect 
the rate of recovery after the power arc 
has been extinguished. Circuit reclosing 
times should be based primarily on the prob- 
ability of the duration of multiple strokes 
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and the probability of restriking for power 
arcs. 

Correlation of the rate of dielectric re- 
covery of air gaps with rates of system re- 
covery show that an appreciable number of 
transmission-line lightning flashovers can 
occur at such a time relative to the normal 
system voltage cycle that only a very short- 
duration fault is produced. The number is 
about 10 to 15 per cent for a_ typical 
system having a natural period of 1,000 
cycles which corresponds to a line about 
40 miles in length. This is about half of 
the flashovers which normally do not cause 
outages. The rest are due to cases where 
power arcs longer than one cycle are pro- 
duced but extinguish before a _ circuit- 
breaker operation. 


HE rates at which large air gaps re- 

cover dielectric strength after dis- 
charging power-frequency currents and 
short-duration surge currents comparable 
to those produced by lightning are of 
fundamental importance in determining 
power-system performance. Some of the 
more important considerations are the 
factors governing the probability of 
lightning flashovers producing power 
follow, the probability of power follow 
producing an outage, and the minimum 
safe reclosing time after a circuit inter- 
ruption. Because of the similarity be- 
tween long ares and the mechanism of 
natural lightning, data on the electrical 
characteristics of the arc path after an 
initial discharge and the character of 
subsequent discharges should also give 
information on the mechanism of multiple 
strokes. Despite its fundamental value, 
very meager data are available on the 
rates of dielectric recovery of large gaps, 
especially for initial discharges having 
the character of lightning currents. 
Most studies have been confined to 
power arcs in very small gaps where arc 
conditions are quite different. 

For the study of surge current dis- 
charges in large air gaps a method of syn- 
chronizing two generators has been de- 


veloped so that surge current discharges - 


can be produced in a gap and controlled 
surge voltages applied after specified 
time intervals. Data have thus been ob- 
tained for 6- and 11-inch rod gaps on the 
voltage necessary to produce a second 
discharge as a function of the time inter- 
val after the first. Eleven inches was the 
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maximum spacing which could be tested 
with the facilities available. With nega- 
tive polarity throughout, a wide range of 
initial current magnitudes and wave 
shapes was studied, the subsequently 
applied voltage having the standard 
11/2 x 40 wave shape. The same ter- 
minology (critical voltage), as used for 
the minimum breakdown in virgin air, is 
applied to the minimum breakdown after 
an initial discharge. This should lead to 
no confusion as long as the time interval 
after the initial discharge is specified. 
By raising the voltage above the critical 
value, volt-time curves were also obtained 
in the same manner as those for break- 
down in virgin air. Through the use of a 
high-speed rotating camera and _ still 
cameras, data were also obtained on the 
visual characteristics of the initial and 
subsequent discharges. 


Test Circuit 


A schematic diagram of the surge gen- 
erator circuits is shown in Figure 1. The 
initial discharge through the test gap is 
produced by the current generator and the 
subsequently applied potential by the 
voltage generator. The two generator 
trip circuits are synchronized by a rota- 
ting switch. As shown in Figure 1, the 
tripping cycle is started by shorting out 
gap A. When the arm of the rotating 
switch next passes through gap B the 
tripping circuit for the current generator 
is discharged. When the arm passes 
through gap C, the tripping circuit for the 
voltage generator is discharged, providing 
gap B is still passing current, which is 
assured by making the time constant of 
the first circuit long enough for the de- 
sired range of time intervals. In this 
way the two generators can be dis- 
charged only in the proper sequence. 
The time interval is controlled by the 
spacing between gaps B and C and the 
speed of the rotating arm driven by a 
variable-speed motor. 

During the discharging of the current 
generator, the voltage generator must be 
isolated from the test circuit. The gap 
D of Figure 1 must have a higher break- 
down value than the test gap, so that the 
voltage generator will not be prematurely 
discharged. The larger gap requires a 
higher discharge voltage than is to be 
applied to the test gap, and thus, as 
shown in the figure, only a portion of the 
generator voltage is tapped from the 
potentiometer circuit. If the impedance 
of the current generator is high enough 
that it does not distort the voltage of the 
voltage generator discharging through it 
in parallel with the test gap, the gap E 
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may flash over on the second discharge. 
However, as most high current generators 
are of low impedance, gap H must have 
a higher breakdown value than the test 
gap during the second discharge. If such 
a large gap spacing will not permit the 
initial discharge of the current generator, 
a fiber tube and fuse wire can be used to 
permit the current generator to discharge 
before isolating it for the voltage genera- 
tor discharge. 
Dielectric-Recovery Voltage for 
Initial Discharges of Short 
Duration 


The wave shapes of the initial discharge 
currents studied can be conveniently 
classified into two groups. The first 
group had durations less than 100 micro- 
seconds and were short compared to the 
time interval between the initial dis- 
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charge and the application of voltage. 
The second had durations of the same 
order of magnitude as the time intervals, 
and at the lower range of intervals current 
was still flowing when voltage was applied. 
The shortest time interval between the 
beginning of the current discharge and 
the application of voltage that could be 
consistently reproduced with the rotating 
gap was about 500 microseconds. The 
initial discharges of short duration will be 
considered first. In Figure 2 are given 
the wave shapes of the currents which 
were used for the two gap lengths studied. 
As shown by Figure 2a, the currents for 
the six-inch gap spacing involved crest 
magnitudes ranging from 1,390 amperes 
to 23,000 amperes and charges ranging 
from 0.002 to 0.238 coulomb. Wave 
shapes of two general types were used— 
one in which the high current lasted only 
a fraction of a microsecond, and the other 
in which the high current was maintained 
for five or ten microseconds. This was 
done to determine the effect of the two 
factors—magnitude and duration. 
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The discharges with only instanta- 
neously high currents were produced with 
a high-voltage generator of low capacity 
and a high series resistance in the dis- 
charge circuit which limited the current 
flowing from the generator itself to a 
relatively low value. However, as pre- 
vious work has shown, the discharge 
mechanism for large air gaps is quite 
similar to that of natural lightning.!~$ 
The initial current flowing at the elec- 
trodes at the breakdown of an air gap is 
produced by streamers propagating from 
one or both electrodes and distributing 
charge along the channel which they 
blaze. When these two leaders meet, in- 
tense ‘‘return streamers” are formed 
which propagate back to the gap elec- 
trodes and rapidly discharge the charge 
in the gap. For applied voltages similar 
to the standard 1/2 x 40 wave, the whole 
process takes place in less than a micro- 


POTENTIOMETER 


Figure 1. Schematic diagram of 
surge generators and synchro- 
nizing trip circuit 


second. The high peak in the measured 
current occurs when the return streamers 
reach the gap electrodes, and the current 
which flows for the next fraction of a 
microsecond depends upon the charge in 
the air gap. After this initial charge is 
dissipated, the current is determined by 
the surge-generator circuit. Thus, for 
surge generators of low capacity and high 
discharge resistance, the current rapidly 
drops to a much lower magnitude des- 
ignated in Figure 2 as the steady crest 
magnitude. The current waves A, B, D, 
and H were produced in this way. A 
high current generator of much greater 
capacity and lower discharge resistance 
was used to produce current waves C, E, 
F, and J, for which the sustained current 
magnitude is approximately the same as 
the initial crest. 

In Figures 3 and 4 are given data ob- 
tained on the critical voltage as a function 
of time interval after the initial discharge, 
and in Figure 5 are typical volt-time 
curves. For each time interval these data 
were obtained in the same manner as 
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vs 
“ 


normally used for volt-time curves €x- 
cept that no correction was made for 
atmospheric conditions since the signifi- 
cance of this factor is not known. How- 
ever, all data were taken under sub- 
stantially uniform conditions, the relative 
air density varying between 0.994 and 
1.01 and the absolute humidity between 
0.152 and 0.426 inch of mercury vapor 
pressure. 


CONSISTENCY OF BREAKDOWN 


Caused principally by variations in 
ionization conditions, the breakdown of 
an air gap is not a single fixed value. 
There is a certain probability which deter- 
mines the critical breakdown. If virgin 
air has less ionization than for a given 
period after an initial discharge, it would 
be thought that the variation of indi- 
vidual values from the critical would be 
appreciably less. Although no attempt 
was made to determine probability curves 
of breakdown, some information is con- 
tained in the data obtained for volt-time 
curves. For several cases the voltage was 
first set considerably below the break- 
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Figure 2. Wave shapes of initial current dis- 
charges of short duration. Negative polarity 
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down value, then raised in about two per 
cent steps, taking in some instances five 
and in others ten shots at each voltage. 
This provided data on the percentage 
variation, either in the minimum voltage 
that would produce breakdown, or the 
maximum that would not, from the mean 
or critical breakdown. These data 
showed, for time intervals below 1,000 
microseconds, a maximum variation of 
about 20 per cent from the critical break- 
down. Above 1,000 microseconds the 
maximum variation was about 13 per 
cent, and no trend was observed with 
time interval. However, in only four 
‘cases out of 30 was it over ten per cent 
and in only 13 over five per cent. Some 
of this variation might be due to irregu- 
larities in time interval as controlled by 
the rotating switch. However, for a 
given setting, the time interval did not 
vary more than about + 25 microseconds 
which even at the lower range of time 
intervals would not, as shown by Figure 
38, produce a variation in critical break- 
down voltage of more than about two 
per cent. It is interesting that for inter- 
‘vals above 1,000 microseconds the spread 
of breakdown voltage for individual shots 
is no greater than observed when obtain- 
ing normal volt-time curves for virgin 
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Figure 4. Critical breakdown for various time 
intervals as function of gap spacing 


Wave C for 6-inch gap and wave | for 11-inch 
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air. This indicates that little ionization 
is left in the gap. 


PROBABLE ACCURACY 


The consistency with which the critical 
breakdown could be duplicated was 
about five per cent, and this is thought to 
be a conservative estimate of the prob- 
able accuracy of the curves of Figure 3. 
The accuracy of three points on Figure 
3a for wave D at time intervals above 
9,000 microseconds are considered ques- 
tionable, because difficulty was experi- 
enced with synchronization of the trip 
circuits when they were obtained. 


EFFECT OF INITIAL DISCHARGE CURRENT 


The curves of Figure 3 show that the 
critical breakdown voltage varies in a 
somewhat exponential manner with the 
time interval, increasing much more 
rapidly during the first 2,000 or 3,000 
microseconds than thereafter. However, 
the maximum variation of the curves for 
the six-inch rod gap is remarkably small, 


despite the wide range of initial discharge 
currents. The maximum deviation from 
a mean occurs at the lower range of time 
intervals but is less than 20 per cent. 
After 5,000 microseconds it is less than 
ten per cent. Considering a mean curve 
for the six-inch gap, recovery to 50 per 
cent of the initial voltage strength occurs 
in about 2,500 microseconds and to 87 
per cent in 13,000 microseconds. Since 
the deviation of the curves from one 
another is of the same order of magnitude 
as the accuracy of the data, it is difficult 
to determine the effect of current wave 
shape. As shown in Figures 2a and 3a, 
the higher the initial crest or the steady 
crest current, the lower the recovery 
voltage, except for the curves for waves 
Cand D, Current magnitude appears to 
have more effect than charge, since some 
of the waves of higher initial current 
have much lower charge. 

The manner in which the critical break- 
down voltage for various time intervals 
increases with gap spacing is shown in 
Figure 4, where 6-inch and 11-inch rod- 
gap data for as nearly the same initial 
discharge current as could be reproduced 
are plotted. The data indicate that for 
any time interval the critical breakdown 
is approximately proportional to gap 
spacing. The volt-time curves of Figure 
5 which are typical of those obtained 
show little relative flattening out with 
decreasing time interval. It might be 
expected that as the ionization remaining 
in the gap increases with decreasing time 
interval, the volt-time curves would be- 
come markedly flatter. Below about 
2,000 microseconds they flatten out in 
regard to absolute differences in voltage 
but not in relative voltage change. Above 
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Figure 6. Wave shapes of initial discharges 
of long duration 


3,000 microseconds the curves are ap- 
proximately the same shape simply dis- 
placed in magnitude. This is further 
indication that little ionization is present 
at these time intervals. 


Recovery Voltages for Initial 
Discharges of Long Duration 


The current waves of Figure 6 were 
produced with the surge generator of low 
capacity and series resistance consisting 
of a linear resistance in series with a 
number of arrester blocks. This provided 
a relatively low resistance at high currents 
but a very high resistance at low currents, 
thus tending to prolong the tail of the dis- 
charge. For the six-inch gap the current 
duration above the lower limit of record- 
ing sensitivity of 0.1 ampere is 1,000 
microseconds. For the 11-inch gap it was 
only possible to prolong it for 600 micro- 
seconds, becatise more of the charge was 
needed in the gap at the instant of break- 
down. This is shown by the higher 
initial crest in this case. The low current 
tails were recorded oscillographically with 
a nonlinear shunt having very high im- 
pedance at low currents and also by 
means of a high-speed photographic 
recorder.4 (See Figure 6a.) 

The critical breakdown curves obtained 
are shown in Figure 7 compared with 
those for discharges of short duration 
having the most nearly identical initial 
crest magnitudes. The data for the long- 
duration discharges are plotted for two 
different definitions of time interval; 
that defined as the time between the 
beginning of both the initial discharge and 
subsequently applied voltage and that as 
measured from the end of the initial dis- 
charge to the beginning of the applied 
voltage. It is interesting that when this 
shift is made in the points, they lie very 
close to the curves for the initial dis- 
charges of short duration except at time 
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intervals where the initial current is still 
flowing at the application of voltage. 


BREAKDOWN WHEN CuRRENT IS STILL 
FLOWING 


As the time interval was lowered, it 
was found that although current con- 
tinued to flow from the initial discharge, 
an appreciable voltage was still necessary 
in order to produce a second discharge. 
The breakdown was more erratic, but a 
definite critical value could be obtained, 
At 500 microseconds for the six-inch gap 
when about one ampere was flowing, the 
critical voltage was about five kilovolts 
and, for the 11-inch gap with about 0.4 
ampere, 40 kv. The nature of the break- 
down under these conditions is also in- 
teresting. Oscillograms of the two dis- 
charge currents and the second voltage are 
shown in Figures 8 and 9. During the 
period of breakdown the decrease in volt- 
age is very gradual requiring several 
microseconds to drop to a relatively low 
voltage characterized by a fairly stable arc 
drop, but during the whole recorded 
period of voltage, it continues to decrease 
atalesserrate. As higher voltages are ap- 
plied, the period characterized by the 
more rapid drop in voltage becomes 
shorter until at twice the critical value it is 
practically instantaneous. The are drop 
for the following period is also much lower, 
too low torecord. As shown by the oscillo- 
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Figure 7. Comparison of voltage-recovery 
curves for short- and long-duration discharges 
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grams of Figures 9b and 9c, the current in’ 
the second discharge rises slowly in the 
initial period corresponding to the slower 
rate of drop of voltage and increases more 


rapidly as the voltage drops more rapidly. — 


The voltage and current relations are 
shown more clearly in Figure 10a which 
is a replot of Figures 9b and 9c super- 
imposed. The character of the discharge 
current is quite different under these 
conditions than for normal breakdown. 
In the latter case, the path is first made 
partially conducting by initial leaders 
before the breakdown is completed by 
the return streamer process, which results 
in a high instantaneous flow of current 
and practically instantaneous drop in 
voltage. In this case, however, where 
considerable ionization exists because of 
the small flow of current, the transition 
from the low-conducting to high-conduct- 
ing conditions is more gradual and uni- 
form. The initial crest current character- 
izing the final breakdown of the gap is 
less pronounced and of longer duration. 
Comparison of the current in the second 
discharges of Figures 8 and 9 shows that 


Figure 8. Current and voltage oscillograms 
when initial discharge is of long duration 


6-inch rod gap. Wave G of Figure 6a_ 
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Figure 9. Current and voltage oscillograms 
when initial discharge is of long duration 


11-inch rod gap. Wave J of Figure 6b 


this initial crest increases with the time 
interval between discharges. The gradual 
transition of the are path may have been 
influenced by the character of the voltage 
surge-generator circuit. The series re- 
sistance had to be fairly high, since only 
a small fraction of the potentiometer 
could be tapped off in producing the low 
discharge voltages. This could have 
produced appreciable regulation. 

A measure of the effective impedance 
of the arc during the various stages can be 
obtained by determining the “effective” 
resistance from the current and voltage 
oscillograms. Such data are shown in 
Figure 10b. Synchronized simultaneous 
records were not obtained for each dis- 
charge; however, as shown by Figure 8b, 
the results could be duplicated’ with a 
good degree of consistency. It was found 
that for the initial discharges of Figure 
6 the steady crest magnitude of the 
current in the second discharge was about 
_ five amperes for both gap spacings and 

essentially constant for a variation of 
‘time interval of as great as 300 micro- 
seconds. The arc resistance is, of course, 
quite high before the start of the second 


1,200 ohms per foot for the six-inch gap 
at the peak of the discharge current. 
Then it decreases more gradually. At 
the end of about 20 microseconds it is 
reduced by about 50 per cent. It is of 
interest to compare the arc under these 
transient conditions with that of stable 
arcs. After the arc has been established 
at the crest of the discharge current, the 
arc drop is about 9,000 volts per foot for 
the 1l-inch gap and 6,000 volts per foot 
for the 6-inch gap. Although it is de- 
creasing rapidly, it has not at the end of 
20 microseconds dropped to anywhere 
near the normal value of 400 or 500 volts 
per foot, which is typical of steady-state 
conditions for are currents of this magni- 
tude.® 


Photographic Study of the Arc Path 


Photographic studies were made of the 
arc path by means of the high speed ro- 
tating camera and two still cameras 
mounted so as to photograph the arc 
from directions 90 degrees apart. Typi- 
cal records are shown in Figure 11. 
About 250 microseconds is the shortest 
time interval for which a record could be 
obtained because the arc luminosity was 
too low to photograph for the very small 
currents resulting in the second discharge. 
As shown in Figure lla, the path of the 
second discharge is not identical with 
that of the first for times as short as 250 
microseconds. It diverges more and more 
as this time interval is increased. Up to 
about 2,000 microseconds the second dis- 
charge maintains the major bends of the 
first, but after about 5,000 or 6,000 
microseconds it has departed entirely 
from the characteristics of the - original 
path. Figures lla and 11b show the 
second are path to be more tortuous than 
the first. As shown by the sets of two 
still photographs, the second discharge 
follows a more or less winding path in a 
given cylindrical volume of air surround- 
ing the original path, the radius of which 
increases with time as this volume of air 
with lower dielectric strength expands, 


In Figure 12 an attempt was made to 
show the divergence of the two paths as 
a function of time. On this curve are 
plotted points representing the average of 
at least five records of the maximum three 
dimensional divergence of any part of the 
second arch path from the first. These 
data were obtained from simultaneous 
photographs taken with the two still 
cameras. For the short-duration dis- 
charges, divergence is more or less inde- 
pendent of the character of the initial 
discharge or of the gap spacing, and all 


time intervals up to about 7,000 micro- 
seconds. After this, they diverge widely. 
For the long-duration discharges the 
divergence, when plotted as a function 
of time interval after the end of the first 
discharge, also conforms closely to the 
same mean curve except for the point at 
lowest time interval, for which current is 
still flowing. Then, although the arc 
path is still conducting current, the sub- 
sequent path blazed by the second dis- 
charge is not identical with that of the 
first which, as photographed, is probably 
the arc path formed during the initial high 
current portion of the discharge. During 
the longer period in which the lower cur- 
rent magnitude exists, the conducting core 
is expanding radially, and the current 
density is probably greatly decreased. 
This may contribute to some extent to 
the appreciable critical voltages when 
current is still flowing. 


Mechanism of Recovery 


The curve of Figure 12 gives a measure 
of the rate at which the conditions of low 
dielectric strength set up by the discharge 
in the arc path are expanding radially. 
The two principal conditions which may 
be contributing to the lower dielectric 
strength of this expanding region are high 
temperature and ionization. Both effects 
will propagate radially into successively 
larger volumes of air. As this heat and 
ion diffusion takes place, together with 
ion neutralization by recombination, the 
dielectric strength of the air should in- 
crease. Since both of these conditions 
are so interconnected, it has always been 
difficult to separate them for study. 
Browne,® however, has obtained data 
indicating that the ionization effect 
cannot be appreciable after the first 100 
microseconds for short a-c arcs between 
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parallel brass electrodes. Although this 
condition is quite different than for long 
arcs where electrode effects are much less, 
the consistency of breakdown and the 
character of the volt-time curves lead 
one to suspect that the temperature effect 
is also predominant for long ares and 
short surges, at least for time intervals 
above 1,000 microseconds. 

It is realized that turbulence and other 
factors insufficiently known by the 
authors make an analytical study of the 
problem difficult. However, some very 
approximate calculations have been made 
of temperature variation with time. 
Curve A of Figure 13 is a mean curve for 
the rate of voltage recovery of the six- 
inch rod gap. Curve B is a plot of tem- 
perature variation with time determined 
from curve A on the assumption of con- 
stant pressure throughout the air column 
and thus, that the dielectric strength of 
the air is inversely proportional to tem- 
perature. The starting point for the cal- 


Figure 11. Multiple discharges showing rela- 
tion between the two arc paths 


11-inch rod gap 


(a), (6). Wave | of Figure 2b 
(c). Wave H of Figure 2b 


culation was the critical breakdown volt- 
age at normal room temperature. It is 
interesting that such a curve gives tem- 
peratures at the lower range of time in- 
tervals that correspond to those normal 
for arcs. 

Any attempt at a rigorous calculation 
of rate of ion or temperature diffusion 
could not account for turbulence and 
would always give the highest ion density 
or temperature at the original arc core. 
Thus, successive discharges should always 
follow the same path blazed by the first. 
Such calculations for heat diffusion, 
assuming cylindrical symmetry and con- 
stant gas density, specific heat, and 
thermal conductivity, indicate rates of 
temperature drop of the same order of 
magnitudeas given by curve B of Figure 13, 
but somewhat more rapid. It is probably 
the extreme condition of turbulence which 
produces localized regions of low dielectric 
strength of a more or less random distribu- 
tion throughout a certain region whose 
radius is given by Figure 12. 

Because of this, it was thought that 
perhaps the only analysis which was 
warranted was merely the very crude one 
based on the assumption that the heat 
produced in the original arc column re- 
sides at any time interval in a cylindrical 
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column of air given by the radius of 
Figure 12 for that time interval and that 
the temperature in the column is uniform. 
Curve C of Figure 13 was calculated on 
this basis, starting with a temperature 
of 4,000 degrees Kelvin and a radius of 
0.13 inch at a time interval of 250 micro- 
seconds. It conforms quite closely to 


curve B. This is not necessarily con-- 


firmation of the accuracy of either curve, 
but it is believed to indicate that the 
temperature of the air column alone can 
account for the rate of voltage recovery. 


Mechanism of Natural Lightning 


Photographs of natural lightning taken 
with the Boys camera or similar devices 
imparting the time element to the record 
indicate that all components of a multiple 
stroke follow the same path except in rare 
cases when a component discharge will 
follow the original path part way to earth, 
then depart entirely from it. A record of 
a typical multiple stroke obtained in the 
Westinghouse investigation is shown in 
Figure 14. However, deviation of a 
fraction of an inch or even several inches 
cannot be distinguished on such records 
and probably do exist. 

The rates of voltage recovery which 
have been obtained indicate that the 
time intervals between components can 
be high enough (ranging from 0.0005 to 
0.5 second?) that, unless low current flows. 
for an appreciable portion of the inter- 
vening period, the subsequent discharge 
should not always follow the same path. 
From evidence provided by strokes to 
very tall objects, Bruce and Golde! have 
concluded that current must flow con- 
tinuously between components. How- 
ever, four records have been obtained with 
the photographic surge-current recorder* 
of multiple strokes to low objects. Two 


of these records are shown in Figure 15. 


This device is capable of measuring cur- 
rents as low as 0.1 ampere, and for all of 
the records there is an appreciable period 


between at least two components in which 
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Figure 14. Record of multiple stroke to 
open ground 


no current was measured. Itis interesting 
that none of these periods has exceeded 
about 23,000 microseconds. The extra- 
polated voltage-recovery curves of Fig- 
ure 3b indicate that, for stroke currents 
of the general character studied, 30,000 
to 40,000 microseconds should be about 
the upper time-interval limit for zero cur- 
rent between successive components. 
Otherwise, the dielectric strength of the 
original stroke channel will have suffi- 
ciently recovered that the subsequent dis- 
charge might take a totally different path. 
However, some of the strokes which have 
been measured® have continuing currents 
of such high magnitude and duration that 
their rate of recovery may be appreciably 
lower. 

Records of strokes, such as Figure 14, 
show extreme fluctuations of luminosity 
as a characteristic condition in the stroke 
channel. The long-duration stroke com- 
ponent in Figure 15 shows a similar wide 
range of fluctuation of current which is 
probably associated with such luminosity 
variations. 


Comparison With Rate of Dielectric 
Recovery for Power Arcs 


The rapid rate of recovery and small 
dependence on current magnitude for 
surges of short duration are in consider- 
able variance with results that have been 
found for power arcs. Rates of recovery 
for 60-cycle arcs have been determined 
only for very short gaps (one to ten 
millimeters) where electrode effects and 
field considerations are quite different.®” 
* These data for currents of the order of 
five to ten amperes show rates of recovery 

as rapid as those for short-duration surges. 

However, as the power current is in- 

creased, the rate of recovery drops 
rapidly. For currents above 100 am- 

peres such data indicate that an appreci- 

able fraction of a second is required for 

recovery to anywhere near the original 
strength of the gap. 

Evidence that this is also the case for 
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long ares is provided by tests of Griscom 
and Torok® in which the probability of 
restriking was determined for gap spac- 
ings of the order of 10 to 100 inches. 
Arcs with currents ranging from 800 to 
1,500 amperes were started with fuse wire 
and allowed to continue for a period of 
about nine cycles, which should have been 


sufficient to eliminate the effect of the. 


vaporized wire. The are was interrupted 
and voltage reapplied after various time 
intervals to determine the probability 
of restriking. The voltages were those 
of transmission lines with conductor 
spacings equal to the gap spacings and 
were thus about 25 per cent of the normal 
gap breakdown voltage. Nevertheless, 
the probability of restriking was found to 
be appreciable for periods as long as five 
or six cycles. 

Except for the time element introduced 
by multiple strokes of appreciable dura- 
tion, the character of the power-follow 
current, since it produces such slower 
rates of recovery than the initiating 
lightning flashover, should be the prin- 
cipal factor governing circuit-reclosing 
times. Reclosing times should thus be 
based on the probability of the duration 
of multiple strokes? and the probability 
of restriking for power arcs. 


Probability of Lightning Flashover 
Producing Power Follow 


The high rate of dielectric recovery 
for surge-current discharges in air gaps 
suggests that, for lines where flashover 
will occur in air at atmospheric pressure, 
an appreciable percentage of the flash- 
overs that do not cause an outage may be 
lightning flashovers that produce a dis- 
turbance of very short duration. That 
this is the case is shown by an analysis of 


system recovery voltage conditions for - 


lightning flashover. Stroke components 
of sufficiently short duration can cause 
flashover on a certain portion of the nor- 
mal conductor voltage cycles and pro- 
duce a current zero occurring in a rela- 
tively short time. The current flow in 
the gap will be such that the rates of 
dielectric recovery are comparable to 
those of Figure 3 and lying above the 
system recovery volt-time curve. 

There are two conditions for which 
such rapid are extinction will occur. The 
first of these is illustrated in Figure 16a 
for which the lightning flashover occurs at 
a time (7) before and close to the time of 
normal zero system voltage. If the dura- 
tion the of lightning discharge were negli- 
gible, the fundamental-frequency fault 
current would have, as shown in Figure 
16a, an initially low magnitude followed 
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quickly by a current zero. The magnitude 
and duration of this current and the 
magnitude of the fault recovery voltage 
increase with the time (7). The recovery 
voltage curves as a function of (1) have 
been determined with the a-c network 
calculator!! for a typical simple system 
having a natural frequency of 1,000 cycles 
per second. This corresponds to about 
a 40-mile line. The system recovery 
voltage curves are shown in Figure 16b 
compared with the dielectric-recovery 
curves for two ratios of insulation level to 
normal crest system voltage, four times 
normal and six times normal. As shown 
by this figure, the maximum time JT for 
which the system recovery curve lies be- 
low the dielectric-recovery curve is about 
1,100 and 1,700 microseconds for the re- 
spective insulation levels. This condition 
can be produced by stroke currents with 
polarity either the same or opposite to the 
initial normal frequency fault current. 
It can thus occur on either half-cycle. 
If the duration of the lightning discharge 
does not tend to shift the normal current 
zero, these recovery curves can be applied 
to surges of appreciable duration. A 
calculation of the probability of flash- 
overs not producing power follow was 
made on the conservative assumptions 
that they could be produced by single- 
component strokes only, having dura- 
tions less than the time from the instant 
of flashover to the time of normal-fre- 
quency current zero. With the data 
available on the probability of multiple 
strokes and stroke-component durations? 
such an analysis indicates probabilities 
of flashovers not producing power follow 
of five and nine per cent. 


Lightning flashover occurring shortly 
after normal system voltage zero will 
produce a current zero in a short time if 
it is the opposite polarity to the normal- 
frequency fault current. Thus on the 
assumption that strokes are predomi- 
nantly negative there is a certain period 
on every other half-cycle when this condi- 
tion can take place. Neglecting the effect 
of the initiating transient, the system re- 
covery voltage curve, as a function of the 
time of current zero after normal system 
voltage zero can be estimated for this case 
by considering its crest to be twice the 
normal system voltage at the instant of 
current zero. It reaches crest in 500 
microseconds for the system considered. 
Such an assumption indicates that the 
percentage of strokes which will not pro- 
duce power follow are three and five, re- 
spectively, for the two insulation levels. 
This gives a total of 8 and 14 per cent of 
strokes causing flashover with disturb- 
ances of only short duration. The 
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probability of rapid arc extinction will in- 
crease with the ratio of the insulation level 
of the line to the line voltage and with the 
length of the line or reduction in its 
natural frequency. 

Data’? have been obtained showing the 
percentage of system disturbances whose 
duration is one cycle or less. These data 
show an average of about eight per cent 
of such disturbances for steel tower lines 
and about 20 per cent for wood-pole lines. 
These short-duration disturbances are 
probably of the nature of those discussed 
above. Good agreement is shown for 
steel lines where the flashover path is con- 
fined entirely to air. The higher per- 
centage for wood-pole lines confirms other 
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system voltage 


data indicating that wood insulation has 


greater extinguishing power than air 
alone. Additional data? available on the 
ratio of flashovers to outages on steel 
tower lines indicate a range of from 15 to 
30 per cent for the proportion of total 
flashovers not producing outages. Thus 
it is indicated that about half of the flash- 
overs not causing a fault are these very 
short-duration disturbances. 
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Formulas for the Calculation of the 


Inductance of Linear Conductors of 


Structural Shape 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE mechanical and electrical ad- 

vantages stemming from the use of 
linear conductors of structural shape* are 
so marked that, at present, most busses 
for heavy current duty are constructed of 
such conductors. Thus, standard de- 
signs of single and polyphase busses 
utilize strap conductors of full rectangular 
cross section, tubular conductors of hollow 
rectangular cross section, or ventilated 
conductors of open hollow rectangular 
cross section—these last built up of two 
slightly separated channels or four 
slightly separated angles placed flange to 
flange, or of multiples of four thin strap 
conductors. Again, limited construction 
of a somewhat more specialized type of 
bus has resulted frcm Arnold’s! discovery 
that minimum eddy-current losses are 
attained in a single-phase circuit if, of 
the conductors commercially available, 
the bus is constructed of two properly 
chosen channels placed back to back. 
Finally, the use, in shielded busses, of 
conductors of T and I cross section is not 
unknown. 

Yet, despite the use of these various 
types of conductors, explicit formulas for 
calculating the inductance—and thence 
the reactive voltage drop, often the deter- 
mining factor in the design of a heavy cur- 
rent bus—seemingly are available for only 
the first two types of conductors: those 
of full and those of hollow rectangular 
cross section. Papers by Arnold,? Carl- 


Paper 43-11, recommended by the AIEE committee 
on hasie sciences for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
October 26, 1942; made available for printing 
November 16, 1942. 

THOMAS JAMES HIGGINS is associate professor of 
electrical engineering, Illinois Institute of Tech- 
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* As conductors of full or annular circular cross sec- 
tion have been treated exhaustively elsewhere, they 
are not considered in this paper. 
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son,* Dwight,®’ Gray,° 
Grover,’ Higgins,1° 12 Levy,!® Maxwell,}4 
Onlichs JRosa+ts9.-Roth2% “Schurie.44 
Silsbee, ?? Sumec,*4 and 
others*®;** contain formulas, curves, and 
tables that facilitate calculation of the 
iductance of a single-phase or of a poly- 
phase bus comprised of identical conduc- 
tors having parallel coplanar axes and 
parallel-sided full rectangular cross sec- 
tions (if corresponding sides of two rec- 


Darling, 


Steidinger,”% 


tangular areas are parallel, but the areas 
are otherwise arbitrarily located, these 
areas are termed “‘parallel-sided”). And 
papers by Darling,*® Dwight and Wang,” 
and Higgins,'°~'!* contain formulas, curves 
and tables for calculating the inductance 
of a single-phase or of a polyphase bus 
comprised of identical conductors having 
parallel coplanar axes and parallel-sided 
hollow rectangular cross sections. But, 
seemingly, there have not been published 
explicit formulas for calculating the in- 
ductance of a bus comprised of full or 
hollow parallel-sided rectangular con- 
ductors arranged other than as just de- 
scribed; nor of a bus comprised of one of 
certain currently employed arrangements 
of linear conductors. of LL, FB; |, of 1 
cross section. 

Such formulas are derived in this paper, 
it being assumed that the conductors are 
nonmagnetic, are of such length that end 
effects are negligible, are right-cornered, 
and carry currents uniformly distributed 
over their cross sections. 

Of these four conditions, the first and 
second commonly are satisfied in practice. 
The third, however, though essential to 
tractable analysis, is not always true in 
practice. For example, strap conductors 
of full rectangular cross section are usually 
right-cornered, whereas conductors of 
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hollow rectangular cross section coni- 
monly have rounded edges; again, chan- 
nels built up of strap conductors are 
usually right-cornered, whereas channels 
drawn or rolled in one piece usually have 
rounded edges. However, error intro- 
duced by neglecting the rounded edges 
is usually small; moreover, where neces- 
sary the increase in inductance can be 
approximated by use of semiempirical 
formulas derived by Dwight and Wang.” 
Finally, neglect of skin and proxinnity ef- 
fects is also essential to tractable analysis. 
However, the effect of these phenomena 
on the magnitude of the inductance is on 
the safe side, for the inductance decreases 
as the frequency is increased; moreover, 
at power frequencies and normal. bus 
spacings this reduction in inductance is 
practically negligible (see, for example, 
the discussion following reference 27 or the 
experimental results published in refer- 
ence 2). 

If these four postulates are granted, 
derivation of the desired formulas, though 
lengthy, is not particularly difficult. 
First, the formula for the geometric mean 
distance between two arbitrarily located 
parallel-sided rectangular areas is derived 
by direct integration (sections I and II). 
Next, this formula and the fundamental 
theorem of geometric mean distance 
theory are conjoined to obtain formulas 
for the geometric mean distance between 
two arbitrary configurations comprised 
of parallel-sided rectangular 
whence general formulas for the in- 
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ductance of conductors of such eross sec- 
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tion follow from application of well- 
known: theory (sections III and IV). 
Finally, since the category just described 
embraces conductors of the type under 
discussion, distinct formulas for the in- 
ductance of specific types and arrange- 
ments of conductors can be deduced from 
these general formulas as desired (sec- 
tion V). 


I. The Geometric Mean Distance 
Between Parallel-Sided 


Rectangles 


The geometric mean distance D,». of a 
rectangular area S, from a second arbi- 
trarily located rectangular area S, is de- 
fined by 


SiS2 log Dy = 


Jf fresitx 


(x, y) being the co-ordinates of a point 
in S$, and (X, Y) those of a point in Sy. 

If the rectangular areas are parallel- 
sided, are located as in Figure 1, and if 
P and D are positive (the necessity and 
the significance of this restriction are dis- 
cussed in section II), we have by equation 
1 


2\"tdS\dS2 (1) 


RSrs log Du. = 


D+R+r P+S+s Tr s 
if Hf fap log [| ¥—y|?+ 
D+r P+s 0 0 


|X —x|2]'/tdydxd VdX (2) 


Evaluation of the quadruple integral— 
the details of integration are contained in 
the appendix—yields 


RSrs log Dy: = —(25/12)RSrs — 
4 4 
(1/24) 9 D(-DIMK(Ay B) (3) 


ftmlj=1 
wherein 


K(Aq, By) =(Aps—642B;2+B;*) X 

log (A¢+B,*)'?—4.4,B,? tan—! (4;/B;) — 
44,5B; tan“! (B;/A;) (4) 

and 


A,=D+R+r; A,=D+R; A;=D; 


A,=D-+r (5) 
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B\=P+S-+s; B,=P+S; B,=P; 
Be=P+s (6) 


Certain variants of equation 3 and of 
equation 4 are of value. Recalling that 


tan—! (4,/B,)+ tan7! (B;/A;)=x/2 (7) 


providing A; B;=0 we have by equa- 
tions 4 and 7 


K(A;, B) =(Ai—64 2BP +B; X 
Le (A?+B,?)*444 BA? — 
B;*) tan~! (A;/Bj) —2WA By 
=(A,'—6A2BP +B, x 
log (A,2+B,?)'/2+44 ,B(B—A?) x 
tan so (B,/A;4) —2%A ,Bj* 
(8) 


As by equations 5 and 6 


4 4 
2nA,°) (—1)B'=2"B) (—1)'Ay=0 
j=1 i=1 (9) 


providing both P and D are positive as 
postulated above, substitution of equa- 
tion 8 in equation 3 yields 


RSrs log Dy = —(25/12)RSrs — 


Td ~1)**7M( Ay, By) 


t=1j=1 


(10) 
wherein 


M(A;,, B) =(A'—642Bf +B) Xx 
log (A ?+ B;?)'/2+4A ;B,A?—B;?)X 
tan~! (A;/B,;) (11) 


By virtue of the equivalent forms of the 
right-hand members of equation 8, and 
similarly those of equation 11, we obtain 
the useful identities 


K(A i> B;) = K(B;, Aj); 
= M(B;. Aj) 


M(Ay By) 
—2nA,B,By}—A,*) (12) 
II. Generalization of P and D 


The reason for the restriction, in section 
I, of P and D to positive values is evi- 
denced by the following remarks on 
integration in the variable Y. If P and 
D are positive, we have Y>y,; whence 
(Y¥—y)=|Y—-y| and d(¥Y—y)/dY= 
d\Y¥—y \/dY over the domain of integra- 
tion in Y; and. integration in Y with 
either (Y¥—y) or |Y—y! in the integrand 
yields the same value. But if P and D 
can, separately, take on either positive or 
negative values, then over the range of 
integration in Y it may be that (Y—y) 


3-3 
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takes on both positive and negative / 
values. If so, d| ¥—y|/dY=1 if Y>y; 
but d| Y¥—y|/d¥=—1 if Y¥<y; |Y—y|= 
(Y—y) if ¥>y, but | ¥—y|=—(Y—y) if 
Y<y; and integration with (Y—y) in 
the integrand may yield a value different 
—y| in the 


integrand: for example, 


Da 2a 
ae (Y—a)dY=0, but | |Y—aldY=a?; 
0 0 


2a 
contrariwise, ae |Y—a|*d¥ 
0 
= [v-arav=20% 
0 


When with this point of analysis in 
mind the quadruple integral in the right- 
hand member of equation 2 is evaluated 
for each possible relative position of the 
two parallel-sided rectangular areas—the 
details of integration are discussed in the 
appendix—it is found that in each case 
equation 3 yet results providing that in 
equation 3 A; and B; now indicate the fol- 
lowing (of which, obviously, equations 5 
and 6 are special cases) 


A,=|D+R+r|; 4:=|D+R|; 4s=|D]|; 


A,=|D+r| (13) 


B,=|P+S+s|; Bo=|P+S|; Bs=|P|; 

B,=|P-+s| (14) 
Further, as equation 7 is satisfied by 
these generalized values of A; and B,, 
equation 8 is likewise generally valid. 
Contrariwise, however, equations 10 and 
11 are valid only if both P and D are post- 
tive: nevertheless, as this case frequently 
occurs in practice, these latter equations 
are most useful. 

With the restriction on P and D thus 
removed, the foregoing equations afford 
the solutions to a host of electromagnetic 
problems (on the calculation of self-in- 
ductance and mutual inductance, re- 
actance, line voltage drop, short-circuit 
bus stresses, and the like) that confront 
the engineer concerned with the design 
of single or polyphase busses composed 
of parallel linear conductors with axes 
not necessarily coplanar and with right 
cross sections comprised of arbitrary con- 
figurations of parallel-sided rectangles. 


III. General Formulas for the 
Inductance and Reactance of | 
Busses 


Though solutions to problems of the - 


type just mentioned can be obtained by 
direct use of the formulas derived in sec- 
tions I and II, a considerable and very 
desirable simplification of the numerical 
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ve 


computation inherent to the actual de- 
sign of a given bus can be effected if 
these formulas are conjoined with certain 
very general expressions to be derived by 
repeated use of the cardinal theorem of 
geometric mean-distance theory. This 
theorem states that: 

Tf Si, So, ..., Sm are the components of 
a'total area S; if D,, D2, ..., Dm are their 
respective geometric mean distances from 
a second area S’; andif D is the geometric 
mean distance between S and 5S’, then 


‘Sys log D=S:S" log D,+ S25’ log Do+ rt 
+SmS’ log Dm (15) 


A direct corollary of this theorem is: 
Let S’ be comprised of component areas 


Sy’, So’, ..., Sy’. Then as by equation 15 
SS’ log Dj = SS; log Dui+ 
SiS’ log Dit ae +S,S,' log Diy (16) 


and as S2S’ log Do, .. ., Sm S’ log Dm can 
be expressed similarly, we have on sub- 
stituting equation 16 and like forms in 
equation 15 


m 


SS! log D= -(S,Si' log Diy + 5:52! X 
i=l 


log D+ ... +S;Sn/ log Din) 
m n 


=> DS SiS; log Diy (17) 


i=1j=1 


We note for later use that if each of the 
two cross sections is comprised of identical 
components numbered alike, m=n and 
Sy log Dy=Sji log Dy. 

Alternatively, if the components of S’ 
are numbered from m+1 to m+n in- 
stead of from 1 to 7, we obtain from equa- 
tion 17 


m+n 
SS’ log D= 3 D5 SiSj log Diy (18) 
i=1 j=m+l 

For determining the self geometric 
mean distance of an area to itself equa- 
tion 17 is preferable; for determining the 
geometric mean distance between two 
distinct areas equation 18 is preferable. 

Granted the four postulates stated 
above, equations 15 to 18 inclusive facili- 
tate derivation of convenient and compact 
expressions for the inductance of circuits 
comprised of parallel linear conductors of 
uniform but otherwise arbitrary cross 
section. Thus, invoking fundamental 
electromagnetic principles, if S, and Sy 
are the cross sections of two conductors 
comprising a single-phase circuit carrying 
a current J, we have for the vector po- 
tential A(X, Y) at a point (X, Y) 


Amconstant—2 ff tog |x—x]++ 
Sa 


|Y¥—y|?]'/*dxdy—2 WX 
Sb 
log [|X —x]?+|¥—y|?]'dxdy (19) 
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wherein w, and w, are, respectively, the 
current densities in S, and Sp, taken posi- 
tive for current in one direction and nega- 
tive for current in the other direction 
(hence, wyw, is a negative quantity, 
WwW,” and w,” positive quantities, and 
T=w,S,= —wySp). The energy in the 
magnetic field associated with the cir- 
cuit is 


way. f face Y)w,dXd V+ 
S 
1/» ve fe A(X, Y)w,dXdY (20) 
Sd 


Substitution of equation 19 in equation 
20, and then of equation 1 in the resulting 
expression yields 


W= —(2wqwySqSp log Day + 
We?Sq? log Dag twWy*Sy? log Dyp) 


=I" log (Dap?/DaaP »») (21) 


Finally, recalling that W = LI?/2, we have 
from equation 21 


L= —(2/I?)(2wqwySgSp log Day+Wa?Sa? X 
log Daag t+wy?Sy? log Dy) 
=2 log Day?/DaaP on (22) 


If each of the two conductors is com- 
prised of several component conductors 
connected in parallel, m comprising that 
with cross section S, and 7 that with cross 
section S,, substitution of appropriate 
forms of equations 17 and 18 in equation 
22 yields 

m+n 


L=-—(2/I?) ae D2 205545; log Diyj+ 
i=1 j=m+l1 
™ 


™ 
9 Dd wa045Si5; log Dy 
i=1j=1 
m+n m+n 


ye ye w,w;,S,S; log Dy | 


t=m+1 j=m+l 
m+n m+n 


=-(2/P) >) 
t=h j= 


If we have two distinct circuits com- 
prised of p+ conductors 1m toto, p com- 
prising one circuit and carrying current 
Ip, 4 comprising the other circuit and 

| 


w,w,S,S; log Dy (23) 


Si S6 
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carrying current J,, a similar analysis 
yields for the energy associated with the 
two circuits 


Prd ptd 


Tap? 


i=1j=1 


ww; S;,S; log Di; (24) 


Recalling that 
W = MI pI, +L ply?/2+L]q?/2 (25) 


substitution of equation 24 and of ap- 
propriate forms of equation 23 in equa- 
tion 25 yields for the mutual inductance 
M 

P+qd Prd 


f= —(1/1. ALS Dd waeey SiS; log Dy — 


ta} f=] 


3 Saal iS; log Dy — 


» i=1 j=1 


q gq 
D> DwiwySeS; log Dy] (26) 
t=1 j=1 


wu-s 


S2 


Figure 5 


With regard to the physical quantities 
mentioned to this point, all units are in 
the absolute system: linear dimensions 
in centimeters, current J in abamperes, 
energy W in ergs per centimeter of line: 
length, self inductance Z and mutual 
inductance Min abhenrys per centimeter 
of line length. The 60-cycle reactance X 
in ohms per thousand feet of line length 
is obtained by multiplying a value of 
inductance by 11.481073, 


IV. Polyphase Systems 


In calculating the performances of poly- 
phase systems it is necessary to know the 
reactance voltage drops on individual con- 
ductors. The well-known formulas for 
calculating the reactance drops are easily 
derived. In an -phase system comprised 
of m distinct conductors, one conductor, 
say a, can be considered as carrying cur- 
rent J, (the currents are expressed as 
complex numbers), and the remaining 
n—1 conductors can be considered as 
connected in parallel and cagrying the 
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return current —/,=(Up+0-+ - . +1n)- 
Accordingly, as the energy associated 
with conductor a is given by W,= 
/, f Aw gdS,, we obtain by selection of 
the appropriate terms from equation 22 
that the associated inductance, L,= 
(reactance drop on conductor a)/(27fl,), 


is 
Lg= —(2/Iq?)( We? Sq” log Daat 


Ww 
Pa Won > w,S; log Dg) 


TF) 


ll 


—2) > i/Ta) log D,,; abhenrys per 
ted 


centimeter of conductor length 


(27) 


By equation 27 the 60-cycle reactance is 


n 


Be — 2400 (Li /I,) log Dj; abohms per 
i=a 
centimeter of conductor length 


n 


=0.0528 9 (1i/Ia) logio (1/D,;) ohms 
‘=a 
per thousand feet of conductor length 
n 

=0.2794 > (Ii/Ta) logio (1/D,i) ohms 

t=a 
per mile of conductor length (28) 
[f the individual conductors are com- 
posite. a composed of a’ conductors num- 
bered from 1 to a’, b of b’ conductors 
numbered from a’+1 to a’+b’, and cor- 
respondingly for the others, we obtain by 
substitution of 


appropriate forms of 


equation 16 1n equation 27 


L,=—(2/1,7) bp Swi SI log Dyj+ 


i=1 j=1 


Praise? 
arb 


>, Dy, mieySyS; log Dut... + 
i= ere 


4) S455 log Dj, 


a’ aT ae tn’ 
= =(2 zips D> wawyS4S;log Ds | 


abhenrys per centimeter length (29) 


for the re- 
actance are obvious from equation 28. 


Correspouding formulas 


V. Some Illustrative Examples 


The various parts of example 1 are ad- 
yanced as corroborative of the funda- 
meutal formula given in equation 3, 
wherein 1; and B, are as defined in equa- 
tions I; and 14. The succeeding examples 
are advanced as demonstrative of the ap- 
plication of the content of sections I to IV 
to the design of standard busses of various 
types. 
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EXAMPLE | 


Part A. The two rectangular areas 
of Figure 1 are tobe considered as identical 
and superimposed. For this case: r= K; 
s=S; D=—r; P=-—s. Then equations 
13 and 14 yield: A1=A;=r; A2:=A1s=0; 
B,=B3;=s; B.=Bs=0. Whence, te- 
calling that lim x4 log x=0, substitution 


zrI—>0 
in equation 3 as indicated yields Max- 
well’s well-known formula for the geo- 
metric mean distance of a rectangular 
area to itself 


log Dy =log (r?+5%)'/2 —(r2/6s2) log [(r?-+ 
s?) /r2}'/2 —(s?/6r2) log [(r?+52)/s2]'/2+ 
(2s/3r) tan—} (r/s)+(2r/3s) tan! (s/r) — 
25/12 (30) 


Part B. The two rectangular areas 
of Figure 1 are to be considered as 
identical squares (R=S=r=s), so lo- 
cated that P=D=0. Then equations 13 
and 14 yield: A4;=B,=2r; A,=B.=Ay= 
By=r; Az=B3=0. Whence, substitution 
in equation 3, as indicated, yields the 
known formula due to Rosa (reference 
16, page 13) 


log Dip=log r+3 log 2—(7/12) log 5— 
4 tan-1 (1/2) +2 —(25/12) 
=log r+0.34427+ (31) 


Jak ge (6s In similar fashion, if we 
take r#~R, sAS, D=D, P=—(s+S)/2, 
we obtain Gray’s well-known formula for 
the geometric mean distance between two 
dimensionally different, symmetrically lo- 
cated rectangles (reference 16, page 6); 
if we consider two identical squares 
(R=S=r=s), so located that D=0 and 
P=P, we obtain the known formula due 
to Rosa (reference 16, page 12); and if 
we take 7#R, s#S, D=—(r+R)/2, 
P=—(s+S)/2, we obtain the writer’s 
formula for the geometric mean distance 
between two symmetrically superimposed, 
dimensionally different rectangles (refer- 
ence 11, page 1049). Accordingly, as 
verification of the analysis of sections I 
and II we have that equation 3 yields the 
known formulas for those special cases 
of the geometric mean distance between 
two parallel-sided rectangles that have 
been treated hitherto. 


EXAMPLE 2 


A single-phase bus is comprised of two 
identical channels placed back to back 
(Figure 2). To calculate the inductance 
per-unit length of bus: 

Each of the two channels can be con- 
sidered as comprised of two component 
conductors: one of full rectangular cross 
section wherein current exists in the 
same direction as in the channel, the other 
of smaller rectangular cross section hav- 
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ing current in the opposite direction. 
Hence: Si O47 = S33 DW = —W2=W3 = 
—wy=I/(Si—S»). Substituting in equa- 
tion 23 yields 


4 4 i 
L=—(2/I*) SS > wgi0055;5; log D,;abenrys 


7=1 j=l 


per centimeter of bus length (32) 


Substituting in equation 32 as indicated 
and collecting terms, we have 


=i [4/(.S; — S2)?] [S2Ulog Diy— log Diu)+ 
So*(log Dx — log Des) —2S,S(log Diw— 
log Dy3)] (33) 


Corroboratively, if S.=5S;=0 we have 
conductors of full rectangular cross sec- 
tion, and equation 33 reduces to the 
known formula L=4 log (Dy/Du). 

The six geometric mean distances in 
the right-hand member of equation 33 can 
be calculated from equation 3. Com- 
monly, though, the value of the self 
geometric mean distance of a rectangle or 
of the geometric mean distance between 
two rectangles, symmetrically and ex- 
ternally located relative to one another, 
can be obtained—and usually more 
quickly than by calculation—from tables 
contained in certain of the references, 
especially reference 9. For other than 
this restricted class, though, equation 3 
must be used perforce. 


EXAMPLE 3 


A single-phase bus is comprised of two 
identical open hollow rectangular con- 
ductors, each conductor consisting of two 
slightly separated channels placed flange 
to flange (Figure 3). To calculate the 
inductance per-unit length of bus: 

Each of the two conductors can be 
considered as comprised of four compo- 
nent conductors: two of rectangular cross 
section wherein current exists in the same 
direction as in the split conductor; the 
remaining two of smaller rectangular cross 
section having current in the opposite 
direction. Hence; S,;=Si;=S;=S3; Ss= 
S3= Sg=S7} Wy = —We= —W3= Wy = —W5= 
We=W7= —Ws=1/2(S:—S2). By equa- 
tion 23 the inductance of the bus is 


8 8 
=—(2/2)) > DY wanySiS; log Diy ab- 


(=I) fied 


henrys per centimeter of bus length (34) 


Substituting in equation 34 as indicated 
and collecting terms yields’ 


\ 


L=—[1/(Si—S2)?][S°(2 log Dut 


a 


2 log Dyy—2 log Dis— log Dis— log Das) + © 


S2?(2 log BD 2 log Dy; —2 log Dog — . 
log Da — log Dyg) —2.S;S2(2 log Dyt 
2 log Dis— 2 log Dig— log Diz—log D3) | 
abhenrys per centimeter of bus length 


(35) 
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EXAMPLE 4 


A single-phase line is comprised of two 
identical conductors of J cross section 
(Figure 4). To calculate the inductance 
per unit of bus length: 

Each of the two conductors can be con- 
sidered as comprised of three component 
conductors: one of rectangular cross sec- 
tion wherein current exists in the same 
direction as in the conductors of J cross 
section, the remaining two of smaller 
rectangular cross section having current 
in the opposite direction. Hence: S;= 4; 
Sx=S3=Ss=S5; wi = —Wo= —W3=Ws= 
Ws= —we=1/(S;—2S2). By equation 23 
the inductance of the bus is 


6 6 
L=—(2/I?) a > wines 5:5; log Di 


i=1 j=1 


abhenrys per centimeter of bus length (36) 


Substituting in equation 36 as indicated 
and collecting terms yields 


LS ocd [4(.S; —2.S»)?] [Slog Dy log Dis) + 
Sy?(2 log Do+2 log Dos;—2 log Dsy— 
log Do; = log D3s) — 2S; S2(2 log Dy 
log Di;— log D,;)] abhenrys per centi- 

meter of bus length (37) 

EXAMPLE 5 


A three-phase line is comprised of 
three equilaterally spaced rectangular 
tubular conductors (Figure 5). To cal- 
culate the inductance associated with one 
conductor, say a: 

Each rectangular tubular conductor 
can be considered as comprised of two 
component conductors: one of rectangular 


cross section wherein current exists in the - 


same direction as in the tubular conduc- 
tors, the other of smaller rectangular cross 
section having current in the opposite di- 
meenow. » Hence* S;=S;=S5; So=S4= Se; 
Wy = —W:} W3= — 120°. Ws 
—we=wiet. By equation 27 the asso- 
ciated inductance of the conductor a is 


a -(2/1,2) 5. Se 5; log Di, 


7=1 f=1 


—Ws= WIE 


abhenrys per centimeter of conductor 
length (38) 


Noting that w,=/,/(S;—S»), we obtain 
on substituting in equation 38 as indi- 
cated and collecting terms 
Lo= —(2/(S: ~ S2)?] [|S ?Ulog Dy +e77120° x 
— log Diyste77?° log Dis) + Slog Doo+ 
eee 177) log Da+e*2" log Dz) + 
‘ 2S,S2 (log Deter log Dut 
" €*7120° log Dys)] (39) 
_ Corroboratively, if S,=S,=S,=0, the 
iductors are solid, and equation 39 re- 
s to the well-known expression 
=(2/I,) Ug log (1/Daq) +Jp log (1/Day) + 
clog (1 /D g:)\ abhenrys per centimeter 

of conductor length (40) 
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Equation 40 also follows from equation 
39 for the case of tubular conductors 
which are so thin that the cross sections 
can be considered as but comprised of 
four line segments. A specific treatment 
of this particular type of conductor and 
several numerical examples are to be 
found in a paper by Dwight and Wang:?? 
they consider but square cross sections. 


Appendix 


Explicit evaluation of the quadruple 
integral 


D+R+r P+S+s 
es ces Jf firviir-ses 


|X —x|2]'/*dydxd VAX 
varies according as: (7) both P and D are 
positive; (ii) one or both of P and Dis 
zero or is negative. In the first case, no 
logarithmic singularities are encountered in 
the course of evaluating the integral; 
whence integration can be effected directly 
through use of known tabulated integrals. 
In the second case, however, logarithmic 
singularities are encountered. These singu- 
larities necessitate repeated use of limits; 
whence the evaluation is considerably com- 
plicated. Additionally, as these singulari- 
ties occur in a manner that varies with the 
relative position of the two rectangular 
areas of Figure 1, the process of integration 
must be modified for each possible distinct 
relative location; that is, for each possible 
combination of P and D mentioned in case 
(1%). Each of these various integrations has 
been effected; the very lengthy, purely 
formal analysis incident to evaluation is 
contained in a complementary paper to be 
published elsewhere. These integrations, 
however, differ only in mathematical detail 
from that for case (7), which follows. As 
mentioned, this case (P, D>0)isthesimplest 
to evaluate: even so, the easily reproduced, 
elementary analysis is so extensive and 
space filling that it is deemed advisable to 
present but the end result of successive 
integrations. 
First 
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From equation 41 we obtain 
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From equation 42 we obtain 
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From equation 43 we obtain 
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Finally, substituting the limits in the 
order indicated and collecting terms, we 
obtain from equation 44 that 
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wherein A,, Bj, and K(A;, B,) designate the 
quantities defined in equations 4, 5, and 6. 
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N long-distance large-block 

transmission, where is reactance com- 
pensation applicable? The complete an- 
swer to this question involves the weigh- 
ing of compensated line performance 
against its costs, tempered with engineer- 
ing judgment. This paper presents the 
results of an analysis made to determine 
basic performance data of compensated 
lines under steady-state and transient 
conditions. The data presented there- 
fore allow the question to be partly an- 
swered and, it is believed, to a sufficient 
degree to permit certain general con- 
clusions to be drawn. The system de- 
signer is thus provided with the funda- 
mentally necessary data permitting him 
to proceed with an economic analysis for 
his particular case, where the cost factors 
are available. It is felt that in this field 
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lies the value of these data. The costs 
of the various factors for a particular 
case can be weighed with the perform- 
ance obtained by the same factors. The 
best design must necessarily be one 
where per cent line compensation, num- 
ber of parallel circuits, generator short- 
circuit ratio, and number of intermediate 
switching stations are all used to their 
optimum degree for a given reliability 
of service. The number of factors which 
may be varied obviously depends upon 
whether compensation is to be used for 
increasing the power limits of a system 
already in operation or to be used as a 
factor in the design of a projected sys- 
tem. 

The urgency of the times and the re- 
quirements the war effort is placing and 
will place on the transmission systems, 
and projected, coupled with the necessity 
of careful use of critical materials, em- 
phasizes the importance and timeliness 
of the subject. The compensated line 
concept is not new, but the basic per- 
formance data presented are, and they 
should prove useful in helping to deter- 
mine the expected gains of reactance com- 
pensation in projected and existing 
systems. A more complete analysis can 
be made for a particular system when it 
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is necessary to determine in detail’ the 
effect of various operating conditions and 
arrangements peculiar to the system 
under consideration. 


General Conclusions 


The data given are specifically per- 
formance data, showing what can berac- 
complished technically with compen- 
sated lines. A satisfactory excursion into 
the economic realms is outside the scope 
of this paper. The availability of certain 
materials during the present times—as 
well as during normal times—obviously 
will have its influence in the ultimate 
solution of a transmission problem. 


1. The first and obvious conclusion is: 
Reactance compensation is an effective 
method for increasing the transient- and 
steady-state-stability limits of a transmis- 
sion system. : 


2. Existing systems, composed of machines 
with average characteristics and lines as 
short as 150-175 miles—whose characteris- 
tics are fixed, because the machines are 
already installed—can materially increase 
their stability limits with acceptable mar- 
gins by reactance compensation. 


3. The relatively large gains available 
through the use of special generator char- 
acteristics, intermediate switching stations, 
high-speed switching and relaying indicate 
their fundamental usage in projected systems 
above 200 miles in length whether or not 
reactance compensation is used. The eco- 
nomic line-length threshold of reactance 
compensation (not determined in this paper) 


‘ will obviously vary in projected systems as 


the relative costs of all factors change. 


4. Reactance compensation appears to be 
an essential requirement for a-c transmission 
of economic blocks of power with lines above 
300 miles in length. 


5. Since reactance compensation provides 
an effective manner of increasing the sta- 
bility limits above the original design values, 
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their possible use should tend to encourage 
a consideration of larger conductor sizes in 
order that the benefits from their use may be 
fully realized at the heavier system load- 
ings. 


6. The voltage rating of the series-capaci- 
tor equipment should be determined by— 
among other factors—the current during a 
stable-system transient oscillation, if maxi- 
mum effectiveness is to be realized. This 
may mean a capacitor with higher than 
normal dielectric strength. 


General Method of Analysis, 
Base Used, and System Studied 


(a). The data presented in this paper, 
particularly those relating to transient sta- 
bility, were obtained with the aid of an a-c 
network analyzer. The system was set up, 
with constants selected as described in the 
appendix and torque-angle curves obtained 
for the various conditions of fault on and 
off. Critical switching times were obtained 
by the application of the equal-area criter- 
ion.! Much of the steady-state work was 
done by well-known graphical methods.? 


(b). It has been shown previously’ that 
the loading of a transmission circuit varies 
with the square of the line voltage. For this 
Teason it was considered convenient to 
make these studies on a kilovolt-ampere and 
kilowatt base which is given by the (kilo- 
volts)? of the circuit under consideration 
Thus the data presented are entirely general 
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and useful for any actual quantity of power 
and any value of voltage, except as the rela- 
tion between- these two quantities affects 
the per-unit power. The per-unit power 
transmitted on a (kilovolts)”? base is given 
by the ratio 


kilowatts transmitted 


(transmission kilovolts)* 


[For example, 150,000 kw on a (kilovolts)? 
base of (220)? gives a per-unit power of 3.1 
and on a (161) base gives a per-unit power 
of 5.0.] 


(c). Based on a line surge impedance of 
400 ohms, which is very nearly constant for 
all high-voltage lines, it has been shown* 
that the surge impedance or unity power- 
factor loading of such lines is 2.5 times the 
(kilovolts)?; hence this value of per-unit 
circuit loading on a (kilovolts)? base is the 
unity power-factor loading. Since at this 
loading the line reactive losses are entirely 
supplied by the charging kilovolt-amperes 
of the line itself, it is generally considered a 
good operating loading. With reactance 
compensation, part of the line reactive losses 
are supplied by the series capacitors; hence 
the loading which will consume the line- 
charging kilovolt-amperes is increased. 


(d). A typical hydroelectric system was 

selected as the basis for this study, since 

long lines in general involve this type of 

system, and it is this type that generally 

has the more severe stability problems. A 

sketch is included with each curve showing 
| 


Figure 2 (left). 
Steady-state stability 
limit of 300-mile line 
as a function of rating 
of hydroelectric gen- 
eration at sending 


end 


Vi 


the system arrangement applying for the 
particular case studied. Refer to the ap- 
pendix for reactances and constants chosen. 


(e). The stability analysis in general in- 
volved the selection of a generator kilovolt- 
ampere rating of C times the (kilovolts)?. 
For each such rating selected, the rating of 
other terminal apparatus was made to 
match also by dividing its reactance on 
rating by the factor C, as discussed in Ap- 
pendix II. In the steady-state-stability 
studies, summarized in Figures 1 to 3 in- 
clusive, various values of system rating C 
were selected and the power limit for each 
determined. For convenience, the diagonal 
per cent margin line was included which 
intersects the power-limit curve at the per 
cent margin indicated. For the transient- 
stability studies, Figures 9 to 16 inclusive, 
various system ratings of C were selected 
and for each the critical switching time 
plotted, assuming the sending-end generator 
fully loaded before the fault. 


Discussion of Results 


I. Sreapy-STATE STABILITY, SINGLE- 


Crircuir LINE—FIGURE 5 


(a) Results 
Characteristics 


1. 250 Miles. Zero compensation per- 
mits a per-unit generator rating of 2.9 to 
transmit full load with 20 per cent margin. 
This value is substantiated by present prac- 
tices.5 In the future heavier loadings are 
technically feasible, and they may be justi- 
fied by reactance compensation; for in- 
stance, 50 per cent compensation allows a 
rating of 5.1 with 20 per cent margin. 


2. 300 Miles. A per-unit rating of 
2.5, generally referred to as the surge-im- 
pedance loading of an uncompensated line 
or the loading where the line supplies its 
own I*x losses can be handled at this line 
length with: 


With Average Generator 


0 compensation with 10 per cent margin 
25 per cent compensation with 25 per cent 
margin 

Thus, for this line length and this type of 
system, it appears that some compensation 
would be needed for steady-state stability 
for transmission of economical magnitudes 
of power depending upon the required mar- 
gin. 


8. 400 Miles. A per-unit generator 
rating of only 2 can transmit full load with 
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10 per cent margin a distance of 400 miles 
with no compensation. This indicates that 
series capacitors are undoubtedly required 
in lines of this length to transmit justifiable 
amounts of power. 


(b) Amount of Compensation. There 
is an optimum value of compensation 
from a stability standpoint for a 
given line length. For a 300-mile line 
this value of compensation is about 75 
per cent for the system constants chosen 
as shown in Figure 7, As the line length 
increases, this value also increases. 
Above this optimum value the over-all net 
impedance is predominantly resistance, 
so that voltage difference rather than 
phase angle tends to govern load flow. 
This is shown clearly in Figure 7 where 
the power which may be transmitted for 
compensation greater than optimum is 
larger for a line having five per cent volt- 
age drop than for a line with flat regula- 
tion. 


Table | 


Power Limits for Four pices 


No. Switch- Clearing— Two Lines 
ing Stations (Per Cent Compensation) 
Pac) 50 75 
LO ee MTS EEC, nore OG Mitt Meads epic ventoe, eviews 
VPS Gere eae Mia Act eC enh Seis 4.4 
Bt. cmgecitheseneten 25 Gi eecrets AP Ore das 6.05 
RRS 2 


(c) Effect of Generator Short-Circuit 
Ratio. See Figure 8. This factor was 
investigated for the 300-mile line operat- 
ing at 20 per cent margin with the follow- 
ing results: 

1. A compensation of 25 per cent will 
permit use of 1.2 short-circuit ratio in place 
of 2.0 with zero compensation, in transmit- 
ting output of a 2.5 per-unit generator. 

2. A compensation of 50 per cent will 
permit use of short-circuit ratio of 1.3 in 
place of 2.5 with 25 per cent compensation 
in transmitting output of a 4.0 per-unit 
generator. 


(d) Summary, Steady-State Single-Cir- 
cuit-Line Results. It appears that, 
using a generator of average constants 
with, a line length approaching 300 miles, 
some series compensation is required 
for steady-state stability to transmit 
more than that corresponding to the 
surge impedance loading of an uncom- 
pensated line, and so it follows that with 
loadings above this for line lengths below 
300 miles, some compensation may be 
required, depending upon the generator 
characteristics. It should be noted that, 
while the data for steady-state stability 
are given for one circuit line, they apply 
for multiple circuit lines with all lines in 
on a per-circuit basis; for example, two 
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such units studied may be operated in 
parallel with a steady-state limit of 
twice that given. 


Il. TRANSIENT STABILITY, SINGLE-CiR- 
cuir LINE, STUB-FEEDER FAULTS 


(a). Results With Average Generator 
Characteristics. The stub-feeder type 
of fault was considered the most severe 
worth studying, since a fault on the main 
line would obviously result in an un- 
avoidable loss which is a well recognized 
limitation of single-circuit lines. In 


Table Il 
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evaluating these data, it is felt that a 
total clearing time of six cycles is reason- 
able, as this type of fault would occur in 
the low-voltage system at the receiver end. 
While these data were obtained, using a 
single-circuit line, they apply on a per- 
circuit basis to multicircuit lines. 


1. 150 Miles. It is found in the study 
that the full output of a per-unit generator 
rating of 2.8 can be transmitted with zero 
compensation, while a rating of 4.5 can be 
transmitted with 25 per cent compensation. 
If line loading above approximately 3 is 
desirable, then series capacitors will reason- 
ably permit such operation in this area. 


2. 300 Miles—Figure 10. It is inter- 
esting to note for this case that 50 per cent 
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t 

‘ 
compensation is required to transmit ay 
reasonable power. For instance, with six 
cycles clearing, the full output of a maximum 
generator rating of 3 may be carried through 
a stub feeder fault with 50 per cent compen- 
sation. This loading is not particularly 
heavy, and so more compensation in a par- 
ticular instance may be justified. For ex- 
ample, it is technically possible to transmit 
(eight kilovolts)? and 75 per cent compensa- 
tion, but such loading will be tempered of 
course by economics. 


8. 450 Miles—Figure 11. With a 
switching time of six cycles, 66 per cent com- 
pensation is required to transmit full load 
of a per-unit generator rating of 2.5. This 
indicates that compensation is needed to 
justify a line of this length. Further, the 
allowable compensation falls within a rather 
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Figure 4. Data from Figures 1, 2, and 3 

showing power limit in terms of generator 

rating with zero margin for various line 
lengths 


Unit power =(kilovolts)? 


narrow range, something between 65 per 
cent and 80 per cent (Figures 7 and 11). 

The stub-feeder faults as shown in 
Figure 11 indicate that the transient limit 
for small switching time is higher than 
the steady-state limit. These two bound- 
aries define the results obtaining during 
the first swing and after an infinite num- 
ber of swings, respectively. Because of 
the labor involved in determining com- 
pletely this transition, only the two 
boundaries were given, so that the upper 
portion of these curves should not be 
taken too literally, but only as an indica- 
tion of magnitude. 

(0). Interpretation for Other Conditions. 
It should be noted that all of these data 
permit cross-plotting for interpolating 
and determining switching times for 
values of line length and per cent com- 
pensation different than those chosen. 
Further, the switching times for a given 
set of conditions, but utilizing machines 
with different inertias, may be deter- 
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showing power limit in terms of generator 
rating with 10 per cent and 20 per cent margin 
for various line lengths 
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mined by increasing the time by the 


factor »/1/3, H being the new constant 
and 3 the value used in obtaining the data. 


TI. Sreapy-StTate Srapivity, Two 
PARALLEL LINES—FIGURE 12 


For two-line circuits the worst fault 
through which the system may ride is a 
three-phase high-voltage fault at the 
sending end, resulting in loss of a line 
section. In view of this it is desirable to 
investigate the steady-state stability of 
the system with one line section out. 

The multiplicity of the variables in- 
volved limited the scope of the investiga- 
tion in general to a line length of 300 
miles. This value was chosen since 
lengths in this area are being considered 
for future power transmission, and this, 
as well as previous studies, indicates that 
such lengths fall within a region where 
series capacitors should be given con- 
sideration. 

The data summarized in Figure 12 
show clearly how switching stations may 
be traded for compensation. It is inter- 
esting to note that 25 per cent compen- 


10, ar pres W258 

9 O MARGIN 

8 cau aT 
10% MARGIN * 
20% MARGIN 


30% MARGIN 


GENERATOR RATING IN PER UNIT KW 
Se a a ail) GS 


fe) 20 40 60 80 
PER CENT COMPENSATION 


Figure 6. Data from Figure 2 showing effect 
of margin on required compensation, for a 
300-mile line 
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sation in the center of the line utilizing 
one switching station is equivalent to a 
large number of switching stations for 
steady-state stability with average gen- 
erator constants. However, it must be 
remembered that the number of switch- 
ing stations is dictated primarily by the 
transient-stability requirements. 


IV. TRANSIENT STABILITY, Two 
PARALLEL LINES 


In the analyses, data were obtained 
enabling the comparative effects of 
switching stations, per cent compensa- 
tion, and clearing times to be studied. 
In evaluating the data, a total clearing 
time of four cycles will be used. 

(a) Results With Average 
Characteristics 


1. 150 Miles—Figure 13. Zero com- 
pensation allows a per-unit generator rat- 
ing of 2.7 with no intermediate switching 
stations. As can be seen from Figure 13, 
probably more than the economic value of 
power can be transmitted with no compensa- 
tion by the proper choice of switching sta- 
tions. Economics obviously would deter- 
mine whether switching stations, special 
generator characteristics, or compensation 
should be used to accomplish a given result. 


Generator 


ie) 25 


50 75 100 


PER CENT COMPENSATION 


2. 300 Mules. The data given in 
Figures 14 through 17 for two parallel lines 
with 0-4 switching stations for various de- 
grees of compensation are summarized in 
Table I for a clearing time of four cycles. 
Here the comparative effects of compensa- 
tion and switching stations are readily seen. 
For example, 25 per cent compensation 
with three switching stations permits nearly 
the same per-unit generator rating as four 
switching stations with zero compensation. 
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Effect of generator short-circuit 
ratio on steady-state limit 


Figure 8. 


Power limit in terms of generator rating with 
20 per cent margin, for 300-mile line. As- 
sumed Xqg(equivy) =0.7/short-circuit ratio 
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Similarly, two switching stations with 75 
per cent compensation gives more margin 
than three switching stations with 50 per 
cent compensation. 


Stability cannot be maintained for 
four cycle clearing time for the full out- 
put of any generator rating with the 
combination of conditions identified by 
the vacancies in Table I. 

These loadings are well under the unity 
power-factor loadings, which are usually 
considered good average economic val- 
ues. Hence, it appears fundamental 
that special generator characteristics 
such as high inertias and low transient 
reactances should be used in long lines 
whether compensation is used or not. 

(b). Interpretation of Results for Dif- 
ferent Machine Characteristics 


1. Effect of Generator Transient React- 
ance— Figure 18. The effects on clearing 
time of a change in the machine reactance 
for several combinations of compensation 
and switching stations for a 300-mile line 
were studied. The results given in Figure 
18 indicate that with a clearing time of 
four cycles, the full output of a per-unit 
generator rating of 2.5 can be transmitted 
with a 20 per cent transient reactance, two 
switching stations, and no compensation, as 
compared with a 30 per cent transient re- 
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actance, one switching station, and 50 per 
cent compensation. 

2. Effect of Generator Inertia. Switch- 
ing times given by these data may again be 
readily modified to apply to machines hav- 
ing inertia constants different from that 
used in the study, since they vary as the 
V#. 

Refer to Figure 15 to see the effect of 
changing both H and x,’ in a particular 
instance. 


V. PROTECTIVE EQUIPMENT AND 
CAPACITOR VOLTAGE RATINGS 


In addition to normal load current 
through series capacitors, short-circuit 
currents and system swing currents after 
fault clearing must be considered. 

Protective equipment will be required 
in general for short-circuiting the capaci- 
tors during the fault period. After the 
fault is removed the magnitude of the 
swing current may be such that it might 
be necessary to short-circuit the capaci- 
tors. Reference to Figure 19, which 
shows times normal swing currents which 
were measured during the single circuit— 
stub-feeder fault study, indicates that 


for a 150-mile line having 75 per cent com- 
pensation and a per-unit kilovolt-am- 
pere loading (C) of 4.0 (which is probably 
less than could be justified for this type of 
circuit), the swing current reaches 2.7 
times normal. 

Referring to Figure 19, the maximum 
swing current is given by 


ne E,—-E, a Ey “ 
Xa’ +x%,+%,+x5 tie Xq te 
(6; (6) 
where 


Xq=total apparatus reactance on rating 
x;=net line reactance 
C=per-unit apparatus kilovolt-amperes 


Since the per-unit normal capacitor 
current is C, the times normal swing cur- 
rent is 

Ts’ Eo 
- ‘Sos ee 

Cee 
This shows that, as the kilovolt-amperes 
transmitted (C) increases, the maximum 
swing current decreases for a given net 
line reactance. Also, as the line react- 
ance decreases holding C constant, the 
swing current increases, as would be ex- 
pected. 

For the system selected, the maxi- 
mum swing current will not exceed 2.7 
times normal because 


(a). This value is obtained with a low 
value of C for the shortest line with the most 
compensation resulting in the lowest x;. 


(b). For greater values of C and x; the 
swing current will be less as shown above 
and by the curves, Figure 19. 


These same per-unit values hold for multi- 
circuit lines with all circuits in. For the 
parallel line case with one line section 
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Figure 13. Switching-time curve for three- 

phase fault near sending end of one of two 

parallel 150-mile lines, for 0, 1, 2, and 3 
intermediate switching stations 


Fault results in tripping out of faulted line 
section, Hydroelectric generating station 
carrying full rated load before fault 


tripped out as a result of a fault clearing, 
the swing currents will be less than shown 
in Figure 19, because x; is increased by 
virtue of the removed line section. The 
capacitor unit voltage rating should 
thus be determined by these current 
swings if maximum effectiveness is to be 
realized. 

For certain fault locations the currents 
may be at times of such magnitude as to 
require the action of protective equip- 
ment. After the fault is removed, the 
capacitors should be placed back in 
service immediately, if maximum effect 
in maintaining stability is to be realized. 


Figure 15. 


SECTION CANNOT BE TRIPPEO OUT WITH 
STABILITY FOR THIS CASE WITH THE 
GONSTANTS ASSUMED. 


near sending end on 0 
) 10. 20 

one of two parallel 

300-mile lines, with 

one intermediate switching station 


Fault results in the tripping out of the 
faulted line section. Hydroelectric generating 
station carrying full rated load before fault 


The effect of short-circuiting the capact- 
tors instantaneously and then restoring 
them two cycles after the faulted line 
section is switched out is shown in Figure 
15. This calculation involved the use of 
the equal area criterion as previously 
outlined.4 The curves indicate that on 
this basis the most severe fault requiring 
the switching out of the capacitor is a 
little more severe than a three-phase 
fault on the sending end where the capaci- 
tors can be left in, or by-passed and im- 
mediately reinserted after the fault is re- 
moved with the same effect. It is thus 
shown that the effect of a two-cycle time 
delay in reinserting the capacitors is of 


Switching-time curve for three-phase fault near sending end on one of two 


parallel 300-mile lines, with two intermediate switching stations 


Fault results in the tripping out of the faulted line section. 


Hydroelectric generating station 


carrying full rated load before fault 
A—Fault at sending end—capacitors not short-circuited out for fault or immediately reinserted 
when fault removed 
B—Fault near capacitor—capacitor short-circuited during fault and rein- 
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such low magnitude that it could be neg- 


lected for the general study. 


Machine Hunting and 
Abnormal Voltages 


It is well known that hydroelectric 
generators not equipped with amortisseur 
windings connected to long lines experi- 
ence hunting during light-load periods. 
It is also known that series capacitors 
magnify and encourage such hunting. 
A good analysis and bibliography of this 
phenomenon is given in reference 6. In 
this analysis it is shown that machines 
equipped with suitable amortisseur wind- 
ings will not experience hunting when 
transmitting power over lines up to 300 
miles (the extent of the study) in length 
and fully compensated. In view of these 
findings, and since a maximum of 75 per 
cent compensation is useful for stability 
reasons, it is felt that properly designed 
damper winding will prevent this diffi- 
culty. 

Reference 7 of the paper presents an 
analysis of possible abnormal voltages 
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Figure 17. Switching-time curve for three-phase fault near sending 
end on one of two parallel 300-mile lines, with four intermediate 


switching stations 


Fault results in the tripping out of the faulted line section. 


Figure 18. Critical 
switching time as 


affected by tran- 
sient reactance 
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occurring in long lines in general, and in 
lines having series capacitors in particu- 
lar when an unloaded or lightly loaded 
transformer is left connected on the re- 
ceiving end. These overvoltages become 
possibilities when low-side switching is 
used. Since high-side switching is gen- 
erally necessary for stability, this should 
not present a serious problem. Attention 
is directed to this phenomenon so that it 
will receive just consideration in a par- 
ticular instance. 


Illustration of the Use of the 
Curves 


Assume that it is desired to transmit 
the output of a 250,000-kw hydroelectric 
station a distance of 300 miles, over a two- 
circuit line, into a typical receiving sys- 
tem such as used in this study. 

Consider two possible transmission 
voltages, 230 kv and 287 kv. The genera- 
tor kilowatts are therefore 


250,000 B } 
At 230 kv ——_—=4.72 per unit 
(230)2 
_ 250,000 : F 
At 287 kv -=3.03 per unit 
(287)? 


To determine the steady-state limit for 
such a system with all lines in, refer to 
Figure 2. Steady-state data given by 
Figures 1 through 8 are on a per circuit 
basis, hence the above per-unit kilowatts 
must be divided by two for the two-cir- 
cuit line under consideration. 

Table II indicates the information of 
interest and the curves on which the 
values are found. 

The fault-clearing times givenin Table II 
are of course for a three-phase fault near 
the sending end of one of the high-voltage 
lines, and are based either on the series 
capacitor remaining in the circuit or on its 
immediate reinsertion after the fault is 
removed. The effect of increasing the 
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generator inertia may be determined by 
multiplying these times by V per-unit 
generator /7/3.0. An estimate of the 
additional clearing time obtainable by 
the use of a lower generator transient 
reactance may be obtained from Figure 
18, taking the At, for a given Avg’, or 
conversely, finding the Axg’ required for 
a needed Af,. 

It is seen that if four-cycle total clear- 
ing time is used, and the lines are de- 
signed for 230 kv, transient stability may 
be maintained, for example with: 

(a). Two switching stations and 75 per 
cent compensation, and a per-unit generator 


H of 3.8 rather than 3.0, (or an xg’ of 0.28 
instead of 0.30). 


(b). Three switching stations, 50 per cent 
compensation, per unit H=6.85 (or an xq’ of 
0.23). 


(c). Three switching stations, 75 per cent 
compensation. 


If the lines are 287 kv, transient stability 
through a three-phase high-voltage send- 
ing-end fault may be maintained with 


(a). Two switching stations, 25 per cent 
compensation, per unit T=9.1 (or an xq’ of 
0.20). 


(b). Two switching stations and a little 
less than 50 per cent compensation. 


The most economic combination of 
transmission voltage, reactance com- 
pensation, generator inertia, and short- 
circuit ratio may be obtained with cost 
data and an analysis along these lines. 


Interpretation of Data for Genera- 
tors Having Different 
Characteristics 


The generator characteristics used 
were considered representative of the 
average hydroelectric installation. Pro- 
jected systems involving long lines will 
undoubtedly have larger short-circuit 
ratios, lower transient reactances, and 
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larger inertia constants than the average: 
hence a word on the interpretation of re- 
sults for such cases will be given. 

Consider a 300-mile two-circuit un- 
compensated line with two intermediate 
switching stations, with machine con- 
stants as follows: 


Xa’ H constant 
OEE TOs Se krece areata seers 9.5-—Boulder Dam Units® 
OL 80 cs) aide crane 3 —Used in this study 


These are the constants of the 82,500- 
kw generators at Boulder Dam, and they 
represent a large variation from the aver- 
age taken for this study. 


(a) CORRECTION FOR INERTIA (/7) 
CONSTANT 


The critical switching time for a given 
set of system conditions varies as the 
WH, and so for an H of 9.3, the critical 
switching time should be increased by 
V'9.3/3 = 1.78. Referring to Figure 15, 
for the case in question, the switching 
times of the curve for zero compensation 
should all be multiplied by 1.78 for a 
given generator rating. 


(b). CORRECTION FOR TRANSIENT 
(xq’) REACTANCE 


From Figure 18 it is seen that 2.5 
cycles-is a conservative correction to 
make in the switching time when de- 
creasing xq’ from 0.30 to 0.175. Making 
this correction to a “‘zero compensation”’ 
curve as located by H constant correction 
in the preceding paragraph, the dotted 
curve in Figure 18 is obtained. This new 
curve shows that the full output of a 2.4 
per-unit rated, generator haying the new 
characteristics can be carried through a- 
three-phase fault at the sending end of a 
300-mile line with a total clearing time 
of four cycles. At 287.5 kv this cor- 
responds to 280,000 kw, essentially agree- 
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ing ,with published calculated perform- 
ance data for the 287.5-kv Boulder Dam— 
Los Angeles lines.® 


Appendix |. Description of 
System Studied 


A hydroelectric station, whose per-unit- 
kilovolt-ampere rating, called a factor C 
(see Appendix II), was varied, supplies 
power to an infinite bus through: 

1. A step-up transformer bank of 0.10 per-unit 
reactance. 


2. A transmission circuit of typical 60-cycle con- 
stants, 


3. <A step-down transformer bank of 0.10 per-unit 
reactance. 


4. A receiving system having a steady-state per- 
unit reactance of 0.15 and a transient reactance of 
0.10. 


Constants selected for the generator in per 
unit on its rating were 


0.70 
eauiy = 0.00 =——_—$____—_—— 
short-circuit ratio 
Xa hes 0.30 


This corresponds to a short-circuit ratio of 
1.4, which is representative of the average 
machine. The effects of both lower and 
higher short-circuit ratios were investigated. 
A generator power-factor rating of 0.95 was 
used as a nominal value for this type of ap- 
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plication. A per-unit generator inertia or 


H constant of 3.0 was used, which is typical 
for a machine of normal short-circuit ratio. 
Since the critical switching times vary di- 
rectly with \/#, the effect of other values 
may be readily evaluated. The line con- 
stants selected as typical and nearly con- 
stant regardless of voltage for high-voltage 
60-cycle lines, were 


r+-jx =0.12+ 0.80 ohms per mile 
g+jb =0+ 75.2 X10~* mhos per mile 
The relationship between actual ohms and 


per-unit ohms on a given kilovolt-ampere 
base for a particular kilovolt is: 


per-unit ohms= 
actual ohms X kilovolt-ampere base 


(kilovolts)? 1,000 


Hence on the kilovolt-ampere base= 
(kiloyolts)?, used throughout this study 


‘ actual ohms 
per-unit ohms = —————_ 
1,000 


and therefore the line constants on the base 
selected varied only with line lengths. This 
was another convenience resulting from the 
use of this base. 


Appendix Il. A Note on the 
Factor C 


A generator having a per-unit kilovolt- 
ampere rating of C as used in this study has 
a kilowatt rating of 0.95 C (kilovolts)*, be- 
cause a ().95 power-factor machine was as- 


Butler, Paul, Schroeder —Long-Distance Transmission 


sumed throughout. For an equivalent re- 
actance Xequiy of 0.50 on the kilovolt-am- 
pere rating of C (kilovolts)? the reactance on 
the (kilovolts)? base is 0.50/C. This fol- 
lows from the relationship that 


Xequiv (on given base) = 
aeestvensoase 
Sequir (on rating) <= 


rating 
Hence 
kv? 
Xequiy (Kv)? base =Xequir (on rating) --—— 
equi ‘ £ C(kv)2 


Xequiv (on rati ng) 


C 


The same relation holds for the sending 
end and receiving end transformer and re- 
ceiving system reactances, as indicated on 
the sketch accompanying each figure. 
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A Useful Equivalent Circuit for a 
Five- Winding Transformer 


L. C. AICHER. JR. 


ASSOCIATE AIEE 


Synopsis: It has been indicated that there 
is a growing interest in the possibilities of 
multiwinding transformers with five wind- 
ings. The lack of a suitable equivalent cir- 
cuit for this type of transformer has retarded 
some of these engineering analyses. This 
paper presents a practical equivalent circuit, 
together with a development of the neces- 
sary formulas. Numerous mathematical 
manipulations have been omitted in the 
interest of brevity. Several of these manipu- 
lations are the key to the simplicity of the 
final working formulas. Examples show 
how the various equivalent-circuit parame- 
ters are evaluated. Factors affecting the 
voltage regulation of a five-winding trans- 
former are brought out with the aid of an 
example in which two sources of supply are 
present. An objective of the analysis has 
been to keep the equivalent circuit suitable 
for the calculating board. Several precau- 
tions in this cqnnection are discussed. 


IHE demand for electric power in 

greater quantities and with optimum 
continuity has increased the transmission 
engineers’ interest in interconnected cir- 
cuits and the multicircuit transformers 
associated therewith. Considerable has 
been published on three- and four- 
winding transformers.! This article en- 
larges the field to include a much more 
complicated unit, the five-winding trans- 
former. 

It should be emphasized that multi- 
circuit transformers present many prob- 
lems which cannot be solved by two- 
winding methods. These complications 
relate to leakage-impedance phenomena 
associated with the many fluxes illus- 
trated in Figure 1. Among the more 
important characteristics affected by 
these phenomena are 


(a). Voltage regulation. 
(6). Load division between circuits. 


(c). Parallel operation with other trans- 
formers. 


(d). Efficiency. 


(e). Short-circuit characteristics. 


The interlinkage of the various leakage 
fluxes due to load currents in the different 
circuits affect the various voltages in 
complicated and sometimes unexpected 
ways. It is therefore necessary to have 
a clear conception of the leakage im- 
pedance relationships; otherwise the 
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manipulation of the parameters may 
prove perplexing and unduly complicated. 


Theory 


The general theory of a five-winding 
transformer is no different from that with 
a lesser number of windings. Such a 
transformer consists of five separate 
windings that are mutually coupled by a 
single magnetic core, illustrated best as 
in Figure 1. This transformer can be 
analyzed in the conventional manner 
common to multicircuit transformers of 
a lesser number of windings, wherein the 
basic differential equations of voltage can 
be expressed as follows: 


W4L ps Mu ea ul wie 
=Pr\l iML 9 yi 
OA pete ah oe eae 
Aid CE Mig e 
oie eee aE 
: diz di, diz 
29 = Foto Ly es Ms M. 
CaF MA gd oe eg 
dig dis 
Ms, —+M, — 
pte as 
. dis diy dt, 
23 = Pls +L M; M3. — 
é stg JF ae Ui ae Le 55 
di di; 
Ngee 
dt lt 
: di di di 
Qg=ryytLy at My, a tle ae 
diz dts 
M Mys— 
43 d + 45 di . 
: dis diy di 
é=frstst+ Ls —+ Man —+ Moo — 
: dik) ges ah 
dis dix 


Mis —+Mys— 
* dt a “at 


where the subscripts refer to the windings 
involved, and 


e=applied voltage 
r=winding resistance 
i= winding current 
L=coefficient of self-inductance 
Af=coefficient of mutual inductance 


Paper 43-2, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New Work iNo Wer 
January 25-29, 1943. Manuscript submitted 
April 20, 1942; made available for printing October 
19, 1942. 
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Atcher—A Useful Equivalent Circuit 


A rigorous mathematical treatment 
of the foregoing fundamental equations 
will lead to terms suitable for an equiva- 
lent circuit. 

A true equivalent circuit for a trans- 
former is one whieh cannot be distin- 
guished from the actual transformer by 
any observations that can be made at its 
terminals. It is the terminal character- 
istics of a transformer and not the char- 
acteristics of some particular coil within 
the transformer that are of interest. 

As in most practical transformer equiva- 
lent circuits, magnetizing current has 
been neglected. This results in an equiva- 
lent circuit of sufficient accuracy for 
most all power-circuit problems. The 
circuit contains components which rep- 
resent winding resistance, self-induct- 
ance, and load or mutual impedance. 
Any winding can be used as the supply 
winding; in fact, more than one winding 
may be connected to a source of energy. 


Properties of the Equivalent Circuit 


It is a physical and mathematical 
necessity that a completely equivalent 
network have as many independent 
elements (or degrees of freedom) as the 
original system. The properties of a 
circuit for the problem at hand are: 


1. The circuit must have five points of 
entry corresponding to the five windings of 
the transformer. 


2. The circuit must have ten independent 
elements in order that the ten independent 
measurable impedances of the transformer 
may be simulated. 


3. The circuit should be one that avoids 
excessive calculation. The impedances 


should be simple functions of the measur- _ 


able transformer impedances obtained in 
commercial transformer production, 


4. The circuit should be free from nega- 
tive-impedance elements. Although this 
characteristic does not void the solution of 
any problem, it does complicate studies on a 
calculating board, as negative resistance 
cannot be easily provided. Moreover, a 
circuit with no negative reactance is de- 
sirable since it may be used on both the 
a-c and d-c calculating boards. 


Upon designating the five windings of 
Figure 2, with the numbers 1, 2, 3, 4, and 
5, the ten independent impedances which 
can be measured at the terminals of the 
transformer are: 


Lis Zis Zi Z15 


Zo Zo4 25 
Z35 Z335 
Z45 


os 
Each of these impedances is measured by 
applying sufficient voltage to one of the 
windings, whose number appears in the 
subscript, to circulate a current in a short 
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Figure 1. Flux linkages of a five-winding 
transformer 
a 
i) 
Bt 
2 


Figure 2. A simple 
five-winding  trans- 
former 


circuit on the other winding, whose num- 
ber appears in the subscript, its magni- 
tude adjusted to the kilovolt-ampere 
base chosen. All other windings remain 
open-circuited. 

The equivalent circuit used in this 
derivation of general formulas is that 
shown in Figure 3. Throughout the 
derivation of these general formulas, the 
loads indicated will not be considered. 


Derivation of Formulas 


Quantitative evaluation of the parame- 
ters for the five-winding transformer 
shown in Figure 3 can be obtained from 
these fundamental equalities: 


1 


ee yt (1) 
Zo! Zt Zit-Zs4Zus 
i 
Zi=Zr+Za+— ; (2) 
ZtZi' ZstZo4Lu0 
1 
Zy=21+2Z5+ 1 1 (3) 
ZtLitZa' Zo4+Zi0 
1 
= Zi+Z.+ ; ; (4) 
ZetZitZetZe' Lia 
1 
Beene (5) 
EG PES INE EO 
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Table |. 


Mesh Currents for Example 2 


= = 


Mesh Currents Due to Each Load Current 


Lead 

On Ic ly Is Ip Tho 
Nh... 47.49+j21.02 16.51 —j69 .02 16.51 —j69.02 16.51—769.02 16.51—j69.02 
Is... 60.20—j131.90 —119.01+j160.45 —60.20+j131.90 —60.204+ 3131.90 -—60.20+ 3131.90 


Ig. ..217.80+3143 .90 
Is... 15.69—j14.91 


Total 340.68+ 18.11 


—2.52+ 38.38 
— 307 .32—j18.11 


—202.30—j117.92 —202.30—j117.92 —217.30—j143.90 —217.80—j143.90 
—2,52+ 58.38 


—248.51—j46. 66 


—2.52+ 38.38 
— 263 .51—Jj72.64 


—15.69+j14.91 
— 276.68 —j66. 11 


1 
Zu=Z2+Zi+ i i (6) 
Zidly. LeR pe Las 
1 
Zu=Z2+Z5+ 1 1 (Zee 
ZitZetZe' Zot Zie 
1 
Zu=Zst+Zit i i (8) 
Ze! ZetZit+Ze+Zue 
1 
Zy=Z3+Z5+ i i (9) 
Zk Za Bit eee 
1 
2 =ZitZe+ 1 i (10) 


Be Lt Dye 


These equations can be simplified by 
successive steps and solved simultane- 
ously resulting in the following ten ex- 
pressions: 


Ls 
221 = (K—22;) 5 (11) 
ZZ. Le! 2) 
2 
2ZZs= ua (13) 
LZ, 
ZZi0= (N—22;) ry (14) 
78 
Z,24= (0-225) es (15) 
Zely=P (16) 
v4 
Z:2Z0=0 = (17) 
Zt 
2Z2Z9=(R—-2Z,) 3 (18) 
Z 
Z2Z0=S Ss (19) 
Z; 
ZLZ10= (T—22s) 9 (20) 
in which 
K=Zy+Z2—Zs (21) 
L=Z3+Zu—Zu—Z2 (22) 
M=Zyu+Z23—Z1 —Zu (23) 
N =Z2+Z15— Za (24) 
O=Zy+Z2—Zu (25) 
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P =ZytZys—Zo—Zo (26) 
O=Z13+-Zes—Z12—Zss (27) 
R=Zs+Zu—Zas (28) 
S=ZytZys—Zi—Zas (29) 
T=Zyt+Zis—Zu (30) 
and “ 
Z,=Z6t+ZitZs+Zo+Zio (31) 


The links of the pentagonal mesh are 
evaluated by using the following alge- 
braic relations in the second-degree 
equations 12, 13, 16, 17, and 19: 


Z,=aZ¢5 
Z;3=bZe 
Z5=C6Le 
Z\0=dZe 


Equating various of the resulting ex- 
pressions to the common quantity Zz, 
these coefficients are obtained: 


Equations 11 to 20 inclusive are solved 
for various of the network parameters 
resulting in 


; NAL 
CD onl ah (Z6Z10) (32) 
ee | 
A= — (4 33 
=F zi Z7) (33) 
QO 1 
Z23=——— (272 (34 
Liners (2723) ) 
Table A 
Wind- Kilovolt- Reactance 
ing Ampere Base Per Cent 
DRG ZF ii oe, stata lara ore 20000 Feriateenct le lavacicr 14 
TiC OS Gates tec eta 20 O0G ee iu. caress clepeterre 20 
DtOva \ reitormyavtatans « FOOD ara tec aa ale abe 12 
VECO Nig Rinne arie io 5 OOF oye seein tle. cie hele 15 
BOLD crnreielecaharetin « 2O0QO srorencte anche ea els 16 
2 LORE ahs ose haters SOOO re Seta tervie suatelere 10 
Zito. Diameters BODO teat ates ery haat pace 11 
SRUCCIS Seale kes Res oe S000 eirrcteecne icra sealants 8 
BiCONOumes amritenreie aia SOOO arrestee ste antisnaaere 8 
ALOUD. cates cieeua ea S000 Goa lets sreriaten wie 6 
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RAS oe” 
Z.= shee (ZsZ5) (35) 

(Sam 
pees DR (36) 
Lo 2 2, ZsZi0) 

MOL, L/O M/O ) 
fee ai( Sl (37 
e 2SP a(S 41 ais pr } 
yee we (38) 

M 
i peer ae (39) 

OM 

ee 
gre Ze (40) 

OL 

OY 
Zin=— Za (41) 

L 
Lp =L.-23 7-2 4:7F94+Z 09 (31) 


in which the constants are those pre- 
viously defined. 


Comments on Negative Impedance 


No practical use can be made of the 
negative or reactances of 
transformers as negative impedance by 
themselves. These negative impedances 


resistances 


can be considered as mathematical fic- 
They are virtual values. They 
reproduce faithfully the terminal char- 
acteristics of the transformer, but they 


tions. 


cannot necessarily be applied to internal 
coils. 

Negative resistance may appear in 
high-efficiency transformers in which the 
stray impedance losses become appreci- 
able when compared with the low ohmic 
copper losses. This condition quite often 
occurs in three-winding transformers 
and is even more apparent in a five- 
winding transformer. 

The total leakage reactance between 
a pair of windings cannot be negative, 
but there is no reason why the mutual 
effect between circuits for load currents 
may not be negative, depending on how 
the leakage field of one interacts with 
that of the other. In the circuits con- 
sidered, the individual leakage imped- 
ances assigned to a circuit constitute 
mutual load impedance for the other 
circuits, and as such may be either posi- 
tive or negative. 

The total losses, including 
stray impedance losses, are correctly 
represented by the equivalent circuit, 
whatever the signs of its branches may 
be; but the simple equivalent circuit 
provides no means of distributing the 
losses within the transformer windings. 
Some of these losses are not in the wind- 
ings at all, but in the clamps, core end 
plates, aud tank, and therefore the con- 
ductor heating cannot be based on the 


copper 
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Figure 3. Five-winding transformer equivalent 
circuit 


losses of the equivalent circuit. However, 
the total impedance losses causing the 
heating of the oil are given by the equiva- 


lent circuit. 
Examples 


The foregoing theory can be applied to 
any five-winding transformer in a manner 
similar to that encountered in any elec- 
trical network. The only requirement 
is that certain data relating the actual 
circuits must be available either from 
measurements or from design calcula- 
tions in order that the equivalent circuit 
may be set up. With the aid of the equa- 
tions developed herein, each unknown can 
be evaluated singly. It is evident that 
all equations, depend upon determining 
the mesh impedances in the order Z,, Z;, 
Zs, Zy, and Zo. 

The application of these principles to 
two types of problems will be outlined in 
detail. Regardless of the degree of sim- 
plicity or complexity, the same precise 
rules must be followed. The importance 
of observance of the sign, positive or nega- 
tive, accompanying each numerical value 
cannot be emphasized too strongly. 

The first example demonstrates the use 
of this method of solution when only the 
reactance component of impedance is 
important. A second example treats re- 
sistance and reactance with equal im- 
portance, as is common when complex 
quantities represent the impedance units. 
Only a single-phase solution need be made 
for any balanced three-phase bank; how- 
ever, if unlike transformers are involved, a 
solution for each phase must be made. 

Example 1,  Reactance Components 
Only. A five-winding transformer has 
the reactance between windings related to 
the kilovolt-ampere base indicated for 
each as shownin Table A. When all react- 
ances are translated to a common kilovolt- 
ampere base, 20,000 in this case, the re- 
actance values become those indicated in 
Table B. Then ; 
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\ 


K aZy4Zp—Ziz 10-1 20 a 
L=Z13+Zo4—Z\1— Z23 =20+40—48 — 16 


=—4 
M=Z 4 4-Zo5— 21) — Zo =48 +44 — 60 —40 
=-8 


N=Zp4+Z\5—Z25= 14460 — 44 = 30 

O=Z34+Z3 —Z4=32+16—40=8 

P, =Zu+Z35—Za4 —Zy,=40+82—82—44 
=—4 

O=Z 3+ Zo5— Z12— Z 35 = 20-44 — 14-82 
=18 

R=2Z45+-Z3s—Z35 = 24+82 —32 = 24 

S=Z +235 —Z13 — Z45 = 48 +32 —20 — 24 
=36 


T=Z5t+Zip— Z14 = 24+60 — 48 = 36 
The mesh links are 
MOL L/Q ) ue ) 
Z5=—— +. 1 —(~+] 
2SP +5(S+ oar Br 


(—8) X18X(—4) ae ) 
aL Ne ee a ie 
ax36x(—-4 * 2 \3e° J ™ 


N 


Fyn, Ze yaa 
A | Lg Q=4.5 
SP 36X (—4) 
Fess Z.= ——— _ *0=0 
OM ~* 18X(—8) 
SP 36 (—4 
Zy== yp ecieas tae gas 
OL 18x (—4) 
Zieh geen 
eles a v9=—sd 


LZ, =Z6t+ZitZst+Zs+Z10 
=9+4.5+9+418—81 = —40.5 


and the branches are 


2 Pi rg . 
Zi ho GG (ZZ 10) 
A | 
30 1 
Fa (sae 5) (9X —81) =—3 
K 
Zur ee ee 
2 7 
10 1 es : 
a aErT Re 2. 
— 40.5 
One 
L3=>- (Z;Zs) 
8 1 ie 
“2 (a 
Zs ee (Z3Z9) 
CA St, Z, Lisl 9 
24 1 2 
= 9 reer (9X18) =16 
Re nuilepe 
4-9 -7% (ZZ 10) 
t 
36 1 ; 
= ~ (405) (18x —81) =—18 


7s 
Example 2. Determination of Current 
and Voltage Relations for a Five-Winding 
Transformer Under Load Conditions, A 
single-phase five-winding transformer has 
the characteristics shown in Table C and _ 
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Reactance 
Winding Per Cent 
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REO De vrcese ts EOE een ath See recor, 
RIMES ely ie An's sls genase vice me hs 24 


impedance data given in Table D. The 
circuit diagram of this transformer is 
shown it Figure 2. 

The following information about this 
transformer installation is required: 


1. The equivalent circuit. 


2. The load on winding 3 and its power 
factor when power is supplied from a trans- 
mission line to winding 2, maximum capac- 
ity 10,000 kya, and from a local generat- 
ing station to winding 3. The load is on 
windings 1 and 5, and a synchronous con- 
denser is on winding 4 for power-factor cor- 
rection. The loads and their.power factor 
are shown in Table E. In order to operate 
the transmission line connected to winding 
2 at its optirmum value, an overload of 
1,500 kya is necessary on winding 4 from 
the synchronous condenser. 

38. The voltage at each transformer 
terminal if it is desirable to maintain rated 
line voltage on winding 3, assuming load 
ratio control equipment is available to dis- 
tribute the loads as given in 2, 


Solution of !. The equivalent circuit. 
The impedance when referred to a com- 
mon base of kilovolt-amperes of 30,000 is: 


z,,— (90100 20s Spit 
Beitouoo PT ete 
150 100 +20) 0.544720 

Te =)... 74) 

30,000 ge 


380X100 : : 
~ lO J4=1.6+740 
7,500 


2.5% 100 
eae S —~—7 |4=2,8+-720 
2 7,500 f ary 
Pe 100 \ has 
6= =2, 
5,000. : 
Table C 
Wind- Kilovolt- Circuit 
ing Amperes Voltage 
Artin A «ic -80,000. ... 5... 2. 2182380,000 Wye 
mute. . ROL OUD at cae 115,000 Wye 
3. yo B0/000ha cok. soe 22,000 delta 
BET alt 100... joc vce 13,800 delta 
Pe 2. 000... ese 34,500 delta 
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cz 100 
as 


j10 )4=2.4 +740 
7,500 +! ) ty 


e 100 
35 


(10 )6=3.6+760 
5,000 aa )s an 


25%100 | 5 \6=3.0-+)30 
Cath fr Belcdey aaa 


from which 


K =Z+Z12—Zy3 = (1.2430) + (1.5+760) — 
(0.5+j20) =2.2+j70 
L=Z134-Zu—Z—Zo3= (0.5420) + 
(2.8+ 720) — (1.6+740) —(1.2+730) 


=0.5— 730 
MZ +Zo5—Z15— Zu = (1.6+740) + 
(2.4+790) — (1.8+790) —(2.8+j20) 
= 06-4720 
N=Z +25 —Z05 = (1.5 +760) + (1.8+790) — 


(2.4+ 790) =0.9+ 760 
O =Z44+Zo3— Zo = (2.44740) + (1.2+730) — 
(2.8+j20) =0.8+750 
=Z4+Za5— Z34— Zos5 = (2.8+7920) + 
(3.6+760) — (2.4+740) —(2.4+ 90) 
=1.6—j50 
Q =Z13+Z3—Z12—Z35 La (0.5+ 720) ar 
(2.4+j90) — (1.5+j60) — (3.6 +760) 
= —2.2—j10 
R=Z454+-Zy1—Zg3 = (3.04730) + (2.44740) — 
(3.6+j60) =1.8+j10 
S=Zut+Za5—Z13—Z45 = (1.6-+740) + 
(3.6+j60) — (0.5 +20) — (3.0+ 730) 
=1.7+/50 
T =Z54+-Z15— Zu = (3.0+730) + (1.84790) — 
(1.6+ 740) =3.2+-780 


Substituting these values into the equa- 
tions for the mesh impedances, 37 to 41, 
and 31, these result: 


MOL  L/Q M/OQ ) 
‘= 1 
48= 9 SP 4 5(S41)+ o(S+ 


(—0.6-+720)(—2.2 —j10) (0.5 —j30) 
mE ok ets at mies) Ol ee 
(0.5730) / —2.2—j10 
REP: (see ) 
(=0.6 +720) (2 —710 \) 
2 1.6 —j50 


4 


=(.697 —f1.19 


pe ed 
Vi = L4=— 
AM Te OO =7 ;20) 


= —1.749 + 72.97 


(0.697 —71.19) 


SP. 1.6 —750) (1.7 +750) 
pes yee ( I50. J Dae 
OM (—2.2—j10)(—0.6 +20) 
. (0.697 —j1.19) =11.05 —12.75 
SP (le 7+750) (1. 6 —750) 
es 
OL (—2.2 —710) (0.5 —730) 
(0.697 —j1.19) = —7.48+ 78.40 
Ss 1.7+750 
LAG SL eS ee OOO iO) 
0) i Caren ap te ui 
= —1,06+ 2.04 


(—1.749 + 72.97) + (11.05 —j12.75) + 
(7.48+j8.40) +(—1.06 +72.04) 
= 1.46 — 70.53, 
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It follows that the branch impedances 
from equations 32 to 36 inclusive are: 


N 1 0.9-+j60 
Zia — (2,2) = 
1=5 z, | 6Z10 9 
(0.697 —j1.19) (—1.06 + 2.04) 
(1.46 —70.53) 


i 2.2+-770 
LZ,=— Lin) = = 
2 Cy a = i( C6417 2 


=0.03-+728.08 


RG —j1.19)(—1.749+j2.97) 
(1.46 — 70.53) 
=0.61+j31.98 


0 1 0.8450 
Z3;=-- > Lan 
3 2, 2 
(—1.749+j2.97)(11.05—j12.75) 
(1.46 — 70.53) 
=1.28—j12.45 
tr? 1.84710 
Bene 77 yo 
i 2 
(11,05 —f12.75)(—7.48+j8.40) 
(1.46 —70.53) 
= 27.43 —j117.70 
ji 3.24380 
Zi=5-> 7, Eas) = 


(7 Be iene 
(1.45 —j0.53) 
= 1.87 +j56.65 


Solution of 2. The Power Supplied to 
Winding 3 and Its Power Factor When the 
Fluctuating Load Is Absorbed by the Gen 
erating Station on Winding 3 In large 
power transformers the effect of losses and 
reactance on input energy and power fac 
tor as compared with the output and its 


Figure 4. Assumed directions of currents /ar 
example 2 


power factor is quite small, sufficiently so, 
to justify its omission in the interest of 
simplification. 

The second source of power, that of 
winding 8, is regarded as a negative load 


Kilovolt-ampere load on winding | 
= 24,000 (0.8 —70.6) =19,200 —714,400 
Kilovolt-ampere load on winding 2 
= —10,000 (1.0+70) = —10,000-+70 
Kilovolt-ampere load on winding 4 
=9,000 (0.5+70.866) =4,500-+77,'794 
Kilovolt-ampere load on winding 5 
=4,500 (0.9 —70.485) =3,950 —j1,958 
Kilovolt-amperes supplied by winding 3 
= 17,650 —78,564 
= 19,625 kva at 89.9 per cent power factor 
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Table D 
Wind- Kilovolt- Copper Loss Reactance 
ing Ampere Base Kilowatts Per Cent 
Ds COnz ile eiarere LOjQUG Rater e 
VVOVS isc. chat. oe OOOO. ats ue wwe 
Li ROA eaters OOO Sanuntese 
LUGO reactant en miasWOU. daar sre 
ZLO'S sot ruoanne 10,000 
Dito aay creas WV ROOU ty dccetsas Oe s Olttate catatele 
DHOID\ vcisravud  O;00U. 
CLO pine ite COO ste anny 
SOB iy Aitote pans S000) r 


4 A. Orit ers Oy 5,000... 


Solution of 3. The Voltage at Each 
Transformer Line Terminal When It Is 
Desired to hold 22,000 Volts Across Wind- 
ing 3 With the Local Generator. Since all 
values are expressed in terms of per cent 
with the exception of the loads, it is ad- 
vantageous to convert all loads to a per 
eent basis using 30,000 kva as the refer- 
ence, The per cent load on the windings 
is: 


Mn winding 1 (19,200 —j14,400 
On winding 1 ( J ) 30, 000 
64 —j48 =]; 
oO ding 2 (10,000+-j0) — 
i 
n winding J 30, 000 
33.33 +-j0 =, 
ding 347 A80018,564) 100 
n winding 3 (17,65 00) 
g ~J 30,000 


58.81 —728.55 =I, 


100 
oO ding 4 (4,500-+-77,794) ——— = 
n winding 4 ( +7 ) 30,000 
15.00+-725.98 =I, 
(oa 100 
On winding 5 (3,950 —j1,958) —— 
30, 000 


13.17 —j6.53 =Is 


The division of load by the various 
mesh circuits is arrived at by solving for 
the currents that exist, taking each load 
singly. After all loads are properly pro- 
portioned according to the rules of parallel 
eircuits, the resultant current in each mesh 
link is found by a simultaneous super- 
position. Winding 2 is used as the source 
in all load-division computations, The 
direction of currents has been assumed as 
in Figure 4 in which the current in link 7 
due to load on winding 1 is: 


Ze 
h=l=Ib—lo=s I 
7 8 9 10 Zi L 


Bal MEE 48) = 16,51 —j69.02 
(4620100 Ue 

Also 

Is=1;—Iy = (64 —J48) — (16.51 — 69.02) 


= 47.494 j21.02 
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Table E 
Wind- Kilovolt- 
ing Amperes Per Cent 
ica oreo aieteren teanare 24,000 . 80 lagging 
Wstety arene sano seer 9,000 50 leading 


GB  wiemtiain how SURI 4 BOO. Raieicn ape 90 lagging 


Current in link 6 due to load on winding 3 
‘ ’ 
is: 


he —lo=—-h=—-h= 
Zi -1. 749 +j2.97 97 
Z,*  1.46—J0.58 
(—58.81-+j28.55) = 60.20 —j131.90 
Also 
Ty= —Is +15 = (—58.81+)28.55) + 


(—60,20-+ 7131.90) = —119.01+-7160,45 


Current in link 6 due to load on winding 
4 is: 
Zi+Zs 
p= —lo=—-Ih= Z, Ih 
_ (= 1.749-+92.97) + (11.05 =j12.75) 
1.46 —j0.53 

(15.0-+-725.98) = 217.380+4-7143.90 

Also 


I; =I, =/,—I],= (15.0+-j25.98) ae (217.30+ 


143.90) = — 202.80 —j117.92 
Current in link 7 due to load on winding 
5 is: 
Zo+Zio I 


I7=1g=1y= Z, 6 
_ (0.697 =j1.19) + (1.06 +32. 04) 
1.46 —j0.53 
(13.17 —j6,53) = —2,52+-)8.38 
Also 
= —J19=1,—Iy = (13.17 —j6.53) — 


(—2,52+78.38) = 15.69 —j14.91 


The superposition of all currents is most 
conveniently handled in a table similar 
to Table I, 

The per cent voltage at the terminals 
of any winding is determined by sub- 
tracting the per cent voltage drop through 
the circuit from the 100 per cent value 
assigned to the winding used as a refer- 
ence, 

The per cent voltage drop in the 
branches and links of the mesh is: 


1 
IZ, = (64 —748) (0.08 +-728.08) —- 
121 = (6 JA8) ( +7 )T00 
=13.474-717.98 
InZy = (38.33 4-70) (0.614-731.98 
Zn = ( +70) (0.6 +i 00 
=(0.20+-j10,66 
1 
13Z = (58.81 —728.55) (1.28 —712.45) - 
Za 4) )¢ J ) Too 


= 2,80 —j7.69 


Aicher—A Useful Equivalent Circuit 


al 


i 
1 
1.24 = (15.0 4+)25.98) (27.43 —J1 17.70) 756 


=34.71—j10.52 


142 = (18.17 — 76.53) (1.87 +756.65) 
=3.95+j7.34 


1 
IeZ4= (340.68-+718.11) (0,697 —71.19) joo 


= 2.59 —73.93 


1 
Inq = (—307.82—j18.11) (—1.749-+)2.97) 5 
=5.91—j8.81 


1 
InZam (—248.51 —J46.66)(11.05—J12.75) 55 
= —33.42+4j26.54 


1 
IsZy= (263.51 — j72.64)(—7.48-+j8.40) 
= 25,81 —j16.70 


1 
Tye2Z10= (—276.68 — 766.11) (—1.06+-72.04) 100 
= 4,28 —j4.94 


The voltage on the generator bus is held 
at 22,000 volts, which is our 100 per cent 
base and the point from which all volt- 
ages are calculated. 


Per cent Vi - 100 _ (13Z; —11Z74+-Ielo+1:21) 
= 100 — [(—2.80 —j7.69) — 
(5.91 —j8.81) + (2.59 —J3.93) + 
(13. pgedans 93) ] =92. mbes 


= 216,000 vaite: 


Percent V;=100— (1323-112, —LhZ;) = 
100 — [(—2.80 —77.69) — (5.91 —78.81) — 
(0.20 +-710.66) ] = 108.51 —/9.54 

and V;=115,000 V/108.51?-+9.54? 

= 125,400 volts 

Per cent Vi=100— (IsZy+-1Z9+-1,Z,) 
= 100— [(—2.80 —j7.69) +-(—33.42+ 
j26.54) + (34.71 ~j10.52) | = 101.52 —78.33 


and Vi=13,800-V101.52?-+8.33? 
= 14,070 volts 
Per cent Vi = 100 — (9254-132 +-19Z 9+ 
1,Zs) = 100 — [(—2.80 —j7.69) + (—83.42 
+-j26.54) + (25.81 — 716.70) + (3.954 
77,34) | = 109.47 —j9.49 


and Vs=34,500°V/ 109.47?-+9.492 
= 37,930 volts 
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HE design of efficient conductor sys- 
tems for large alternating currents 
has always been a problem, and the prob- 
lem is especially difficult with large low- 


voltage polyphase currents, such as are, 
found in feeder distribution systems for 


industrial, plants. Special conductor 
shapes and‘arrangements have been pro- 
posed in ‘the ‘past and have proved satis- 
factory for some applications, but all 
have had their limitations. A new method 
of arranging bus bars, named paired 
phasing, has now been developed and 
has been found to be superior to conven- 
tional arrangements for transmitting 
polyphase currents in the range of 1,000 
amperes and above, at 600 volts and less. 


The paired-phase arrangement is de- 
scribed in this paper in terms of enclosed 
bus-bar systems, as most of the experi- 
ence in the use of the arrangement has 
been in that connection, but emphasis 
has been placed on the general character- 
istics of the arrangement rather than on 
this specific application. Therefore, the 
comparisons with conventional arrange- 
ments, the basic electrical and mathema- 
tical theory, and the construction and 
performance data will readily suggest the 
adaptability of paired phasing to other 
applications where efficient utilization of 
conductor materials and convenient struc- 
ture are desired. 


Only the three-phase version of the 
paired-phase arrangement is considered 
in this paper. It is shown in cross section 
in Figure 1. There are six conductors 
arranged in three separate and distinct 
pairs. The pairs are a-b, b-c, and c-a; 
that is, the two conductors in each close- 
spaced pair are connected to different 
phases. Each of the three phase currents 
is thus carried by two conductors in par- 
allel. Wide flat bars placed face to face 
proved to have the most satisfactory 
conductor shape. 


Summary 


With the paired-phase arrangement, 
many of the difficulties associated with 
the transmission of large alternating cur- 
rents are minimized. Nonuniform cur- 
rent density, including ‘‘skin effect’’ and 
“proximity effect,” is greatly reduced. 
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This results in low a-c energy losses which 
combines with effective heat dissipation 
to produce low and uniform temperature 
rise. Both resistanceind reactance volt- 
age drops are very small, and voltage 
drop is almost perfectly balanced. Fur- 
thermore, the dimensions that produce 
all these desirable electrical and thermal 
characteristics lend themselves to con- 
venient structural designs wherein the 
problems of joining adjacent bus-bar 
lengths, making tap-offs, support against 
mechanical and short-circuit forces, and 
insulation are greatly simplified, 

There are. several specific features 
which particularly adapt the paired- 
phase arrangement to prefabricated en- 
closed bus-bar systems. Enclosure, of 
course, impedes heat dissipation, but 
the low heat generatiom minimizes this 
effect. Metallic or magnetic enclosures 
cause no additional losses and no increase 
in reactance. Structural designs are pos- 
sible which facilitate erection in the field 
and the adaptation of standardized con- 
structions to special installation condi- 
tions. 

The paired-phase arrangement 
several unique properties that distin- 


has 


guish it from previously known ar- 
rangements. Its low voltage drop and 


low losses depend largely upon close in- 
trapair spacing, dimension s in Figure L. 
The interpair spacing d, or different rela- 
tive pair locations, as illustrated by the 
three variations of Figure 1, have no ap- 
preciable effect upon voltage drop and, 
therefore, may be varied to obtain low 
temperature rise and convenient struc- 
ture. The balanced voltage drop of the 
paired-phase arrangement does not de- 
pend upon geometrical symmetry. 

A peculiar inherent characteristic of 
the arrangement is that the currents in 
each close-spaced pair of bars are nearly 
equal and opposite, or somewhat similar 
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to the currents in a single-phase trans: 
mission system, and this current division 
appears to be responsible for paired- 
phase performance, This single-phase 
approach also forms the basis of a simple 
method for calculating paired-phase per- 
formance, 


Paired-Phase and Conventional 
Arrangements Tested 


The best way to appraise the perform- 


‘ance of the paired-phase arrangements is 


by comparison with commonly used con- 
ventional arrangements, shown in Figure 
2. In contrast to the paired-phase ar 
rangement, the laminated arrangement 
has closely spaced bars connected to the 
same phase,.while the interlaced arrange- 
ment has the bars evenly spaced and not 
grouped into distinct pairs. 

A large amount of information has 
been published concerning open lami- 
nated bus bars where phases are well sepa- 
rated and no enclosures are present,'* 
Most of this information is completely 
inapplicable to conventional enclosed 
bus-bar assemblies, because additional 
proximity-effect losses caused by inter- 
phase spacings of two or three inches, 
induced losses in metallic enclosures, and 
greatly restricted heat dissipation make 
performance much worse than com 
monly supposed. Some temperature- 
rise data for small-size enclosed bus bars 
and some reactance and resistance data 
for large-size bus bars in aluminum en- 
closures are available,* but to fully com- 
pare and contrast the performance of the 
paired-phase arrangement new data will 
be presented upon all of the arrangements 
shown in Figures | and 2. 

Designs having two one-fourth- by 
four-inch round-edge copper bars per 
phase have been selected for presenta- 
tion; this size represents medium rather 
than large current-carrying capacity 
and emphasizes the need for careful con- 
ductor design even in this size, The basic 
paired-phase theory applies equally well 
to all conductor sizes commonly used, In 
general, the relative performance of 
larger siz s of laminated bus bars is much 
poorer, while the relative performance of 
larger sizes of paired-phase and inter- 
laced arrangements is roughly the same, 

In order to simplify comparisons, a 
rectangular 14-gauge steel housing with 
a cross-section perimeter of 538 inches 
was used in all tests; the relative breadth 
and width were varied slightly to accom- 
modate the various arrangements. <A 
housing of this size represents standard 
practice for the wider-spaced arrange 
ments, but is larger than would ordinarily 
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Figure 1. Three variations of the paired-phase 
aes bus-bar arrangement 
s=intrapair spacing 
d=interpair spacing 
w= width 


be used with the very compact arrange- 
ments having a small over-all width, w. 
Performance of commercial compact ar- 
rangements with a smaller housing would, 
therefore, usually be slightly inferior to 
that indicated. 

The dimension s was kept constant at 
five-eighths inch during most paired-phase 
and laminated tests. Comparison of 
laminated performance with s equal one- 
half inch, the more conventional dimen- 
sion, indicated a difference of small mag- 
nitude. An intrapair spacing of five- 
eighths inch represents a more than ade- 
quate spacing for practical paired-phase 
atrangements. The effect of variation of 
this dimension will, however, be discussed 
as the test results are analyzed. 

All tests were made upon a 40-foot 
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Figure 2. Conventional bus-bar arrangements 


run, comprising four ten-foot sections, in 
order to minimize end effects. In each 
case, all bus bars were connected to- 
gether at one end and low-voltage bal- 
anced three-phase 60-cycle current fed 
in the other end. Voltage measurements 
were made line to line at the feed-in end 
of the rtin to eliminate induced voltages 
in the potential leads. Power was meas- 
ured by a special low-voltage wattmeter. 

The point-to-point variation in current 
density in each bus bar was studied by 
insulated exploring wires cemented to the 
surfaces of the bars in the manner em- 
ployed by a number of experimenters.‘~5 
The exploring wire measurements also 
provided a means of analyzing the loca- 
tion of energy losses in greater detail 
than is possible with a wattmeter, which 
is suitable only for over-all averages. 
Bach bar was equipped with 16 number 
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28 wires, eight feet long, spaced at one- 
half inch intervals around the bar perime- 
ter. The voltage induced in each 
wire, which is,a measure of the current 
density adjacent to the wire, was meas- 
ured by a rectangular co-ordinate a-c 
potentiometer. The total current in 
each bar was also measured with a mag- 
netic potentiometer or Rogowski coil.’ 

Temperatures were measured by ther- 
mocouples. In all tests both the bus bars 
and housing were painted with a non- 
metallic paint to assure maximum and 
consistent heat radiation. All tempera- 
ture rises given would be approximately 
25 to 35 per cent higher if the bus bars 
were not painted and 50 to 70 per cent 
higher if neither housing nor bus bars 
were painted. 

A portion of the research laboratory 
with a typical test setup is shown in Fig- 
ure 3. One housing section has been re- 
moved so that the interior construction 
may be seen. 


Voltage Drop, Temperature Rise, 
and Energy Losses 


Relative voltage drops and tempera- 
ture rises are given in Figure 4. Since the 
voltage drop is unbalanced to some ex- 
tent in all arrangements, both the maxi- 
mum line-to-line impedance drop and the 
minimum line-to-line impedance drop are 
plotted, with the area between shaded, 
so that the relative amount of unbalance 
may be seen. These values are plotted 
against the over-all width of the bus-bar 
assembly, w, for all of the vertical-bar 


Fisher, Frank—Paired-Phase Bus Bars 


Figure 3. Typical test setup 


arrangements, but it is uot intended that 
comparisons be made only for equal over- 
all widths. This dimension has no direct 


significance for the paired-phase type-3 — 


arrangement, but impedance drops and 
temperature rise for this arrangement are 
plotted to the same scales so that ap- 
praisals may be made. For all arrange- 
ments the maximum temperature rise 
decreases for increased spacings. In the 
case of the laminated and interlaced ar- 
rangements, increased spacing causes 
both increased voltage drop and in- 
creased voltage-drop unbalance; in the 
paired-phase arrangements increased in- 
terpair spacing causes substantially no 
change in voltage drop but provides better 
voltage-drop balance. 

Impedance drops are separated into 
average reactance and resistance com- 
ponents in Figures 5 and 6, respectively. 
The reactance curves in particular show 


the independence of paired-phase charac- 


teristics upon relative pair position. The 
esistance curves show that both the 
paired-phase and interlaced arrangements 
have low average a-c resistance. This 
factor will be considered in more detail 
later in connection with an analysis of 
energy losses. The effect of intrapair 
spacing upon paired-phase reactance may 
be seenin Figure7. This curye is actually 
for the type-3 arrangement but applies ap- 
proximately to any practical paired- 
phase arrangement where interpair dis- 
tance is great relative to intrapair dis- 
tance. It shows that lower reactance if 
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Figure 4. Effect of arrangement and spacing 
upon line-to-line impedance voltage drop and 
upon maximum temperature rise 


Temperature rises are in per cent of that of the 

best arrangements. Paired-phase and lami- 

neted, s=*/s inch. Type 3 paired-phase, 
d=6 inches. Bar size '/, by 4 inches 


desired may be achieved by closer intra- 
pair spacing. 

Since the paired-phase arrangements 
with larger interpair spacings (type-1 or 2 
arrangement with an over-all width of 
about six inches or more, or a type-3 ar- 
rangement) have superior characteristics 
from all considerations, there appears to 
be no practical reason other than space 
limitations for using smaller interpair 
spacings. Measurements made with 
these smaller spacings have been in- 
cluded, however, because of theoretical 
interest. 

The inferior performance of the lami- 
nated arrangement needs no further com- 
ment, except that one may point out that 
there may be special instances, such as 
short connection straps where its use in 
preference to a more efficient arrangement 
may be justified by structural limitations. 

In comparing the paired-phase and the 
interlaced arrangements, the practica- 
bility of obtaining various bus-bar spac- 
ings must be considered. Very close 
intrapair spacing is practical with paired- 
phasing, because bars may be offset into 
the vacant area surrounding each pair of 
bars at points where connections between 
adjacent bus-bar lengths or tap-off con- 
nections are to be made. Thus a clear 
space of one-fourth or three-eighths inch 
between paired-phase bars means a full 
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Figure 5. Effect of arrangement and spacing 
upon line-to-line reactance voltage drop 


spacing of that amount throughout the 
entire bus-bar run. The vacant area 
surrounding each pair also simplifies the 
problem of support and insulation. In 
the interlaced arrangement, because joint 
and tap-off connections must be made in 
the confined space between adjacent 
bars, clearances are necessarily decreased 
at these points, and insulation and in- 
stallation problems are complicated. In 
interlaced arrangements a compromise 
must be made therefore between electrical 
properties, temperature rise, and struc- 
tural complications; that compromise is 
not necessary with paired-phasing. These 
facts must be kept in mind when consider- 
ing the data presented in this paper. For 
instance, an interlaced bus-bar system 
with an over-all width, w, of ten inches 
would have 1%/, inches between adjacent 
bars whereas a type-1 or type-2 paired- 
phase system of the same over-all width 
would have approximately 3%/; inches be- 
tween pairs or a type-3 arrangement 
could be used without changing the 
electrical characteristics. 

The relative current density for typical 
bus-bar arrangements is shown in Figure § 
in which the quantity plotted is the square 
of the magnitude of the current density. 
The measurements from the two faces of 
each bar have been averaged. This 
method of plotting gives an indication of 
relative energy losses, which are propor- 
tional to the areas under the curves. The 
more uniform current distribution within 
each bar and between bars of the paired- 
phase arrangements is evident. The 
small interpair effect is indicated by the 
slight difference in distribution between 
the two types of paired-phase arrange- 
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Figure ©, Effect of arrangement and spacing 
upon line-to-line resistance voltage drop 
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Figure 7. Effect of intrapair spacing, s, upon 


line-to-line reactance voltage drop of type-3 
paired-phase arrangement 


The nonuniform current distri- 
bution tn both the laminated and the 
interlaced arrangements is caused by the 
greater reactance of the outside bars in 
these arrangements. 

The analysis of energy losses in Figure 
G clarifies the performance of the paired- 
phase atrangement. The most impor- 
tant energy loss is the loss in that indi- 
vidual bar having the greatest energy 
loss, as this will determine the maximum 
“hot-spot” temperature rise, and in this 
respect paired phasing excels. Slightly 
lower average losses may be secured by 
using smaller interpair spacings, ap- 
proaching the interlaced arrangement, 
but the greater resuiting unbalance makes 
the individual bar losses higher rather 
than lower. Paired-phase housing losses, 
as shown it! the lower portion of Figure 9, 
are negligible, and relative pair position 
has no influence upon these losses. Lami- 
natec-arrangement housing losses in- 
crease with wide spacing to such an ex- 
tent that the average total loss increases 
even though individual bar loss decreases 
because of lessened proximity effect. 


ments, 


Equa! and Opposite Currents Explain 
Paired-Phase Performance 


Paired-pbase performance may be un- 
derstood by examining the distribution of 
current within the bus bars and the con- 
sequent tagnetic-field effects in more de- 
tail. The magnitude and phase angle of 
the current density are shown in Figure 
10, while the net currents in individual 
bars are shown in Figure 11. Only one 
paired-phase arrangement is shown, but 
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Figure 8. Current density squared in typical 


arrangements 
A. Paired-phase type 3 
d=6 inches s= 5/, inch 
B. Laminated 
d=95/. inches s= 5/, inch 


w=65/; inches 
C. Interlaced 
d=9!/, inches 
D. Paired-phase type 1 
d= 51/4 inches 
w= 123/. inches 


w=11!/, inches 


5 =5/ inch 


the current distribution is similar in all 
paired-phase arrangements. There is a 
marked contrast in this respect between 
paired-phase and conventional arrange- 
ments. It is notable that the phase 
angle of the current density in the paired- 
phase arrangements is more uniform 
within each bar, and the net bar currents 
are more symmetrically disposed than 
in the other types of conductor ar- 
rangements. 

The essence of paired-phase perform- 
ance is that the currents in each close- 
spaced pair of bars are essentially equal 
and opposite. That is, each of the three 
phase currents (a, b, and c) divides into 
two component bar currents (a’ and a”, 
b’ and 5”, c’ and c”) which are nearly 
equal in magnitude and which differ in 
phase angle by nearly 60 degrees, so that 
the currents in each close-spaced pair of 
bars (such as a’ and b”, or b’ and c”, or c’ 
and a”) differ in phase angle by nearly 180 
degrees. The currents in each close- 
spaced pair are thus essentially similar to 
the currents in an isolated single-phase 
transmission system, even though each 
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conductor of the pair is connected in 
parallel with another conductor in a dif- 
ferent pair. This similarity suggests that 
the paired-phase arrangement may be 
analyzed by considering each close- 
spaced pair as a single-phase circuit. 

The single-phase transmission system 
of two wide flat bars closely spaced face to 
face carrying equal and opposite currents 
has been analyzed both experimentally 
and mathematically.2—!* It has been 
shown to be a very efficient conductor 
arrangement. The current density is 
very uniform, and consequently the a-c 
resistance is low. For instance, an iso- 
lated one-fourth- by four-inch copper 
bar will have an a-c to d-c resistance 
ratio of approximately 1.16, but the re- 
sistance of a bar of the same size with a 
similar return conductor five-eighths-inch 
away, center to center, is less than 1.02. 
The reactance of such a close-spaced 
pair is also very small. This means not 
only low-reactance voltage drop but 
small external magnetic field. In other 
words, the magnetic fields of the two 
equal and opposite currents cancel or 
neutralize each other. This explains the 
small interpair proximity effect and the 
negligible effect of magnetic or metallic 
surroundings upon either reactance or 
energy losses in the paired-phase ar- 
rangement. 

The single-phase pair of closely spaced 
flat bars has many advantages over other 
low-loss single-phase arrangements such 
as concentric tubes. These advantages 
include the full exposure of both bars for 
heat dissipation, joining, support, insula- 
tion, and tap-offs. This single-phase ar- 
rangement has not been used generally 
in the past, but the recent advent of suit- 
able commercial designs has led to the 
adoption of this arrangement for the 
service of large single-phase loads, with 
very satisfactory results,!%4 


It is certainly unexpected and seems 
almost paradoxical that a most efficient 
method of transmitting large low-voltage 
polyphase currents should be one wherein 
the power is, in effect, transmitted single 
phase; but a comparison of paired phas- 
ing with conventional methods, consider- 
ing all electrical, thermal, and structural 
factors, indicates that this is indeed true. 


The beneficial results of the approxi- 
mately equal and opposite currents in 
each close-spaced pair are further em- 
phasized by the consideration of a con- 
dition where such a current division does 
not exist. The average ratio of a-c to 
d-c loss of the three-phase paired-phase 
arrangements (with larger interpair spac- 
ings) approximates 1.30 (see Figure 9), 
even though the current density within 
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GREATEST INDIVIDUAL 
BAR LOSS 


PER BARS 
AVERAGE HOUSING 
. 


MINATED. 


AC ENERGY LOSS 
O-C ENERGY LOSS 


OVER ALL WIDTH, W-INCHES 
Figure 9. Analysis of energy losses 


Loss in individual bar measured by exploring _ 


wires. Average total loss measured by watt- 

meter. Housing loss is difference between 

average total loss and average bar loss meas- 
ured by exploring wires (not shown) 


each bar is very uniform, because each 
bar carries nearly 1/3 rather than one 
half of the phase current. Losses are 
proportional to the square of the current: 
(1/ V3)2/(/2)2= 1.33. Conventional 
theory would suggest, therefore, that 
better performance would be obtained if 
the current in each bar could be made 
one half of the phase current, or, in other 
words, if the phase angle between the two 
currents in each close-spaced pair could 
be made 120 degrees instead of nearly 180 
degrees, and the phase angle between the 
two currents of each phase, zero degrees 
instead of nearly 60 degrees. Such a con- 
dition may be produced by making a 
transposition at the mid-point of a bus- 
bar run, as shown in Figure 12, wherein 
each bar is paired with a different phase 
in each half of the run; for example, the 
a’ bar is paired with a b-phase bar (b”) 
in the first half of the run and with a c- 
phase bar (c”) in the second half. The 
resultant performance is not, however, 
as might be expected: 


Temperature rise........ increased 31 per cent 
Voltage drop..........-; badly unbalanced and in- 
creased 217 per cent 
Average energy loss...... increased 54 per cent 
Housing energy loss...... becomes appreciable 


In short, such a condition is undesir- 
able, and all the desirable properties of 
the paired-phase arrangement are lost. 
This can be explained by the fact that 
there are no longer equal and opposite 
currents to cause a cancellation of mag- 
netic effects in each close-spaced pair, and 
consequently interpair influence become 


‘ ELECTRICAL ENGINEERING 


“wt 


vi 


re 


é Figure 11 (right). 
Bar currents and 
phase currents 


(8) 


00 b 6 Caney 
Figure 10. Details of current density 


A. Paired-phase type 3 (same dimensions as 
Figure 8A) 


B. Laminated (same dimensions as Figure 8B) 
Each vector shows magnitude and phase angle 
of current density at origin of vector 


appreciable. This large interpair proxim- 
ity effect is shown by the distorted cur- 
rent-density measurements in Figure 13. 

Varying the phase angle between the 
currents in an isolated pair of nonenclosed 
bars further corroborates the effect of 
transposition. Test results shown in 
Figure 14 indicate that even under this 
simplified condition losses are least when 
the currents differ in phase angle by 180 
degrees. Losses when the currents dif- 
fer in phase angle by 120 degrees (which 
represents the condition with transposi- 
tion) are intermediate between the 
paired-phase condition and the zero-de- 
gree phase-angle condition, corresponding 
to the laminated arrangement. 


Calculation of Paired-Phase 
Bus Bars 


The electrical characteristics of the 
paired-phase arrangement, including volt- 
age drop and current distribution, are 
readily figured by electrical theory. A 
mathematical analysis of a simplified 
paired-phase arrangement is given in the 
appendix. These calculations indicate 
that the division of current between con- 
ductors in the paired-phase arrangement 
is not dependent upon any particular 
conductor shape but largely upon the 
grouping of the phases into pairs. Of 
course the conductor shape influences the 
distribution of current within each con- 
ductor. The mathematical analysis con- 
firms experimental results in determining 
that the currents in each close-spaced 
pair become more nearly similar to 
single-phase as the interpair distance is 
increased and in fact approach the single- 
phase condition as a limit as the distance 
becomes infinite. This suggests and tests 
confirm that entirely satisfactory paired- 
phase performance may be secured when 


FEBRUARY 1943, VOLUME 62 


a AX Paired-phase 
type 3 (same dimen- 
sions as Figures 8A 


and 10A) 


B. Laminated (same 
dimensions as Fig 
ures 8B and 10B) 


C. Interlaced (same 
dimensions as Fig- 
ure 8C) 

a’, a”, b’, Dae Ca c’” 
indicate bar currents 
a, b, ec indicate 
phase currents 


a steel housing completely surrounds 
each pair of bars. 

The usual method of voltage-drop cal- 
culation based upon the assumption of 
equal and inphase currents in all bars 
connected to each phase will not give 
correct results when applied to paired- 
phase arrangements. Voltage drop can 
be calculated accurately, however, by 
application of formula 12 or 15 in the 
appendix. It has been found that for 
practical dimensions and purposes volt- 
age-drop characteristics may be figured 
on the assumption of exactly equal and 
opposite currents in each pair of bars. 
Both the equivalent single-phase method 
of formula 15 and the more exact formula 
12 give the correct resistance as well as 
reactance components of voltage drop. 
Sample calculations are given in the ap- 
pendix. 

Temperature-rise performance is not 
so readily calculated. Although the cur- 
rent and, hence, losses in each bar can 
be determined within a few per cent, heat 
transfer is so complicated by insulation, 
by proximity of other conductors, and by 
the enclosure, that tests using three- 
phase current are necessary for accurate 


Sufficient empirical data 


information. 
of course make possible the prediction of 
change in performance produced by 
minor variation in design. 


Commercial Design of 
Paired-Phase Bus Bars 


One practical commercial design em- 
bodying the paired-phase principle is 
shown in Figure 15. The flatwise ar- 
rangement was chosen because of the ad- 
vantageous structural features, among 
which is the simple overlapping type of 
joining bus bars, insulation, and housing. 
This arrangement provides complete 
access to all bus-bar surfaces for cleaning 
and inspection before joining and com- 
plete accessibility of all bolts for main- 
tenance. By mounting the bus bars 
upon flat compression-type porcelain 
insulators, which in turn are supported 
on the housing, maximum mechanical 
and short-circuit strength are obtained. 
Also the dielectric strength between 
closely adjacent bus bars is readily im- 
proved by the use of a single flat sheet of 
insulation to supplement the one-fourth- 
inch minimum air space. 


Tests indicate that this insulation 
x 5 c! sheet increases the temperature rise by 
Bee exam | (A) less than two per cent. Other measure. 
Bek [Pareto eau 
Figure 12 (eft). Transposition to change current division 
" “ “ 
it DR (8) A. Arrangement in one half of bus-bar run 
é ae se a’ B. Arrangement in other half of bus-bar run. Each bar in 
A and B insulated except at beginning and end of run, 
where two bars of each phase are connected together 
2 C. Resulting current division (compare with Figure 11A) 
' (C) 
¢ c Figure 13. Nonuniform current density produced by trans- 
‘i position 
a 
oO a (Compare with Figure 10A) 
b/s a b c 
Ee pba sees 
i a eee Nee 
b ) c a 
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AC RESISTANCE 
DC RESISTANCE 


AVERAGE 


ie} 60 120 180 
PHASE-ANGLE BETWEEN 
BAR CURRENTS—DEGREES 


Figure 14. Effect of varying phase angle of 
currents in an isolated psir of bars 


“Lo-X”" bus duct utilizing jaired- 
phase principle 


Figure 15. 
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Figure 16. Line-to-line voltage drop of com- 
mercial paired-phase bus duct 


Unbalance of voltage drop is less then width 

of curves. Resistance taken at copper tem- 

perature of 75 degrees centigrade s='/. inch. 
d=bar width plus 2 inches 


ments indicate that with all sizes of bus 
bars, the hot-spot temperature rise when 
the entire assembly is mounted edgewise 
is the same as when it is mounted flat- 
wise; therefore, space linitations will 
determine the best position for any par- 
ticular application. The shallow flat 
shape of the housing proves convenient 
in installation where close clearances are 
encountered. 

Basic paired-phase principles as just 
outlined have been utilized in the de- 
sign of numerous special fittings, such as 
elbows and tees, transformer taps, load 
tap-ofis, and switchboard connections. 
Experience has shown that careful at- 
tention must be paid to these details if 
satisfactory over-all performance is to 
be obtained. 

The temperature-rise and voltage- 
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Figure 17. Temperature rise of commercial 
paired-phase enclosed bus duct indoors in 
still air 


Totally closed steel housing 
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drop characteristics of a complete line 
of enclosed bus-bar system utilizing the 
paired-phase principle are given in Fig- 
ures 16 and 17. Values are all based on 
actual tests of complete assemblies, in- 
cluding insulation and housing. These 
curves indicate the excellent performance 
that can be obtained with the paired- 
phase arrangement. 


Appendix. Mathematical Analy- 

sis of Current-Distribution and 

Voltage Drop in Paired-Phase 
Bus Bars 


Consider Figure 18. The conductors are 
of arbitrary shape. The current density is 
assumed uniform over the cross section of 
each conductor. The length of the circuit is 
assumed: to be large compared to the dis- 
tances between conductors. The interpair 
distance is assumed to be large compared 
to the intrapair distance, so that as an ap- 
proximation all distances between conduc- 
tors not in the same pair may be taken equal. 
The following symbols will be used: 


Dq=geometric mean distance between any 
two conductors not in the same pair, 
centimeters 

D,;=geometric mean distance between any 
two conductors in the same pair, centi- 
meters 

D,= geometric mean radius of any conduc- 
tor, centimeters 

r=d-c resistance of any conductor, ohms 
per centimeter 
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Figure 18. Simpli- a 
fied paired-phase ar- 
rangement with geo- Q @ 


metrical symmetry 


Ds 
Q °' 


E=voltage drop, volts per centimeter, 
line-to-neutral. (Note that voltage 
drops in body of this paper are all line 
to line) 

J=current 


, 


a’, b’, c’, a", 6”, c” subscripts refer to con- 
ductor quantities. @, 6, ¢ subscripts refer 
to phase quantities. 


w=2n times frequency in cycles per second 
All logarithms are to base €. 

Since 

Iq’ +Iq" +Dy' +1y" +1,’ +1," =0 (1) 


the voltage drop in phase a may be written: 
(see reference 19, page 39, equation 55) 


Eq! =Eq=1y't +2X10-S%a[Iq’ log (1/Dp) + 
I," log (1/Ds) + Ue" +a! +I, Lees 

log (1/Da)] (2) 

Eq" =Eq= Iq"? $2 X 107% [Iq" log (1/D,) + 
I,! log (1/D,) +,’ +hy' + es 

log (1/Dq)1_ (3) 


From symmetry 


By=(—1/2GV3/2)Ba c 
E,=(—¥/stfv/3/2)E, o 
Ty! =(—VY2—jvV/3/2)Iq" ie 
Io =(—"frt5/3/2)la! ha 
Ip! = (="/2-5V 3/2)" - 
Ie =(—atiV3/2Ig" oi 


The solution of the above equations gives 


)-9 D : 
10-8 log (Da/Ds) 1 ae) 


r+10-%wlog (Dy?/D,2D,) 
i ERAS 
I," = = ee 
E gaa 
10% log (Da/Ds) | 
7+107%je log (Dai/D,2D;) | “ 


(11) 


2 


10-%w log (Dy/Ds) | 
r+10~* jw log (Da’/D;?Ds) 


ohms per centimeter (12) 
as LI 


An interesting result is obtained by allowing — 


D a to become indefinitely large: 
Limp y—> ola’ =(1/»/3) (eI, 
Lim py olg” =(1/+/3)(e#™ Ig 


(13) 
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(14) 
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ee 
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Lim pq— oFg/I_ = (4/3) (1/2) |r +2 X 
10~%jw log (Ds/D;)] 
ohms per centimeter (15) 


Equations 13, 14, 15, and similar equations 
for the other phases represent a condition of 
equal and opposite or single-phase current 
am each close-spaced pair of bars. The term 
{r+210~-%w log (D;/D,)] in equation 15 
is the impedance of one bar of a close-spaced- 
pair when carrying single-phase current. 
\ Numerical substitution of practical values 
‘in equations 10, 11, and 12 shows that large 
variations in Dg have little effect upon J,’, 
a, and H,/I,. Therefore, it seems reason- 
able that these equations may be used even 
when geometrical symmetry, as assumed in 
deriving these equations, does not exist. 


‘ 


Numerical Example 


Consider a type-3 paired-phase arrange- 
ment: 


Bar size }/, by 4 inches 
r=9.90X10-® ohms per foot =324x10~° 
ohms per centimeter 
S=5/, inch 
d=6 inches 
From the formula and curves of reference 
17 


D,=0.2235 (4+0.25) =0.950 inch =2.41 cen- 
timeters 
D,=1.372 inches =3.49 centimeters 


GMD of two bars in adjacent pairs (6 inches 
center to center) = 5.75 inches 

GMD of two bars in outside pairs (12 inches 
center to center) =11.88 inches 


No readily usable values for GMD of the 
diagonally located bars are available; 
therefore, consider diagonal GMDs the same 
as above. As a working approximation the 
average may be taken as 


ill (eo pg oo Re 4 
Da=V (5.75)9(11.88)4=7.33 inches 
= 18.62 centimeters 

From equation 10 
Tq’ =0.525¢*" I, 

From equation 11 
yeu: = 0.591 exe 

From equation 12 


Fg/Iq=(6.17+75.71)10°® ohms per foot 
(line to neutral) 
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From equation 15 


Eq/Iq= (6:58 +75.65)10-*® ohms per foot 
(line to neutral) 


By measurement (average of three phases) 


T,/=0.5446"-*°7, 
og ae 

Fy /Iq= (6235+ 75.61)10-% ohms per foot 
(line to neutral) 


The differences between measured aud 
calculated values are in the directions that 
would be expected in view of the various 
assumptions made, The phenomena of Fig- 
ure 14, neglected in the calculations, makes 
the phase angle between J,’ and J,” more 
nearly 60 degrees than calculated from equa- 
tions 10 and 11. The resistance calculated 
from equation 12 is lower than measured, 
because slight nonuniform current density 
in individual bars is neglected. That calcu- 
lated from equation 15 is higher, because the 
magnitude of the bar currents is less than 
the 0.577 I, assumed by this method. A 
small correction could be made for nonuni- 
form current density by applying published 
formulas for skin effect in a single-phase pair 
of flat bars.1! Reactances agree within ex- 
perimental error. 

Calculation of impedance by the conven- 
tional assumption that J,’=J/,", vectorially 
(see reference 17, equations 15 to 20) gives 


FEq/Iq= (4.95+78.27)10-° ohms per foot 
(line to neutral) 

Ey/Iy = E/T. = (4.95 +716.55)107-* ohms per 
foot (line to neutral) 

Average = (4.95-+713.80)10~® ohms per foot 
(line to neutral) 

Measured with J,’=J," (produced by use of 
a transposition, Figure 12): 

Average = (9.87 +719.02)10~° ohms per foot 
(line to neutral) 


The conventional method of calculation, 
therefore, does not give correct results for 
ordinary paired-phase arrangements, be- 
cause current distribution is not as assumed. 
On the other hand, when bar currents are as 
assumed, the current density within each bar 
is not uniform, and, in addition, the steel 
housing causes extra losses and higher re- 
actance. 
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An Electromechanical Calculator for 


Directional-Antenna Patterns 


CARL E. SMITH 


MEMBER AIEE 


Synopsis: An electromechanical calculator 
has been designed for the rapid solution of 
directional-antenna patterns. After the de- 
sired antenna parameters have been set up, 
the machine automatically draws the field- 
intensity curve to any desired scale on a 
sheet of polar co-ordinate paper and indi- 
cates the rms value for drawing a circle of 
the equivalent nondirectional pattern. 

The fundamental design of the calculator 
does not limit the number of antennas that 
can be used in the directional array. As the 
number of antennas is increased, the greater 
the degree of control is possible to mould the 
radiation pattern into the desired shape. 

Not only is the horizontal directional 
field-intensity pattern, such as used in 
broadcast practice, readily available, but 
the field-intensity contours at any elevation 
angle can be drawn with equal ease. The 
vertical radiation characteristics of the 
several antennas can be selected at will. 
This makes it possible to explore the solid 
contour surface of the whole hemisphere in 
a relatively short time and also determine 
the total power radiated from the direc- 
tional-antenna system. The machine is 
also suitable for calculating the solid con- 
tour surface of the radiation pattern from 
a parallel horizontal antenna array. 


O anyone who has had the task of 
designing a directional-antenna array, 
the need of some short cut to reduce the 
tedium of laborious calculations has been 
very apparent. To meet this need a num- 
ber of schemes has been brought forth, 
ranging from early graphical methods to 
actual measurements on models, from 
purely mechanical to purely electrical 
devices. These devices have varying de- 
grees of usefulness, and all meet to a large 
degree the requirements of lessening the 
time required to explore the number of 
varying parameters necessary to meet 
some special case. 
Extended tables systematizing patterns 
of two tower arrays have been pub- 
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lished.'-4 These diagrams are very helpful 
to show trends, even though the designer 
may in the final analysis have to calculate 
very precisely the pattern after deciding 
upona suitable range of spacings and phas- 
ings. The authors felt that a system- 
atization of three tower arrays would be of 
very real value to the industry. Therefore, 
in taking up the problem of developing an 
antenna-pattern calculator, they had in 
mind not only its immediate use as at first 
outlined, but also the ultimate accurate 
and quick development of a great number 
of patterns. After considering carefully 
the merits of various methods, it was de- 
cided that an electromechanical device 
could be made to combine the accuracy 
and simplicity of the mechanical method 
with the speed and flexibility of the elec- 
trical method. 

The usual problem in broadcast prac- 
tice is to mould the radiation pattern into 
the desired shape to cover the service 
areas and give the required protection to 
other radio stations. As a matter of 
economics, it is desirable to do the job 
with the minimum number of antennas. 
With severe requirements, the number of 
antennas must be increased until the radi- 
ation pattern can be moulded into the 
desired shape. This electromechanical 
calculator was designed primarily to 
handle this type of problem. It is not 
necessary to asstuttne images on the basis 
of a perfect earth. The only requirement 
is that the vertical radiation characteris- 
tic of the several antennas be known when 
it is desired to determine the solid contour 
surface over the whole hemisphere. 

It is also possible to solve for the solid 
contour -surface of horizontal radiators 
located above the surface of the earth. 
In this case, the horizontal radiation 
characteristic of the individual antennas 
in free space must be known. The images 
in this case must be set up on the machine 
just as the actual antennas are set up. 
If the horizontal antennas are perpen- 
dicular to and bisected by a vertical 
plane, then the contours are run at con- 
stant angles to this perpendicular plane, 
just as the various elevation contours are 
run in the case of vertical antennas. In 
other words, the contours are run as if 
the antennas were vertical, and then the 
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contour surface is rotated 90 degrees to 
locate properly the antennas above the 
surface of the earth. Only that part of 
the contour surface is useful that appears 
above the surface of the earth. For such 
an array the contour surface will be sym- 
metrical to the vertical plane passing 
through the center of the antennas. 

A more general case is to have hori- 
zontal parallel antennas without requiring 
their centers to bisect a vertical plane. 
In this case those horizontal antennas 
and their images, that are not bisected 
by a vertical plane, must have their 
phase adjusted by for each contour to 
correct for the space phase difference. 
These adjustments of phase are made on 
the assumption that the observation 
point is located at infinity, which is the 
same assumption that is ordinarily used 
for the antenna spacing. For this more 
general case the pattern will be unsym- 
metrical about any vertical plane, and 
the contour surface will have to be run 
for both ends of the array. 


Design Consideration 


In consideration of the problem of sys- 
tematizing directional-antenna patterns, 
it is desirable to have considerable flexi- 
bility, accuracy, and speed in the ma- 
chine. Since the time involved to do this 
job by hand is prohibitive, one can af- 
ford to spend considerable time and effort 
in perfecting a machine to the point that 
it will give, with sufficient accuracy, this 
valuable engineering information. The 
design and development of such a ma- 
chine, incidentally, involves the solution 
ofa number of rather interesting problems. 

The purely mechanical calculator®® has 
simplicity and accuracy depending upon 
the preciseness with which the individual 
mechanical parts are made. However, 
in its usual forms, it lacks considerable 
flexibility and speed for calculating all 
the desired factors involved in a direc- 
tional pattern. The usual design of these 
calculators will give the horizontal pattern 
for three antennas, and, if the antennas 
are identical, the vertical patterns can be 
determined without much difficulty. Its 
operation depends upon one vector being 
fixed and used as the reference with the 
vectors of the other two antennas revoly- 
ing about its ends in the proper fashion. 
The handling of more than three antennas 
becomes mechanically involved, because 
the additional vectors must revolve about 
the ends of the free-ended vectors. 
Recording the patterns accurately and 
automatically with such a device is ex- 
ceedingly difficult, because the distance 
between the free-ended vectors must be 
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a function of electrical height 


measured and recorded accurately at all 
points. If readings are taken at periodic 
intervals, these values must. again be 
used in a separate operation to determine 
the rms value of the pattern. This is a 
very important quantity if the pattern is 
to be used for a definite power into the 
system, Even then there is the question 
of the power used in the high angle radia- 
tion. It usually takes longer to determine 
the rms value than it does to determine 
the pattern itself. A more satisfactory 
method is to use an equation involving 
Bessel functions to determine the rms 
value.’ Appendix I gives the general 
form of this equation with an illustrative 
example, 

The purely electrical form of calculator 
may place the directional-antenna pattern 
on an oscilloscope screen. This scheme is 
rapid, being visual, can be altered instan- 
taneously by changing the various an- 
tenna parameters at will, and is not lim- 
ited to the number of antennas in the 
system. The rms value can be read from 
a meter directly. The limitation of this 
scheme is primarily lack of accuracy, de- 
pending of course upon the electrical de- 
sign. 

The authors have put into operation 
at the transmitting plant of WHK- 
WCLE an electromechanical directional- 
antenna pattern calculator which will 
automatically draw the horizontal pat- 
tern of a four-element array with the 
possibility. of adding as many more ele- 
ments as desired. This machine will also 
automatically draw the field-intensity 
contours at various elevation angles. 
These data readily yield the vertical 
pattern in any direction from the an- 
tenna system. In addition to this, the 
machine measures the rms value of the 
pattern asitis drawn. Hence, the volume 
of the solid radiation pattern is readily 
determined by a simple computation. 
From this information the actual power 
radiated from the antenna system can 
easily be computed. 
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The electromechanical calculator ac- 
complishes its purpose by starting with a 
simple mechanical system, converting to 
an electrical system for flexibility, and 
finally converting back to a mechanical 
system to draw the curve. The mechani- 
cal portion of the calculator consists of a 
turntable to hold the polar co-ordinate 
chart paper. This turntable is driven by 
a variable-speed motor which in turn 
drives the several mechanical cosine gen- 
erators. These generators in effect rotate 
the second, third, and fourth antennas 
around the first or reference antenna. 
The mechanical cosine generators are 
rack-geared to phase-shifting transform- 
ers. At this point the mechanical vector 
is converted into an equivalent electrical 
vector. All of the electrical vectors can 
then be added in series and the resultant 
represents the field intensity in the given 
direction in space as indicated by the 
orientation of the turntable carrying the 
polar co-ordinate chart paper and the 
elevation angle. An automatic volta- 
graph converts this electrical magnitude 
into an equivalent mechanical magnitude 
to drive the radial inking pen and plani- 
meter. The inking pen draws the pat- 
tern while the planimeter measures the 
rms of the pattern. Usually, after the di- 
rectional pattern is finished, the rms 
circle is drawn on the polar co-ordinate 
chart as additional valuable information, 


Generalized Equation 


The electromechanical calculator in 
reality is an equation solver. In this case 
the equation is of a particular variety, 
and the machine must be adapted to 
handle the various parameters in the 
equation. The method of operation of 
the machine can best be explained after 
considering the general nature of the 
equation to be solved. 

For a directional antenna array of » an- 
tennas, the generalized equation is 


k>n 


E=)) Exf -(0)€2Fx (1) 


K=1 
where 


E=the total effective field-intensity vec- 
tor for the antenna array with respect 
to the voltage reference axis 

k=the kth antenna in the system 

n=the total number of antennas in the 
complete directional-antenna array 

E,,=the horizontal magnitude of the field 
intensity produced by the kth an- 
tenna 

f,,(0) =vertical radiation characteristic of the 
kth antenna (unity along the horizon) 
6=elevation angle of the observation 
point P measured up from the horizon 

in degrees 
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Figure 2. Symbolic 
representation of the 
electromechanical 
antenna-pattern cal- 
culator 


A—Motor - driven 
turntable carrying 
polar co-ordinate 
chart paper. The 
orientation of the 
observer is repre- 
sented by # 


B—Mechanically 
driven cosine wave 
generators with ad- 
justments for antenna 
orientations px, spac- 
ing 5, and eleva- 
tion angle @ 
S$, cos (d,—¢) cos 0 


C—Mechanically 
driven phase-shifting 
transformers with ad- 
justments for antenna 
current phase ¥; 
By=Sx cos (b.—¢) 
cos 0 WY, 


D—Electrical magni- 

tude adjustment of 

horizontal field in- 
tensity E,-E,€/8* 


F—Electrical mag- 

nitude to give ver- 

tical radiation char- 
acteristic f,(0) 

E xf C0)e*%;, 


F—Summation of 
electrical vectors and total electrical 
nitude control of field intensity E 


yee? G 


ZERO SENSITIVITY 


mag- 


G—Voltagraph converts electric field intensity 
E to an equivalent mechanical magnitude. It is 
provided with zero and sensitivity adjustments 


The output of the voltagraph drives the inking 
pen to draw the resulting pattern on the polar 
co-ordinate chart paper. Also, a planimeter 
is driven to measure the area of the pattern 


e/®;=unity vector determining the direc- 
tion of the voltage vector of the kth 


antenna 
€=2.718 ... the base of natural loga- 
rithms 
j=<~/—1 imaginary j operator 
By = Sx COS (dp—) cos O+V;, (2) 


= phase relation of the voltage (or cur- 
rent) in the kth antenna with respect 
to the voltage reference axis 
S);,= electrical length of the spacing of the 
kth antenna from the space reference 
point 
¢,=true horizontal azimuth, orientation 
of the kth antenna, with respect to 
the space reference axis 
o=true horizontal azimuth angle of the 
direction to the observation point P 
(measured clockwise from true north) 
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NORTH Figure 3. Plan view of 
true orientation and spac~- 
ing of the kth ertenna 


Kru ANTENNA 


SPACE REFERENCE AXIS 


eat REFERENCE POINT 


W),=electrical phase angle of the voltage 
(or current) in the kth antenna with 
respect to the voltage reference axis 


For a vertical antenna having a stnu- 
soidal current distribution with «6 cur- 
rent node at the top, the vertical radta- 
tion characteristic takes on the fori 

cos (h sin 6) — cos h 


mi! 
Eee (1— cos h) cos @ 


where 


h=electrical 
degrees. 


height of th 


antenna in 


The other terms are as defined above. 
The curves in Figure 1] represent the 
solution of equation 3 over the most \iseful 
range of antenna heights. 


Machine Solution of 
Generalized Equation 


The electromechanical anteuna-pattern 
calculator solves the generalized equation 
as shown symbolically in Figure 2, The 
position of the observer, the placement 
of the antennas, and the phase of an- 
tenna currents determine the direction of 
the various antenna vector voltages. 
These adjustments are all mechanical. 
The magnitude of these vectors are con- 
trolled electrically and are udded for the 
total effective field intensity. This field 
intensity is then converted into an equiva- 
lent mechanical magnitude to drive the 
inking pen and planimeter. 

The direction of the inkiug pen from 
the zero-degree reference orientation of 
the turntable represents the orientation 
of the observer from the antenna. system. 
The turntable which is driven by a vari- 
able-speed motor is geared through 
clutches to all the cosine wave generators. 
The orientation of the kth antensa, for 
example, from true north is accomplished 
on the calculator by locking the turn- 
table so that the inking pen is true north. 
The kth antenna cosine-wave-generator 
clutch is then released and turned to give 
the desired orientation @,, in degrees as 
indicated on the orientation dial, The 
clutch is then locked into position, The 
spacing S, of the kth antenna measured 
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Figure 4. Vector representa- 
tion of the total field inten- 
sity in space 


OBSERVATION 
POINT/° P VOLTAGE 
NORTH 7 REFERENCE 
‘) 
POINT os 


Figure 5. Vector repre- 
sentation of the field in- 
tensity of the kth antenna 


VOLTAGE REFERENCE AXIS 


from the space reference point is an am- 
plitude adjustment, measured in electri- 
cal degrees on the spacing arm, of the co- 
sine wave generator. These two adjust- 
ments locate the kth antenna as illus- 
trated in Figure 3. The adjustments 
thus far give the function S;, cos (¢, — ¢) 
for the horizontal pattern. 

The cosine wave generator drives a 
phase-shifting transformer through a 
rack and gear. This mechanism is so pro- 
portioned that if the observer moves 
around the antenna, by rotating the turn- 
table, the phase of the current in the kth 
antenna will shift the same number of 
electrical degrees that the number of 
electrical degrees from the observer to 


the antenna changes. 


The phase of this 
current is zero in the kth antenna when 
the voltage vector lies along the voltage 
reference axis. For this condition the 
distance from the observer to the space 
reference point is equal to the distance 
from the observer to the kth antenna. 
The phase W;, is adjusted by a clutch ar- 
rangement on the shaft of the phase- 
shifting transformer. Any electrical phas- 
ing measured in degrees can be set me- 
chanically on the phase dial associated with 
this clutch. With this adjustment added, 
the function becomes S, cos (6,—¢)+W,, 
for the horizontal pattern. 

All of the mechanically adjusted pa- 
rameters are represented in equation 2. 
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Along the horizon cos = 1, and the fune- 
tion described in the above paragraph 
gives the correct answer. At some ele- 
vation angle cos 6 becomes less than unity ; 
hence this factor can be multiplied by the 
spacing S,; and an equivalent new closer 
spacing set up. This is the effect of view- 
ing the antenna system at some elevation 
angle. The difference in the distance 
from the observer to the antennas be- 
comes less; hence, the same result is ac- 
complished by staying along the horizon 
and placing the antennas closer together- 
Directly over the antenna system all an- 
tennas are the same distance; hence, the 
product S;, cos 6 must go to zero. The 
function for any direction is S;, cos (@;.— 
o) cos 0+; 

The direction of the observation point 
P in terms of the true orientation @ and 
elevation angle @ is illustrated in Figure 4. 
The magnitude of the total effective 
field intensity / is represented along the 
direction of the line from the space ref- 
erence point toward the observation 
point P for convenience in drawing the 
polar charts. The field intensities at a 
given elevation angle can be duplicated 
with an equivalent horizontal pattern, 


10 VOLT Figure 6 (left). Elec- 
60 CYCLE H H H ; 
n bo 

tric circuit for magni 


tude control and 
addition of antenna 
voltages 


PHASE SHIFTING 
TRANSFORMER 


E, COARSE- FINE 
MAGNITUDE 
ADJUSTMENT VOLTAGE 


f,(@) SELECTOR REFERENCE 
SWITCH SHOWING A POINT 4 
TYPICAL POTENTI- ay 
OMETER IN CIRCUIT 
h=g'3'a’a's AND 
ANTENNA 

ON-OFF SWITCH 


VOLTAGE REFERENCE AXIS 
Figure 7. 
tion of four antenna 
field-intensity volt- 

age vectors 


Summa- 
VOLTAGRAPH OUTPUT 


VOLTMETER OUTPUT 


using closer antenna spacing and modi- 
fied field intensities. _ 

The field intensity of the kth antenna 
as given in equation | is vectorially rep- 
resented in Figure 5. The phase angle 6; 
is controlled by the mechanical adjust- 
ments which in turn controls the phase 
of the output voltage of the phase-shift- 
ing transformer. The magnitude of the 
output voltage H, is controlled by a po- 
tentiometer. See Figure 6. For field- 
intensity magnitudes at elevation angles, 
this value must be controlled in accord- 
ance with the vertical radiation charac- 
teristic f,(6) of the antenna. For con- 


venience in running contours at the vari- — 


ous elevation angles, vertical-radiation- 
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characteristic potentiometers are used 
for antennas having heights in multiples 
of an eight-wave length plus one position 
which is adjustable to any other desired 
vertical pattern. These vertical-pattern 
potentiometers speed up the work and 
lessen the chance of making errors. The 
electric circuit involving these parame- 
ters is illustrated in Figure 6. 

The total eftective field-intensity vec- 
tor E is the surmmation of all the vector 
voltages from the various antennas. In 
this calculator these voltages are added 
in series. The resulting summation of 
the vector voltages for a four-element di- 
rectional-antenna system is illustrated 
in Figure 7. Only the angles of these 
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Enough power is supplied from the bal- 
ancing mechanism to drive, in addition 
to the pen, a planimeter which rolls and 
slides on the chart paper and measures 
the area of the chart. By means of a 
table the operator can immediately de- 
termine the rms value of the pattern and 
draw this circle on the chart with the 
drawing pen controlled by a single an- 
tenna which is nondirectional. 


Speed 


The machine is driven by a variable- 
speed motor. For simple patterns the 
speed can be increased somewhat and 
the machine still maintain the required 


Figure 8. Three-tower solid-contour surface, 
plotted by the machine, on one sheet 
of the finely engraved polar co- 
ordinate chart paper 


Directional - antenna 
parameters 


$2 = 276 degrees 
Ss =176 degrees 
W, = 296 degrees 


vectors vary as the orientation from the 
antenna system changes. Both the angle 
and magnitude changes as the eleyation 
angle @ is varied. 

Tke magnitude # of the total effective 
field-intensity vector E is now conyerted 
into an equivalent mechanical magnitude 
in order that the radial drawing pen can 
be driven in such a way as to produce 
the field-intensity pattern on the polar co- 
ordinate chart paper. A rapid self-bal- 
ancing precision potentiometer circuit 
was developed to accomplish this result. 
Adjustments are provided to make zero 
voltage correspond to the center of the 
polar co-ordinate chart paper. A sensi- 
tivity adjustment makes it possible to 
select any reasonable scale for a given 
output voltage magnitude /. Usually 
im systematizing patterns, the magnitude 
of the maximum lobe of the pattern is ad- 
justed to fall on a given circle. This 
usually requires an adjustment of the 
sensitivity for each pattern. 


Fesruary 1943, VoLUME 62 


Smith, Gove 


&,=115 
E,=168 
$3=0 degrees 


$3=100 degrees 
W;=218 degrees 


Es =115 
Ems = 190 
2) tem 
No 5 Goes 
= Tower | Yy=— 
< , PLacenenr 
-o2a lo: Beare 
No/ Pectige = 378 
ON 
h, = hy = hs rag 


accuracy. For ordinary systematization 
work it takes from three to five minutes 
to complete a pattern. This involves 
setting the parameters and drawing the 
pattern and the rms circle. The solid con- 
tour surface can be investigated and re- 
corded on the chart paper in less than an 
hour. This, usually involves a total of 
nine contours placed three to a chart. 


Accuracy 


. 


The machine is operated from a 220- 
volt three-phase 60-cycle source at the 
present time. Line-voltage fluctuations 
are the greatest source of error. The 
machine depends upon these voltages re- 
maining constant while the pattern is 
being run, Originally it was planned to 
provide an independent source of power 
free from fluctuations, but this had to be 
abandoned for the duration of the war. 

A number of different makes of phase- 
shifting transformers was tested, and the 
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best, which are being used in the present 
machine, showed a maximum error of 
three per cent. This appeared to be sat- 
isfactory for the systematization work. 
If desired on special jobs, checks can al- 
ways be made, with a vacuum-tube volt- 
meter, of all the voltages in the system, to 
increase the magnitude accuracy to that 
of the voltmeter. The error in phasc 
angle checks within one degree. 

In the systematization work, the an 
tenna orientations ¢, are advanced ap 
proximately one degree to compensate 
for the lag in the drawing pen. ‘This lag 
is a function of the speed of the turntable; 
hence, by slowing the turntable down if 
can be practically eliminated. 

The precision potentiometer cait be ad 
justed so that the mechanical magnitude 
tracks with the electrical magnitude and 
the balance point is always within one 
per cent of the full-scale value. 

The polar planimeter used to measure 
the area of the charts varies somewhat 
in its readings but usually can be relied 
upon to within one per cent. 


Chart Paper 


Two varieties of special chart paper 
have been prepared. One is a simple ten 
inch circle with crosslines printed on a 12 
by-12-inch sheet and is used _ prituarily 
for the systematization work. Three 
such charts with patterns were tacked to 
cover lid of the calculator illustrated in 
Figure 10. The patterns are all for three 
tower antennas. The numbers at tlic 
bottom completely specify parameters. 

The finely engraved chart paper was 
also prepared on 12-by-12-inch sheets but 
can be trimmed down to 11 by 12 inches 
to fold into a standard notebook of 8'/, 
by 11 inches. The engravings on this 
chart consist of a complete circle ten 
inches in diameter, divided with radials 
to single degrees and numbered every tex 
degrees clockwise from the top. 
dinates are divided into ten parts to the 
inch with heavy markings every half 
inch. Figure 8 illustrates this chart paper 
with the horizontal and eight elevation 
angle contours crowded on one sheet 
The legend ‘“Directional-Antenna Pa 
rameters’ in the upper right-hand corner 
specifies all the conditions imposed upon 
the system. The legend in the lower 
right-hand corner specified the firm name, 
date, manufacturer and pattern number 
This chart paper is now available to the 
public® with or without the blocks im the 
corners in a light or heavy weight of 
paper. The chart paper is printed with a 
brown ink for ease in making photostats 
or blueprints 


The or 
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Vertical Patterns 


Vertical-plane radiation 


patterns as 


shown in Figure 9 are readily obtained 
from the elevation contours in Figure 8. 
The vertical patterns are important when 
considering sky-wave interference prob- 
lems between radio stations. 


Illustrations 


The complete machine is shown in 
Figure 10. The magnitude controls are 
on the left-hand panel, followed by the 
turntable and 
panels. 


cosine wave generator 
A supply of chart paper is held 
in a pocket under the table, convenient to 
the operator. The master-control power 
switch is on the left-hand front leg. The 
voltagraph-control amplifiers and power 
transformers are located on the shelf under 
the table. The whole unit is on wheels 
and is provided with a dust cover lid. 

Figure 11 is a close-up view showing 
details of the turntable and one cosine 
wave generator. 


Conclusions 


After three months of continuous op- 
eration, the machine has proved to be a 
speedy means of securing directional- 
antenna patterns. The systematization 
work which is progressing steadily will be 
available at a later date. 

The machine is extremely valuable 
when one is searching for a directional- 
antenna pattern to meet certain spe- 
cific requirements. Many patterns can 
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Figure 10. 


Figure 9 (left). Vertical pat- 
terns plotted from the eleva- 
tion contours of Figure 8 


be drawn quickly to investigate thor- 
oughly the regions of interest. The sys- 
tematization of patterns will aid materi- 
ally in finding these regions of interest. 
With care of operation, the results are 
believed more accurate than can be ex- 
pected from most directional-antenna in- 
stallations. The acceptance of such a 
machine by the profession will remove a 
amount of the 


considerable routine 


work. <A few of these machines would 
perhaps be adequate to supply all the 
needed patterns; hence, they could be 
used to offer a directional-antenna pat- 


tern service. 


Electromechanical antenna-pattern calculator 


Appendix | 


The general form of the equation for de- 
termining the root-mean-square value for 
the directional-antenna pattern involves the 
product of the field intensity of each antenna 
multiplied by the field intensity of every 
antenna in the system. In mathematical 
form this can be written 


p=nQq = n 
> Dd EE, cos (Wy—¥_)Jo( Spo) 
P=1 gmt (4) 


Exms = 


where 


Erms = root-mean-square effective field in- 
tensity 


Figure 11. A close-up view of Figure 10 
showing the turntable and one cosine wave 
generator 
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p=the pth antenna in the system 
q=the gth antenna in the system 
n=the total number of antennas in the 
complete directional antenna array 
E,=horizontal magnitude of the field 
intensity produced by the pth 
antenna 
E,=horizontal magnitude of the field 
intensity produced by the gth 
antenna 
Wy = electrical phase angle of the voltage 
' (or current) in the pth antenna 
with respect to the voltage refer- 
ence axis 
W, =electrical phase angle of the voltage 
(or current) in the qth antenna 
with respect to the voltage refer- 
ence axis 
Jo(Spo) = Bessel function of the first kind 
and zero order of the spacing S5,, 
in radians, between the pth and 
qth antennas 


In this equation when p=q, the terms are 
simply the square of the antenna field in- 
tensity, because the cosine and Bessel func- 
tion terms each reduce to unity. For ex- 
ample in a three-tower array the application 
of equation 4 results in 


Ds 7s 


YS DY EpE, cos (Wp — Ve) JeSpq) 


p=1 qg=1 


E rms = 


E,?+ E,?+ Es? 

+2E,E2 cos (Wi — V2) Jo(Si2) 
+2E,Es cos (Wi —Wa)Jo(Sis) (5) 
+2E.E; cos (V2—Ws) Jo( Ses) 


If the parameters for the three-tower di- 
rectional-antenna array illustrated in Fig- 
ure 8 are substituted in equation 5 the hori- 
zontal rms field intensity becomes 


168?-+115* +115? 
Fens =| +2(168)(115) cos (0-296) x 
Je(3.07) 
+2(168)(115) cos (0-218) X 
Jo(1.745) 
+2(115)(115) cos (218-296) X 
Jo(3.37) 
1682+ 11524115? 


+2(168) (115)(0.4384) ( —0.2829) 
+2(168) (115) (—0.7880) (0.3719) 
+2(115) (115) (0.2079) ( —0.3587) 
=191 


This shows an error of approximately one 
half of one per cent in the value 190 meas- 
ured by the planimeter on the machine. 
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Mobile Capacitor Units for Emergency 


Loading of Transformers in Open Delta 


HERMAN B. WOLF 
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Synopsis: Loading of closed delta banks of 
substation transformers to a point approach- 
ing safe thermal limit results in severe over- 
loading of two transformers as well as de- 
cided unbalance in voltage and current when 
operated in open delta as a result of the 
failure of one transformer. By the use of 
mobile capacitor units with capacitors ar- 
ranged in two unequal groups, the load on 
two transformers in open delta is reduced, 
regulation improved, voltage and current 
are balanced within operating limits, and 
with the aid of fans, the top oil tempera- 
tures—and consequently, the copper tem- 
peratures—are kept within safe limits. This 
permits proper loading of transformers in 
closed delta, a relatively short interruption 
to service or reduction in load upon failure 
of one transformer in a bank, and a reduc- 
tion in number of transformers required for 
emergency use. 


O maintain satisfactory service on a 

power system, mobile equipment such 
as railway-car-mounted substations! and 
highway trailer portable transformers 
have been found very effective. These 
portable transformers were designed to be 
used in case of the failure of more than one 
transformer in a bank. To maintain 
service in event of failure of a single trans- 
former in a delta-delta bank, transformers 
of sufficient capacity were used to permit 
open delta operation without materially 
damaging the insulation from overheating 
during the repair of the damaged unit. 
This method should no longer be used, for 
it is now imperative that substation 
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transformers be loaded to a point ap- 
proaching the safe thermal limit. With 
transformers so fully loaded, the failure of 
one transformer in a bank will necessitate 
an interruption to service, or reduction in 
load for sufficient time to permit moving 
and installing additional transformer 
capacity, since operation in open delta 
would load the two transformers to 173 
per cent of the closed delta loading. 
Operating “at this overload would result 
in severe overheating of the two trans- 
formers and a very pronounced unbalance 
in voltage and current. Figure 1 shows 
calculated regulation of a typical bank of 
transformers in open delta with the 
two transformers operating at 173 per 
cent of rating. In addition to time 
and effort required to move and install 
emergency transformer capacity, this 
method requires a considerable stock of 
transformers of assorted sizes, voltages, 
and impedances on a system having a 
number of primary voltages. For ex- 
ample, the primary voltage of substation 
transformers on the system with which 
the authors are associated includes: 100 
kv, 44 kv, 33 kv, 22 kv, 13.2 kv, 6.6 kv, 
and 2,400 volts. 

An alternate method consists of open 
delta operation with the use of mobile 
capacitors and fans. As the power factor 
of load on substation transformers of the 
system on which these capacitors are used 
is ordinarily between 70 per cent and 80 
per cent, the regulation of transformers 
operating at approximately 173 per cent 
of normal load in open delta is large and 
badly unbalanced. This excessive regu- 
lation and unbalance is corrected by con- 
necting capacitors across the phase lag- 
ging the open delta and across the open 
delta. Figure 2A shows the calculated 
regulation of a bank of two 750-kva, 35- 
degree, 44,000-2,400-volt transformers 
both with and without capacitors and 


5. A MECHANICAL CALCULATOR FOR DIRECTIONAL- 
ANTENNA PaTrTerRns, William G. Hutton, R. Morris 
Pierce. Proceedings Institute of Radio Engineers, 
volume 30, May 1942, pages 233-7. 


6. HorizonTAL-POLAR-PATTERN TRACER FOR DI- 
RECTIONAL BROADCAST ANTENNAS, F. Alton Everest, 
Wilson S. Pritchett. Proceedings Institute of 
Radio Engineers, volume 30, May 1942, pages 
227-32. 


Wolf, Mattison—Emergency Loading of Transformers 


7. CHARTS FOR THE DETERMINATION OF THE 
Root-MEAN-SQUARE VALUE OF THE HORIZONTAL 
RADIATION PATTERN OF TWO-ELEMENT BROAD- 
cast ANTENNA ArRRaAys, Karl Spangenberg. Pro- 
ceedings Institute of Radio Engineers, volume 30, 
May 1942, pages 237-40. 


8. Povar Co-orDINATE CHART PAPER. Smith 


Practical Radio Institute, Cleveland, Ohio. 


TRANSACTIONS 83 


with a maximum load of 3,125 kva, the 
power factor being 74 per cent. Figure 
2B shows transformer currents in each 
case. Capacitance of 1,080 kva was used 
across the phase lagging the open delta 
anc 540 kva across the open delta. In 
making these calculations it was assumed 
for all loads that the load currents were 
equal in each phase and 120 degrees 
apart. The voltages on the source side 
of the transformers were assumed to be 
equal for each phase and 120 degrees 
apart, “Phe power factor of 74 per cent 
was takeu with respect to the balanced 
primary voltages. The per cent voltages 
shown on Figure 2A are the calculated 
values on the load side of the transformer 
bank. The curves of voltage are there- 
fore somewhat distorted from what they 
would be in an actual application, because 
the primary and secondary voltages both 
In this 
application, however, when using capaci 
the voltage 


would be somewhat unbalanced. 


tors, on both the primary 
anc secondary windings of the trans- 
former bank will be balanced at a load of 
This is shown for the load 


voltages on the curves of Figure 2A. 


2,500 kva, 


The loading of transformers in open 
clelta with capacitance properly applied 
taay be illustrated by the following ex- 
auuple: 


Assume a safe loading of three transformers 
to be 800 kva, the power factor, 75 per cent, 
and the kilowatts, 225. The load on each 
transformer, 100 kva, 75 kw. 


{n open delta, the loading of each trans- 
former will be 173 kva, less a small decrease 
in output due to regulation. 


it capacitance should be added to bring the 
power factor of each transformer to 100 per 
cent, the loading of each would be 112.5 kva, 
plus the capacitor losses, which are small. 


Should capacitance be added to bring the 
power factor of the transformer which is con- 
nected across the phase lagging the open 
clelta to 90 per cent, the load on each trans- 
former will average approximately 125 kva, 
plus capacitor losses. This is still a satis- 
factory condition, as the regulation will be 
good, and transformers can be cooled with 
fans, 


Method of Connecting Capacitance 


Tests were made to determine the most 
effective application of capacitance to the 
phases of an open delta bank with loads of 
yatious power factors. A capacitance 
ratio of two parts across the phase lag- 
ging the open delta to one part across the 
open delta gave satisfactory results. This 


conection is shown schematically in - 


figures 4, 5, and 6, and is used in all 
mobile units. Thirty-six 15-kva capaci- 
tors tated 600 volts with 2,400-volt in- 
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Figure 1. Calculated phase regulation of open- 
delta bank with transformers loaded to 173 
per cent of rating 


Transformer rating: 
300 kva, 35 degrees centigrade rise 
Voltage, 40,000/575 
Regulation: 
100 per cent power factor—0.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 


sulation to case were installed in each 
mobile unit. The groups of 12 and 24 
capacitors were arranged for connection 
in parallel for 600-volt operation and four 
series-parallel for 2,400-volt operation. 
A mobile unit of this size was determined 
upon as a single unit is applicable to banks 
with loads as small as 300 kva and to 
banks with loads as large as approxi- 
mately 1,500 kva, there being some. 400 
banks within these limits on the system 
on which these mobile capacitors are used. 
As can be seen in Figure 3, a unit of this 


Mobile capacitor umit attached to 
towing vehicle 


Figure 3. 


ee 


capacity is comparatively small and can 
be handled easily. 


Tests and Operating Results 


Data were obtained from capacitors in 
use as well as in tests in which one trans- 
former was disconnected to give open 
delta connection. Figure 4 shows test on 
bank of 300 kva, 35-degree rise, 44,000/ 
575-volt transformers with a peak load of 
over 1,300 kva and with complete read- 
ings taken with loads between 1,100 and 
1,200 kva. Temperature curves show 
transformer temperatures while operating 
in closed delta, seli-cooled, and in open 
delta, fan-cooled, with capacitors. One 
set of readings was taken with 25 per cent 
of the capacitors disconnected, bat with 
the same ratio of 2 to 1 applied to the 
phase lagging the open delta and across 
the open delta. This test, as well as data 
in Figures 5 and 6, illustrates the wide 
range. permissible in amount of capaci- 
tance used, Figure 5 shows test of bank 


Figure 2. Calculated perform- 
ance of transformers in open 
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Figure 4. Performance of transformer bank in 
closed delta and in open delta with and without 
capacitors 


Transformer rating: F 
300 kva, 35 degrees centigrade rise 
Voltage: 40,000/575 


Regulation: 
100 per cent power factor—0.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 


of 750 kva, 35 degrees centigrade, 44,000/ 
575-volt transformers. In this case, 
capacitance of 1,080 kva was used for one 
set of readings and 540 kva for another, 
in each case the ratio of 2 to 1 across the 
lagging phase and open delta being re- 
tained. Figure 6 shows results with one 
250-kva transformer of a bank of three 
out of service, a load of over 600 kw, with 
a normal power factor of approximately 
80 per cent being carried by the remain- 
ing two transformers with a 540-kva 


FEBRUARY 1943, VOLUME 62 


KW -KVA 


TEMP DEG C 


KW -KVA 


TEMP DEG C 


KVA PER 
TRANSFORMER 
AND 


PERCENT OF 
35 DEGREE C 
RATING 


KW-KVA 


AMPERES PER 


35 DEGREE C. 
RATING 


M 
TIME 


TRANSFORMER 
AND td 
PERCENT OF | 


AMBIENT 


TEMP DEG C 


LOAD AND TEMPERATURE 
CLOSED DELTA - SELF 
COOLED 


in 4 OL y12 45038. ite 
AM PI 


TIME 


LOAD AND TEMPERATURE 
CLOSED DELTA - SELF 


VOLTAGE 
AND PRIMARY 
VOLTAGE-EpR 
REFERRED TO 
THE SECONDARY} 
VOLTAGE 


KW-KVA 


LOAD 
CURRENT 


TIME 


LOAD AND TEMPERATURE 
OPEN DELTA-FORCED AIR 
405 KVA IN CAPACITANCE 


TEMP DEG © 


5 
24 8 2 4 8 l2 
TIME 


LOAD AND TEMPERATURE 


PHASE 
REGULATION 


PERCENT 


OPEN DELTA-FORCED AIR 
1080 KVA IN CAPACITANCE 


CAPACITOR 
CURRENT 


LOAD 


SCHEMATIC CONNECTION 


OF CAPACITORS AND LOAD 


capacitor unit. As in Figures 4 and 5, 
additional readings were taken with vari- 
ous amounts of capacitance. 

The preceding figures illustrate the 
flexibility of the mobile capacitor units, 
for they are applicable to all open delta 
banks, regardless of primary voltage or 
impedance providing the secondary volt- 
age is common to one of the two voltages 
for which these units are arranged. Pro- 
vision is made to permit a portion of the 
540 kva in each mobile unit to be dis- 
connected quickly, still retaining the 2 to 
1 ratio, if less capacitance is required for 
smaller loads, and, as shown in Figure 7, 
two or more units may be operated in 
parallel to take care of larger loads. 


Description of Mobile Unit 


As the total weight of the unit is only 
4,600 pounds, it can be handled easily by 
car or light truck. Electric brakes are 
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Figure 5. Performance of transformer bank in 
closed delta and in open delta with and with- 
out capacitors 


Transformer rating: 
750 kva, 35 degrees centigrade rise 
Voltage: 44,000/600 


Regulation: 
100 per cent power fuctor—O.81 per cent 
90 per cent power factor—2.73 per cent 
80 per cent power factor—3.39 per cent 


provided with brake control on a flexible 
cable, so each capacitor unit can be towed 
by any one of a number of vehicles. 

The enclosing housing,is provided with 
doors on each side, one side providing 
access to a 50,000-kva automatic oil cir- 
cuit breaker which controls the capacitor 
circuit. The door on the opposite side 
opens to a terminal board by means of 
which the capacitors may be grouped for 
either 600- or 2,400-volt operation. One 
multitap current transformer on each of 
the two groups of capacitors provides cur- 
rent indication and tripping energy. 
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Figure 6 (left). Per- 


formance of open- 
delta transformer 


LOAD 
VOLTAGE 


bank with and with- 
out capacitors 


Transformer rating: 


250 kva, 55 de- 
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540 KVA IN CAPACITANCE 
Voltage: 


13,200/575 


Regulation: 
100 per cent 
power  factor— 
1.2 per cent 
80 per cent 


power  factor— 


CAPACITOR 


4.05 per cent 


CURRENT 


Ventilation 


of the capacitors and 
breaker is provided by openings in the 
bottom and at each side of the enclosing 
housing. Natural circulation of air was 
found insufficient to maintain capacitor 
temperatures within desired limits so a 
12-inch exhaust fan was installed in one 
side of each mobile unit. This provided 
ample circulation for properly cooling the 
equipment. 
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The entrance bushings are stenciled, 
“Common,” “High,” and ‘‘Low,”’ refer- 
ring to the transformer bus; the phase to 
which the two transformers connect being 
the “Common,” the phase having the 
higher voltage as referred to the ‘“‘Com- 
mon” connecting to the “High” terminal, 
and the remaining phase to the “Low” 
terminal. With this marking correct 
connection of the portable unit to the 
transformer bus can be made quickly. 
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Figure 7. Test setup with two mobile capaci- 
tor units connected in parallel 


Voltage readings are not required for cor- 
rect connection if phase rotation is known 

The portable fans can usually be trans- 
ported in the towing vehicle. Two fans 
per transformer will ordinarily cool a 
transformer 500 kva or smaller, and three 
or more are used on a larger transformer. 


Conclusion 


By locating portable capacitor units at 
strategic points on a power system, per- 
missible loading of closed delta banks may 
approach the safe thermal limit and still 
be operated in open delta in emergency. 
The mobility, light weight, and simplicity 
of connection, permit rapid installation of 
the portable capacitor units. As the 
mobile units are applicable to all trans- 
former banks having secondary voltages 
common to the capacitors, the number of | 
transformers held for emergency use may 
be reduced. This is particularly true on ; 
systems having a multiplicity of primary 
voltages. | 
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Synopsis: Safe overloads for transformers 
can be determined by a modification of the 
American Standards Association rule for 
overloading to permit the use of an equiva- 
lent ambient temperature, which will result 
in the same loss of life as for continous 
operation at 80 degrees centigrade ambient 
and full load. 

Based on the rule that aging of insulation 
doubles for each eight degrees centigrade 
increase in temperature, methods are de- 
veloped for calculating the equivalent am- 
bient temperature based on United States 
Government Weather-Bureau records. The 
equivalent ambient temperature for each 
month is calculated as the sum of the 
greatest recorded monthly mean tempera- 
ture plus a daily correction factor based on 
the greatest recorded daily range, plus a 
monthly correction factor based on the 
greatest recorded monthly range. Monthly 
equivalent ambient temperatures so ob- 
tained can be used in combination with load 
curves to determine the permissible safe 
load for a transformer for a given locality. 


USEFULNESS OF EQUIVALENT AMBIENT 


RANSFORMERS are given a name- 
plate rating in kilovolt-amperes which 
is the load they will carry under specified 
conditions. They may be safely over- 
loaded beyond their name-plate rating 


~ under certain conditions, such as an am- 


bient temperature below 30 degrees centi- 
grade. In most locations ambient tem- 
peratures below 30 degrees centigrade 
exist for at least a portion of the time. 

One method of conserving material is to 
utilize it to the best advantage so that 
greater output can be secured from a 
given quantity. Following these prin- 
ciples, transformers now in service can be 
used to carry loads greater than their 
name-plate rating, and new transformers 
with smaller name-plate ratings than the 
kilovolt-amperes to be carried can be 
secured for new applications. 


PRINCIPLES GOVERNING EQUIVALENT 
AMBIENT 


Under normal operating conditions a 
transformer ages because of the effect of 
temperature in deteriorating the insula- 
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tion. The rate at which the life of the 
insulation is consumed increases as the 
operating temperature is increased. An 
increase in ambient temperature of the 
cooling medium results in a correspond- 
ing increase in the operating temperature 
of the transformer and corresponding 
increased rate of loss of life. Similarly, a 
decrease in the ambient temperature 
results in a decrease in the rate of loss of 
life. 


Under actual operating conditions, the 
ambient temperature varies continuously. 
According to the American Standards 
Association Guides for Operation ‘‘oil- 
immersed self-cooled transformers may 
be overloaded continuously one per cent 
of rated kilovolt-amperes for each degree 
centigrade that the daily temperature of 
the cooling medium is below 30 degrees 
centigrade.” 

Accordingly, if the transformer is 
operating at constant load throughout 
the year, the maximum load will be based 
on the hottest day of the year. The use 
of an equivalent ambient temperature 
permits fuller utilization of transformer 
capacity, taking advantage of the fact 
that operation at low temperatures at 
lower rate of loss of life tends to com- 
pensate for operation for a time at high 
temperatures with faster rate of loss of 
life of insulation. 

The equivalent ambient temperature 
is defined as the temperature which, if 
maintained continuously during the pe- 
riod of time under consideration, would 
result in the same aging of insulation as 
that occurring under the actual ambient 
temperatures, The equivalent ambient 
temperature may be used with the follow- 
ing modification of the American Stand- 
ards Association rule for overloading 
transformers: ‘For low ambient tempera- 
tures the continuous  kilovolt-ampere 
loading may be increased one per cent 
for each degree centigrade that the equiva- 
lent ambient temperature is below 
30 degrees centigrade for  self-cooled 
transformers.” 

The calculations for determining the 
equivalent ambient temperature are based 
on the laws governing the aging of trans- 
former insulation. 
were proportional to the temperature, the 
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If the rate of aging - 


equivalent temperature would be equal 
to the average temperature. Actually, 
however, aging proceeds more rapidly 
at higher temperatures. The rate of 
aging doubles for each increase in tem- 
perature of five to ten degrees centigrade. 
Figure 1 is a curve which shows the rate 
of loss of life as a function of operating 
temperature, assuming the rate of aging 
doubles for each increase in temperature 
of eight degrees centigrade. Since the 
rate of aging shown in Figure 1 is relative, 
the ordinates (degrees centigrade) can 
represent actual degrees centigrade or 
degrees centigrade above any assumed 
base temperature. 

Where the ambient temperature 
changes slowly, it has the effect of in- 
creasing the operating temperature of the 
transformer a corresponding amount. 
For example, if the ambient temperature 
is 40 degrees centigrade instead of 30 
degrees centigrade, the operating tem- 
perature of the transformer will be ten 
degrees higher. 

The method of calculating the equiva- 
lent ambient temperature is illustrated by 
Figure 2. Curve A is the recorded am- 
bient temperature plotted versus time. 
Using curve A as a base and the relation 
between temperature and rate of loss of 
life in Figure 1, curve B is plotted, rep- 
resenting the rate of loss of life in per 
cent of the rate of loss of life at ten degrees 
centigrade corresponding to points on 
curve A. The degrees centigrade of each 
point of curve A above the assumed base 
temperature of 10 degrees centigrade are 
used to find the relative rate of aging 
for that point from Figure 1, for plotting 
on curve B of Figure 2. The area 
under curve B represents the total loss 
of life, and the average value of the 
ordinates of curve B is the average rate 
of loss of life for the period considered. 
The equivalent ambient temperature is 
the sum of the base temperature of ten 
degrees centigrade plus the temperature 
from Figure 1 corresponding to the 
average loss of life in Figure 2, since, if 
maintained constantly, this temperature 
would result in the same total loss of 
life as results from curve A. 

Integration in exactly this manner 
could be used for determination of the 
equivalent temperature. 

However, when using available data, 
the problem is considerably simplified if 
the year is considered on a monthly basis 
and the characteristics of a typical day 
for each month are determined. The 
monthly equivalent ambient tempera- 
tures are obtained by combining the 
daily equivalent ambient temperatures 
for the days of the month. In turn, the 


TRANSACTIONS 87 


78-7 


Figure1(left). Curve 


showing how rate of 


temperature accord- 


ing to the eight de- 


grees centigrade rule 


Figure 2 (right). 
Curves _ illustrating 


aging calculations 


30 4050 


| 2 Ser 4 25 10 20 
RELATIVE RATE OF AGING 


annual equivalent ambient temperature 
is obtained by combining the monthly 
equivalent ambient temperatures for 
the months of the year. 


GENERAL CURVES 


Using the principle outlined in connec- 
tion with Figures 1 and 2, it is possible to 
calculate the equivalent ambient for tem- 
perature variations with time for any 
shape of wave. A convenient manner of 
expressing the data so obtained is as a 
correction to be added to the average 
value of the wave or as a different cor- 
rection to be subtracted from the maxi- 
mum value of the wave. Curves showing 
the corrections to be added to the average 
value to obtain the equivalent tempera- 
ture of a sine wave and of a wave in which 
the temperature varies as a straight line 
function of the time are shown in Figures 
3 and 4. Figure 5 shows similar correc- 
tions to be subtracted from the maximum 
value of square top waves. These cor- 
rections in each case were obtained by 
calculating the equivalent temperature 
in the same manner as the equivalent 
temperature of Figure 2 was obtained. 


DAILY TEMPERATURES 


The records of the weather bureau for 
the location considered can be used to 
determine average daily temperatures and 
the variation during the day of the hourly 
temperature. 

Transformers do not respond immedi- 
ately to changes in ambient temperature 
because of the thermal capacity of their 
copper, iron, and oil. The effect of the 
thermal capacity of a transformer is two- 
fold. It tends to smooth out and average 
the effect of rapid changes in tempera- 
ture. In addition, it decreases the effect 
of the change so that a change of ten 
degrees in ambient during a 24-hour 
period, for example, will result in only an 
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eight-degree change in the hot-spot tem- 
perature of the transformer. The mathe- 
matical relations governing - this effect 
are derived in Appendix I where it is 
shown that the variation in temperature 
of a typical transformer caused by sine- 
wave variation in the ambient tempera- 
ture during one day is 80 per cent of the 
ambient-temperature variation. The ef- 
fect of the higher harmonics is smoothed 
out and decreased more than the tempera- 
ture variation because of the fundamental 
frequency of one cycle per day. 

Figure 6 shows typical daily variation 
in temperatures taken from reports of 
the United States Weather Bureau. 
This curve is of the general form of a sine 
wave with superimposed higher frequency 
harmonics of smaller magnitude. 

The daily range in temperature may 
vary from a few degrees to as much as 
50 degrees Fahrenheit or more. An ex- 
amination of weather-bureau records of 
the range in temperatures indicates that 
the greater ranges may occur in connec- 
tion with the highest temperature of the 
month or with the lowest or intermediate 
temperatures. Consequently, the as- 
sumption is made that every day has the 
same daily range in temperature. It will 
be noted that curve A of Figures 3 and 4 
gives practically the same results as tak- 
ing 80 per cent of the range and applying 
it to curve B. Consequently, for correct- 
ing for daily range the correction from 
curve A corresponding to the daily range 
may be added to the average temperature. 
The value of daily-range to be chosen de- 
pends upon the conservatism desired. 
In order to insure conservative values of 
ambient temperature, the use of the 
greatest recorded daily range in tempera- 
ture is recommended. 

(The American Standards Association 
rule takes into account daily variations, 
and strictly speaking no correction would 
be made-far them. However, in the in- 
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terest of greater exactness, it seems logical 
to make this correction in order to obtain 
a constant base for the life of insulation 
instead of a varying base depending upon 
the locality.) : 


MONTHLY TEMPERATURES 


If the mean daily temperatures are 
averaged over a period of years, the aver- 
age daily temperatures will vary with 
time in accordance with a sine wave. 
Figure 7 shows values for Milwaukee over 
a period of 55 years. The average maxi- 
mum, the average mean, and the average 
minimum daily temperatures vary as sine 
waves with superimposed higher har- 
monics of smaller magnitude. : 

On the average the temperature during 


vy 
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or 


an individual month will follow a portion — 


of asine wave. Since there are 12 months 
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Figure 3. Correction curves—degrees centi- 
grade 


Curve A—Correction to be added to average - 
value of straight-line variation of temperature 
to obtain equivalent temperature — 


Curve B—Correction to be added to average 


value of sine wave of tempereture to obtain — 


equivalent temperature 
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Figure 4. Correction curves—degrees Fah- 
renheit 


Curve A—Correction to be added to average 
value of straight-line variation of temperature 
to obtain equivalent temperature 
Curve B—Correction to be added to average 
value of sine wave of temperature to obtain 
equivalent temperature 


in a year, and the period of yearly varia- 
tion of temperature is 12 months, each 
month will extend over 1/;2 of 360 degrees, 
or 30 degrees. Since the curvature of 
each part of a sine wave is different, the 
actual shape of the ideal monthly vari- 
ation will be different for each period 
of the year. Ifa straight line is drawn 
through the maximum value for the 
month and the average value for the 
month, a very close approximation will 
be obtained. for periods of the order 
of one month. The portion of the curve 
which has the greatest effect on the aging 
is the portion above the average value, 
and it will be apparent by inspection of 
the straight lines A, B, and C of Figure 8 
that very little error is introduced by 
assuming a straight-line variation of tem- 
perature with time during a month, if 


_ the straight line passes through the maxi- 


mum value of temperatute and the 
mean value of temperature located at the 
halfway point of the month. Figure 9 
shows typical values of the variation of 
daily temperature during the month. 
The mean temperatures plotted are ar- 
ranged in their order of magnitude with 
the hottest day plotted at the left and 
progressing to the coldest day at the right. 
These curves are in accordance with the 
ideal variation in that a straight line 
drawn through the maximum daily mean 
temperature for the month and the 
monthly mean temperature results in a 
very good approximation of the monthly 
equivalent. Consequently, curve A of 
Figures 3 and 4 can be used to obtain 
the correction for variation of daily mean 
temperatures during the month. The 
range in temperatures to be used depends 
upon the conservatism desired. In order 
to insure conservative values of ambient 
temperature, the use of the greatest 
monthly range of daily mean temperatures 
ever recorded for that month is recom- 
mended. This figure is not always readily 
available. In such cases one of the other 
approximations given in Appendix III can 
be used. 

Figure 10 shows a nontypical variation 
of temperatures during a month in which 
the temperatures vary considerably from 
a straight line. However, even here the 
straight line drawn through the maxi- 
mum and the mean temperatures rep- 
resents an equivalent temperature that 
is not greatly in error, and such a wave 
shape is certain to have an average value 
that is lower than the greatest average 
value ever recorded for the month, be- 
cause of the effect of the low values in 
reducing the average. This is illustrated 
by the figure where the actual mean was 
20 degrees Fahrenheit for the month and 
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subtracted from the maxi- 
mum temperature for rec- 
tangular waves 
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gteatest mean tecorded for that month 
is 34 degrees Fahrenheit. 

Reports of the weather bureau show 
the mean temperature for each month 
over a large number of years. By select- 
ing the greatest mean temperature which 
has been recorded for that month, a 
value of average temperature is obtained 
which is not likely to be exceeded in the 
future years or in any case by more than a 
small amount. Using these values, the 
equivalent monthly ambient is equal to 
the greatest mean temperature ever re- 
corded for the month, plus the daily cor- 
rection corresponding to the ‘greatest 
daily range ever recorded for the month 
from curve A of Figures 3 or 4 plus 
the monthly correction corresponding to 
the gfeatest monthly range in daily mean 
temperature ever recorded for the month 
from curve A of Figures 3 or 4. 

After equivalent temperatures for each 
of the 12 months of the year have been 
calculated, the equivalent temperature 
for any period of time involving two or 
more months can be determined readily 
by use of Figure 5. By successively com- 
bining months, the equivalent tempera- 
ture for the complete year may be ob- 
tained with accuracy, without making 
assumptions as to the variation of the 
average monthly temperatures through- 
out the year. 


SOURCE OF DaTA 


The most convenient source of tem- 
perature data to be used in calculating 
the equivalent ambient is the annual and 
monthly meteorological summaries of 
the location concerned which can be ob- 
tained in each case from the local weather 
bureau. A list is given in Appendix II 
of the cities which have United States 
Weather Bureaus which issue meteoro- 
logical summaries. In addition, weather 
bureaus can furnish certain specific data 
on request. An example of such data is 
the greatest daily range in temperature 
which has ever occurred during a given 
month since an early date. 


Recommended Rules for Calculating 
Equivalent Ambient 


1. The daily correction is read from curve 
A, Figure 3 or 4, corresponding to the value 
of the greatest recorded daily range in tem- 
peratures for the month. 


2. The monthly correction is read from 
curve A, Figure 3 or 4, corresponding to the 
greatest recorded range of daily mean tem- 
peratures for the month. (See appendix for 
approximations.) 


3. The equivalent monthly temperature 
equals the maximum mean temperature for 
the month considered, for any year plus the 
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equivalent ambient monthly temperature. 


APPLICATION OF RULES FOR CALCULATION 
oF EQUIVALENT AMBIENT 


Table I shows how these rules may be 
applied to calculating equivalent ambient 
temperature by their application to the 
Philadelphia district. The data were ob- 
tained from the local weather bureau. 
The first three lines of Table I contain 
data obtained from the weather bureau 
in Philadelphia. The fourth and fifth 
lines are the daily and monthly correc- 
tions from Figure 4 corresponding to the 
temperature ranges in lines 1 and 2, 
respectively. The equivalent ambient 
(degrees Fahrenheit) is the sum of the 
preceding three lines. The equivalent 
ambient in degrees Fahrenheit is con- 
verted into degrees centigrade. In the 
following lines, the months are combined 
into longer periods, using the curves of 
Figure 5. The period considered is rep- 
resented by the arrows. The equiva- 
lent yearly ambient is 21.9 degrees centi- 
grade. According to the modification of 
the American Standards Association rule, 
a transformer can carry 30—21.9 or 8.1 
per cent additional load continuously 
in this locality; that is, a load of 108 per 


E 
Le 
S5 
=> 
a 
Fes 
fe 
oO 
Pat 
Way 
ba 
Oia! 40 .6t 8 lO mIOMn aan 4 Ome mOunleal 
c Wa) AM 


HOUR 


Figure 6, Typical variation of ambient tem- 
perature during 24-hour period 
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cent of the name-plate rating. This is 
shown by curve C of Figure 11. Curves 
A and B are determined similarly. 


APPLICATION OF EQUIVALENT AMBIENTS 
To Loap CURVES 


Any yearly load curve can be plotted 
in per cent of the maximum load as shown 
by Figure 12, curve B. By plotting the 
permissible load for the same periods of 
time as the load blocks on the same scale, 
an indication will be obtained as to which 
curve best fits the load scale. In some 
cases a recombination of curves will allow 
the load curve to be approached more 
closely. It should be noted that only one 


of the safe load curves may be used. That 
is, any curve has the same loss of life as 
any other curve, but it is not permissible 
to use part of one curve for a portion of 
the year and part of another curve for 
another portion of the year. It is, of 
course, permissible to divide the per- 
missible load curves into blocks of un- 


even periods of time, as is shown by curve. 


C of Figure 12. This is accomplished by 
the use of the curves of Figure 5 in con- 
nection with the equivalent monthly 
ambient temperatures. 

Example. Assume the maximum’ 
kilovolt-amperes of load curve B of 
Figure 12 is 8,000 at 80 per cent daily 


Table Il. Equivalent Ambient Temperatures (Degrees Centigrade) for Various Localities 
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Figure 8. Comparison of assumed straight 
lines with ideal sine waves for variation during 
a monthly period throughout the year 


load factor. The location is Philadelphia. 
The correction for load factor is six per 
cent according to the interim report on 
transformer overloading and its effect is 
considered separately. Curves A and C 
are calculated as shown on Table I. If 
the unit is loaded by curve A, it will be 
noted that curves A and B are closest 
from January to April. Consequently, 
the transformer kilovolt-amperes  re- 
quired will be 


8,000 


= k 
1.08 7,400 kva 


If curve C is used, the transformer 
kilovolt-amperes required is 8,000/1.13= 
7,070 kva. An examination of Table I 
shows that the equivalent ambient for 
November and December is lower than 
for the critical period, January to 
May. Consequently, greater overloads 
can be carried during the critical period 
if November and December are added to 
the block of the critical period to obtain 
curve D of Figure 12. If curve D is used, 
the transformer kilovolt-amperes required 
is 
8,000 


=7 
114 020 kva 


The ordinates of curve B’ are equal to the 
ordinates of curve B multiplied by 8,000/ 
7,020. A still further correction of six per 
cent can be made for the load factor so 
that the transformer kilovolt-amperes 
required = 


That is, 6,620 transformer kilovolt-am- 
peres is required to supply a maximum 
load of 8,000 kva, which varies during 
the year in accordance with load curve 
B with an 80 per cent daily load factor. 


EQUIVALENT AMBIENT TEMPERATURES 
FOR VARIOUS LOCALITIES 


Table II shows calculated values of 
monthly and annual equivalent ambient 
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Figure 9. Typical variation of daily mean 


temperatures during a month arranged in the 
order of magnitude for four different months 


The straight lines are drawn through the 
maximum and the mean temperature points 


temperatures for various localities in the 
United States. These values can be used 
for calculating permissible overloads for 
transformers. 

By reference to this table, it will be 
noted that there is much greater varia- 
tion in winter monthly ambient tempera- 
tures among localities than there is varia- 
tion in the annual ambient temperatures 
or summer ambient temperatures. For 
example, during January the variation is 
from two degrees centigrade for Minne- 
apolis to 25 degrees centigrade for Dallas, 
compared to an annual variation of from 
20 degrees centigrade for Boston to 31 
degrees centigrade for Phoenix. During 
July the variation is only from 28 degrees 
centigrade for Boston to 39 degrees centi- 
grade for Phoenix and 33 degrees centi- 
grade for Dallas. By the eight-degree 
rule, the higher temperatures which 
occur have a much greater effect on the 
value of the equivalent ambient than the 
lower temperatures. The variation a- 
mong localities of the highest tempera- 
tures is less than the variation among 
localities of the lowest temperatures. 
Consequently, the greatest variation 
among localities in safe loads will be dur- 
ing the winter months, not during the 
summer nor on an annual basis. 

These facts, in combination with the 
example in Table I, illustrate the value 
of using monthly equivalent ambient 
temperatures in combination with a 
yearly load curve for obtaining maximum 
output from a given transformer. 


Accuracy oF METHOD 


The greatest values ever recorded have 
been used for monthly mean tempera- 
tures, monthly range in temperatures, 
and daily range in temperatures. Typi- 
cally shaped curves for the manner of 
variation of temperature with time have 
been used. The eight-degree rule has 
been assumed for the variation of the life 
of insulation. The life base used is that 
of a transformer operated continuously 
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Figure 10. Nontypical variation of daily 
mean temperature during a month 
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delphia 


Curve A—Monthly curve 
Curve B—Curve in four month blocks 
Curve C—Constant load curve 


at full load and 30 degrees centigrade 
ambient. 

For most years the actual values of 
every one of the factors of mean tempera- 
ture and ranges will be less than the 
values assumed. In addition, if one factor 
is low, it will tend to compensate for 
higher values of other factors. Con- 
sequently, the loss of life in nearly all 
years will be considerably less than the 
assumed value. The fact that low loss of 
life in one year will offset a high loss of 
life in another year provides an additional 
factor of safety. Such conservative rela- 
tions are desirable, since, if the equivalent 
ambient is to be safe for any year, it must 
be safe for the worst year which is liable to 
occur. 

It is, of course, possible to have an 
unusual combination of mean tempera- 
ture, temperature ranges, and shape of 
variation curves such as to produce a 
higher loss of life in a month than the base 
value, but such an occurrence is extremely 
unlikely. However, should such a com- 
bination occur, its effect will be to ex- 
ceed the base by only a small amount and 
very infrequently, and therefore it can be 
considered in the same class as an emer- 
gency overload. 

The eight-degree rule has been found 
to be approximately correct by several 
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Figure 12. Determination of permissible 
overload for a given load curve 


Curve A—Permissible constant load curve 


Curve B —Actual load curve in per cent of 
maximum load 


Curve B\—Actual load curve in per cent of 
transformer kilovolt-amperes 


Curve C—Permissible load curve 


Curve D—Permissible load curve 


independent investigators at various 


times, and indications are that a five- 
degree rule or a lower-temperature rule 
than eight degrees centigrade is unduly 
pessimistic for a transformer which has 
its insulation in good condition. 


Conclusions 


1. The use of equivalent ambient tempera- 
tures permits the load capacity of trans- 
formers to be utilized more fully, so that 
greater loads may be carried on present 
transformers, or so that smaller transformers 
may be secured for a given load. 


2. The equivalent ambient temperature 
can be calculated from the records of the 
local weather bureau, as the monthly mean 
temperature plus a correction for daily 
range in temperature plus a correction for 
a monthly range in temperature. 


3. Values of equivalent ambient tempera- 
tures which permit overloads to be carried 
with demonstrable safety can be obtained. 


4. The rules given in the text permit the 
determination of the equivalent ambient 
temperatures and corresponding overloads 
with a limited amount of calculation. 


5. The monthly equivalent ambient tem- 
peratures for each month of the year and 
combinations of them are more generally 
useful than the annual equivalent ambient 
for determining permissible overloads on 
transformers. 


Appendix I. Effect of the Thermal 
Capacity of a Transformer in Modi- 
fying Daily Temperature Variation 


In the portion of the heat circuit shown 
in Figure 13, heat is assumed to be flowing 
from point A to point B through the heat- 
resistive material (shown shaded) with a 
resistance R where R equals the temperature 
difference required to cause one watt of 
power to flow through the thermal circuit 
under steady conditions. Let the thermal 
capacity be K, where K is the watt-hours 
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per degree centigrade thermal capacity of 
the body considered. Let W equal the watts 
heat flow from A to B, t=time and Tr= 
the temperature difference between A and 
C. In this circuit the energy flowing in 
time dt is equal to Wdt, and the heat ab- 
sorbed is equal to the thermal capacity 
times the change in temperature or KdT;. 
(T;=temperature drop across K.) Since 
all the heat is absorbed, the heat flowing 
equals the heat absorbed or 


Wdt=KdT, 


Solving for 7;, 
Tr= : JS Wat 
7g 


The temperature drop across the resistance 
R is equal to RW. Therefore, the total 
temperature drop in the circuit is equal to 


1 
Der JS Wat 


The equation of an electric circuit containing 
resistance and capacitance only is given as 
follows: 


1 
=rI+— Jf Idi 
e Porro 


By inspection, it is evident that T in the 
equation corresponds to e, R corresponds to 
r, W corresponds to J, and K corresponds to 
C, Itis evident that thermal capacity bears 
the same relation to the heat circuit that the 
electrical capacity has in the electric circuit. 
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HEAT CIRCUIT 


Figure 13. 
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ELECTRIC CIRCUIT 


Heat circuit and analogous elec- 
tric circuit 


The reactance to heat flow=X, and, by 
analogy to the electric circuit, is equal to 
1/2nfK, where f=the frequency. For a 
typical transformer with a 45 degrees centi- 
grade oil rise for continuous operation, a 
thermal time constant of three hours, and a 
watts loss of W, the resistance to heat flow 
in the circuit, R=45/W. 

Normally, the ambient temperature of a 
transformer varies according to a daily 
cycle with a high point during the day and 
a minimum during the night, according to a 
sine law with sometimes superimposed 
higher-frequency variations (Figure 4). 
Consequently, f can be assumed to be=1/24 
cycles per hour. 

The thermal time constant is the time re- 
quired to reach the ultimate temperature, 
if all heat were absorbed by the thermal 
capacity of the transformer. Consequently, 
for a typical transformer when the thermal 
time constant is 3, the value of 
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The temperature rise of the transformer 
is equal to the thermai drop across X. Con- 
sequently, the proportion of the total tem- 
perature which appears as the temperature 
rise of the transformer is equal to the sine 
of the angle, the tangent of which=X/R= 
1.27. The sine of the angle =0.79. That 
is, for a typical transformer the variation 
in temperature of the transformer due to 
daily variation in the ambient temperature 


is 80 per cent of the ambient variation. 


Appendix Il. 


Locations of Gov- 


ernment Weather Bureaus from 
Which Meteorological Summaries 


May Be Obtained 


ALABAMA KANSAS 
Birmingham Concordia 
Mobile Dodge City 
Montgomery Kansas City 

Topeka 

ARIZONA Wichita 
Flagstaff 
Phoenix KENTUCKY 
Yuma Louisville 

ARKANSAS Pikeville 
Fort Smith LOUISIANA 
Little Rock New Ocleane 

CALIFORNIA Shreveport 
eels MAINE 

resno 
Los Angeles Eastport 
Redding Portland 
Sacramento 
San Diego MASSACHUSETTS 
San Francisco Boston 

COLORADO MICHIGAN 
Denver Alpena 
Grand Junction Detroit 
Pueblo Escanaba 

Grand Rapids 

CONNECTICUT Houghton 
Hartford Marquette 

DELAWARE MINNESOTA 
Delaware Breakwater Duluth 

DISTRICT OF Minnexpous 

OE UOS Ue MISSISSIPPI 
Washington Meridan 

FLORIDA Vicksburg 
Apalachicola MISSOURI 
Jacksonville Golan: 
Key West OMe 
Miami sae a 

. Josep’ 
Shier: St. Louis 

GEORGIA Springfield 
Atlanta MONTANA 
Augusta et 
Macon Billings 
Savannah Havre 

Helena 

IDAHO Kalispell 
Boise Miles City 
Pocatello NEBRASKA 

ILLINOIS Lincoln 
Chicago North Platte 
Peoria Omaha 
Springfield Valentine } 

INDIANA NEVADA 
Evansville 

Reno 
Fort Wayne Tonopah 
Indianapolis Winnemucca 

OS oe NEW HAMPSHIRE 
Charles City 
Davenport Concord 
Des Moines 
Dufadie NEW JERSEY 
Sioux City Atlantic City 
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NEW MEXICO 


Albuquerque 
Roswell 


NEW YORK 


Albany 
Buffalo 
Canton 
New York 
Rochester 
Syracuse 


NORTH CAROLINA 


Asheville 
Charlotte 
Hatteras 

Raleigh 


NORTH DAKOTA 
Bismarck 
Devils Lake 
Fargo 
Williston 
OHIO 
Cincinnati 
Cleveland 
Columbus 
Toledo 
OKLAHOMA 
Oklahoma City 
OREGON 
Portland 
Roseburg 
PENNSYLVANIA 
Erie 
Harrisburg 
Philadelphia 
Pittsburgh 
SOUTH CAROLINA 
Columbia 
Charleston 
SOUTH DAKOTA 


Huron 
Rapid City 


TENNESSEE 
Chattanooga 


Knoxville 
Nashville 


TEXAS 
Abilene 
Amarillo 
Austin 
Brownsville 
Corpus Christi 
Del Rio 
Dallas 
El Paso 
Fort Worth 
Galveston 
Houston 
San Antonio 


UTAH 
Salt Lake City 


VERMONT 
Burlington 


VIRGINIA 
Lynchburg 


Norfolk 
Richmond 


WASHINGTON 
Seattle 


Spokane 
Walla Walla 


WEST VIRGINIA 


Columbia 
Charleston 


WISCONSIN 
Green Bay 
La Crosse 
Madison 
Milwaukee 


WYOMING 
Cheyenne 
Lander 
Sheridan 
Yellowstone Park 
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Appendix III 


In many cases local weather bureaus have 
compiled from their records values of the 
greatest range in daily mean temperature 
during each month in any one year. When 
this figure is not available, some other ap- 
proximation of the monthly range may be 
used in its place. One convenient base for 
such an estimate is the greatest daily range 
ever recorded during the month. Anexami- 
nation of temperature records will show that 
the greatest range in monthly mean tem- 
perature is approximately the same as the 
greatest recorded daily range for the month. 
The correlation is not accidental. If the 
phenomena concerned are investigated, it 
will be apparent that large daily changes 
are due to changes in the wind direction 
from a cooler region to a warmer region or 
vice versa combined with the effect of sun- 
shine and precipitation, both factors being 
reduced in effect by the thermal capacity of 
the earth. Monthly variations are due to 
the same causes, and a correlation between 
the variation of daily mean temperature 
during the month and the maximum varia- 
tion of temperatures during the day would 
be expected. For calculation several altern- 
atives are possible: 1. To assume that 
the monthly range of daily mean tempera- 
ture is equal to the greatest daily range for 
that month. 2. More conservatively, the 
monthly range may be assumed to be equal 
to the greatest daily range ever recorded 
for that locality. Still another approxima- 
tion for the monthly range may be based on 
the greatest daily mean temperature ever 
recorded in that month and the greatest 
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monthly mean temperature ever recorded 
for that month. Twice the difference of 
these two values may be used as the value 
of the monthly variation. 

It is obvious that the value of the 
equivalent ambient temperature obtained 
will be different, depending upon which 
one of these approximations is used. How- 
ever, the difference will not be great, and 
the overloads obtained will be reasonably 
safe. The more conservative the figure 
used for the monthly variation, the less fre- 
quent will be overloads combined with 
ambient temperatures which must be classed 
as emergency conditions. The life of the 
transformer will be prolonged if emergency 
conditions occur with less frequency. The 
safest practice is, of course, to use the most 
conservative of the methods in cases where 
data for different methods are available. 
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Wood-Pole 230-Kv Transmission Lines 


O. S. CLARK 


MEMBER AIEE 


TEEL has been comparatively cheap 
S in the. United States and, until re- 
cently, available in quantity. Conse- 
quently the use of steel structures for 
supporting the higher-voltage transmis- 
sion lines has been favored by transmis- 
sion engineers. However, since conserva- 
tion of critical materials has become nec- 
essary, it is essential that designs incor- 
porating wood construction be considered 
for such applications. A contribution to 
efforts in this direction is provided by a 
review of the design used for single-circuit 
wood-pole 230-kv transmission lines re- 
cently constructed to supply power to 
an important industrial area. 

Early in 1942 plans for this project, in- 
cluding steel-tower designs, had been 
completed, and materials were about to 
be ordered when restrictions regarding the 
use of steel became effective. Subse- 
quently, the project was redesigned for 
wood-pole construction, and the entire 
project consisting of 158 miles of single- 
circuit 230-kv line was completed and 
placed in operation 51/2 months later. 

The decision to use wood construction 
precipitated a hasty review of previous 
experience with such designs. It was 
found that wood-pole construction had 
been used in Sweden for 230-kv operation 
with satisfactory results. However, de- 
tailed information regarding these lines 
was not available. These lines are the 
longest wood-pole lines built in the 
United States for 230-kv operation and 
the only ones for which wood has been 
used for all structures and all types of 
structures. 


Design Premises 


Conventional designs for transmission 
lines operating at lower voltages were 
available, and many had been proved 
satisfactory over long periods of operation. 
The general form of the two-pole H-frame 
structure appeared acceptable, though it 
was found that the problem of design was 
increased greatly because of increased in- 
sulation and conductor-clearance require- 
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ments, greater mechanical loads caused 
by the increased conductor diameters, 
and correspondingly increased ice and 
transverse wind loads. It was intended 
that the lines should be designed to oper- 
ate with a high degree of reliability and 
that high factors of safety should be em- 
ployed in consideration of the importance 
of the connected load and the complete 
lack of previous experience with wood- 
pole construction for 230-kv operation, 
To attain high electrical reliability, ad- 
vantage was taken of the insulating 
value of the wood supporting members in 
the paths between conductors and ground. 
Suspension insulator strings of 15 53/4- 
inch units were provided, and these were 
supported through large metallic sur- 
faces in order to distribute leakage cur- 
rents. Experimental data regarding the 
minimum insulation required for 230-kv 
operation to prevent digestion and burn- 
ing of crossarm material were not avail- 
able. Operating records of lower-voltage 
wood-pole lines with proportionately less 
porcelain insulation indicate that the 
number of insulator units selected for 
these lines will assure satisfactory per- 
formance. 

The impulse flashover voltage (1'/ox 
40-microsecond negative wave) of a 15- 
unit insulator string is 1,345 kv, which is 
the flashover voltage of a rod gap of 76 
inches. The minimum clearance of the 
conductor from the pole ground wire was 
maintained at 86 inches. This value of 
minimum clearance permitted a maxi- 
mum conductor displacement of 37.5 de- 
grees from vertical. Minimum clearance 
to crossarms and other wooden members 
was 76 inches. For determinations of 
maximum conductor displacement, a 
wind pressure of eight pounds per square 
foot on bare conductor was assumed. 


Crossarm Design 


The length of crossarm required to 
maintain clearance desired under these 
conditions was 50 feet, which length pro- 
vided a conductor separation of 24 feet. 
Each crossarm consisted of 3- by 12-inch 
timbers, two 28-foot lengths and two 22- 
foot lengths, spliced at the center by 
means of a block 10 feet long and 12 by 
7'/« inches in cross section. A lapped 
joint was designed using bolts and split- 


ring timber connectors between surfaces - 
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in contact. Blocks of similar dimensions 


/} 


except four feet in length, were installed 


between the 3- by 12-inch members at 
the ends of the crossarm, also by means 
of bolts and timber connectors. These 
blocks served to increase greatly the 
strength of the arm in the longitudinal 
direction. 


Conductors 


Hollow copper conductors of 500,000 
circular mils cross section, 1.1 inches in 
diameter, were installed. The conduc- 
tor loading assumed was one-half inch 
radial ice with an eight-pound wind at 
zero degrees Fahrenheit. The maximum 
tension under this loading condition is 
9,000 pounds or 41.5 per cent of the ulti- 
mate strength. Two overhead ground 
wires, each consisting of three number 5 
extra-high-strength copper-covered steel 
strands, were installed and located so as 
to provide 30-degree angles of protection 
for each conductor. The maximum ten- 
sion of overhead ground conductors is 
4,300 pounds or 36 per cent of the ulti- 
mate strength, ; 


Structure Design 


To meet National Electric Safety Code 
requirements for grade-B construction 
and to provide sufficient strength for 
spans of reasonable length, class-2 poles 
were specified and installed. Poles 65 
feet in length were required in order to 
provide level ground spans of 520 feet 
and the desired final clearances of con- 
ductors to ground of 32 feet at 60 degrees 
Fahrenheit. The pole-market situation 
early in 1942, however, was such that 65- 
foot poles were not available in the neces- 
sary quantities, though relatively greater 
quantities of 60-foot class-2 western-red- 
cedar, southern-pine, and Douglas-fir 
poles were available for early shipment. 
Poles 60 feet in length were purchased and 
were made to serve the purposes of 65-foot 
poles by installing latticed steel-chan- 
nel extensions on the tops of each of the 
poles of the two-pole structures. 

The top of the steel-pole extension and 
the end of the crossarm were connected 
through a tension member, and the tops 
of the extensions were in turn tied to- 
gether by means of one-half-inch Siemens- 
Martin strand. Formed channel bayo- 
nets were bolted to the steel-pole exten- 
sions to support the overhead ground 
wires. 

The structure was strengthened by 
means of a K-brace assembly consisting of 
3- by 10-inch timbers and 3- by 6-inch 
timbers, and an X-brace consisting of two. 
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Figure 1. Type-A tangent structure 


one-half-inch Siemens-Martin strands in 
the lower section. Each joint was care- 
fully designed and assembled with bolts 
and timber connectors in an effort to at- 
tain complete rigidity of the structure in 
the direction of transverse wind loads. 


Structure Types 


Two circuits were built on a single 
right of way 250 feet in width, and center 
lines of structures of the two circuits were 
spaced 100 feet. Guying was so arranged 
that all guy stub poles and anchors were 
within the limits of the right of way. 

The type-A tangent structure, shown 
in Figure 1, was installed at all normal 
tangent positions in the line and for 
small angle positions, guyed and unguyed, 
depending upon the angles of the line. 
The maximum angle with which this type 
of structure could be used was approxi- 
mately three degrees. The point of 
minimum strength in the type-A struc- 


Figure 2. Type-B angle structure 
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ture is at the upper point of connection of 
the K-brace to the pole. Jor this reason, 
additional strength could not be obtained 
by guying from this point or from points 
lower on the structures. Therefore, guy- 
ing at slight angles was accomplished by 
connecting to the end of the crossarm 
and extending the guy horizontally to a 
stub pole, then to the anchor connection 
at the usual angle. A wood strain insula- 
tor was installed in the horizontal guy be- 
tween the crossarm and the stub pole in 
order to maintain the insulation level of 
the line. To provide transverse support 
for the overhead ground wires, a second 
guy was connected to the overhead 
ground-wire attachment on the bayonet. 
The two bayonets were connected hori- 
zontally by means of one-half-inch Sie- 
mens-Martin strand. Since pole ground 
wires were not installed on poles of guyed 
structures of any type, the overhead 
ground wires were connected to earth at 
such structure locations by means of the 
guy strands and anchor rods. Guys for 
type-A structures were installed on one 
side for small angles in the line and, simi- 
larly, on both sides for structures sup- 
porting long spans. 

The type-B structure, shown in Figure 
2, is a variant of the type A in that the 
crossarm was offset two feet, and angle 
brackets were added in order to provide 
desired conductor clearances at angles in 
the line up to approximately eight de- 
grees. Type-A structures were guyed 
also in the same manner as shown in this 
illustration. In relatively level sections 
of the right of way type-A and type-B 
structures were assembled on the ground 
and erected by means of special equip- 
ment shown in Figure 6. In rugged and 
hilly sections the use of this equipment 
was not feasible or economical. In these 
sections arms, braces, and all fittings 
were installed by means of hoisting 
equipment after poles had been installed. 


The type-C structure, shown in Figure 
3, is a braced and guyed angle suspension 
structure and was installed at positions 
where the line angle was between approxi- 
mately 8 degrees and 25 degrees. The 
type-C structure is conventional, though 
enlarged for 230-kv operation, except 
that 12,000-pound wood strain insulators 
were installed as tension members to 
transmit overturning stresses from the 
tops of the unguyed poles to the guys. 

Dead-end structures, referred to as 
type D, and shown in Figure 4, were in- 
stalled for long spans, at line terminals, 
and at locations where the line angle ex- 
ceeded approximately 25 degrees. At 
angle positions guys of sufficient strength 
to withstand maximum tensions of con- 
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Figure 3. Type-C angle structure 


ductors and overhead ground wires were 
installed on both sides of the structures 
and in line with conductors and overhead 
ground wires, except that the overhead 
ground wire inside the angle at such posi- 
tions was installed in suspension and 
held in place by one guy to the top of the 
guyed pole at the opposite side of the 
structure. This was done to avoid the 
use of stub poles and overhead guys. At 
tangent locations conductors were guyed 
in the same manner. In order to maintain 
clearances between conductors and over- 
head ground-wire guys at tangent loca- 
tions, guys were installed in vertical 
planes displaced 45 degrees from the 
vertical planes of the conductors, and 
pole tops were connected together by 
means of one-half-inch Siemens-Martin 
strand in order to balance guying stresses. 
Two sets of transposition structures 
were installed in each circuit to provide 
one complete barrel to balance the elec- 
trical characteristics of the three phases. 
Type-F structures were installed for this 
purpose, and are as shown in Figure 5. 
At two locations it was necessary to 
cross high-voltage tower transmission 
lines of the power company operating in 
the area in which these lines were built. 
Crossing spans were supported in each 
case by type-A structures using 100-, 


Figure 4. Type-D dead-end structure 
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Type-F transposition structure 


Figure 5. 


105-, and 110-foot pine poles. These 
structures were supported in all direc- 
tions by means of sets of guys attached 
at the level of the horizontal braces and 
at points midway between these attach- 
ments and ground. Two spans away in 
each direction from the crossing spans, 
dead-end structures of normal height were 
installed, conductor heights having been 
graded down by the installation of poles of 
moderate lengths for the intermediate 
structures. 

Guyed structures were installed as re- 
quired by the rugged terrain and may be 
round at frequent intervals. Storm 
guyed and stabilizing structures as such 
were not used. The longitudinal strength 
of the assembled arm used in the type-A 
structure is such as to equal the unguyed 
strength of the supporting poles. The 
effect of one broken conductor is to deflect 
torsionally the whole structure, which de- 
flection is resisted and limited by the re- 
maining unbroken conductors and over- 
head ground wires. The overhead 
ground-wire bayonets bend under this 
condition, and the tops of the suspension 
insulator strings, moving, permit rotation 
of the crossarm in the horizontal plane. 
The conductor tension on the side of the 
structure opposite the break is relieved as 
well by the displacement of the insulator 
string, approximately eight feet in length, 
attached to the broken conductor. 


Grounding 


Overhead ground wires were connected 
to earth at all unguyed structures by 
means of pole ground wires and helical 
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coils installed on each pole of the struc- 
tures. Pole ground wires and helices were 
installed on every guy stub pole, and 
overhead ground wires were connected to 
earth through guy strands and these pole 
ground wires. Where stub poles were not 
required, the overhead ground wires were 
connected to earth by means of guy 
strands and anchor rods. Helical-coil 
grounds were installed on the butts of all 
poles, and, where pole ground wires were 
not installed, grounding conductors were 
extended from the butts of the poles to 
within a few inches below the ground line. 
Time did not permit the installation of an 
adequate grounding system during the 
construction period, though ground coils 
were installed for use as parts of that sys- 
tem, to be installed later. Wood strain 
insulators were installed in all conductor 
guys. The ungrounded ends of all these 
guys and all adjacent hardware were se- 
curely bonded to the insulator attach- 
ments to prevent possible charring of 
wood and radio interference. 


Counterpoise 


During the construction period and 
before the conductors and overhead 
ground wires were installed, resistances to 
earth of type-A-structure ground installa- 
tions were measured. In this way a com- 
plete survey was made of ground resist- 
ances throughout the whole length of the 
line. A counterpoise system based upon 
this survey was designed and installed 
immediately following completion of the 
overhead construction. 

In sections of the line where resistances 
were 30 ohms or less, no counterpoise 
conductors were installed. In sections 
where ground resistances were highest, 
approximately 750 ohms, four conductors 
were installed along the right of way and 
parallel to its center line. Counterpoise 
systems of three, two, and one conductor, 
according to measured resistances, were 
installed in other sections of the line. 
Solid galvanized-iron conductors of size 
5 Birmingham gauge were buried by 
means of cable-laying plows to depths of 
18 inches. Cross connections were in- 
stalled to connect together all counter- 
poise conductors and all existing structure 
ground installations. 

At all dead-end and guyed structures, 
all grounds, which included anchor rods 
and helical-coil grounds were connected 
together to form special low-resistance 
grids, which were, in turn, connected to 
the counterpoise conductors by means of 
cross connections. The entire overhead 
ground-wire system then had been con- 
nected to the counterpoise system by 
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Table I. 


Design Data 


Type of construction..... 


Operating voltage (de-. 
Cig MSPs Se OP igre. 
Total miles ofline........ 
Right of way width...... 
Horizontal separation 
between center lines 
of circuits on same 
Nght Ob way ws ceiee 
Level ground span...... 
Average spans... cies cs 
Maximum span.,....... 
Poles (kind and class)... . 


Treatment free ns.van oe ops 


Normal polelength...... 

Conductor and pole 
Separation. ....0<, crn 

Crossarims aca, unite 


Single-circuit wood pole 
braced, H-frame with 
bayonet extensions 


230 kv 
158 
250 feet 


100 feet 

520 feet 

500 feet 

1,300 feet 

Southern yellow pine, 
western red cedar, and 
Douglas fir, Class 2 

Western red cedar, butts 
only; others, 8 pounds 
full pressure creosote 

60 feet 


24 feet 
Fir timbers, spliced, 50 


feet over-all 
Pole ground wires........ Solid copper number 4 
American wire gauge 
Minimum ground clear- 


WACE Oss cee ah ere ace 32 feet 
Minimum clearance to 
StrUckUre ins. tiecktsiso eee 86 inches, 76 inches to 
wood members 
Loading class........... National Electrical 


Safety Code, 
Edition—heavy 

Conductors. neuen Hollow design, 1.1 inches 
diameter, 500,000 cir- 
cular mils 

Overhead ground wires. ..Three number 5 copper- 
covered steel strand 30 
per cent conductivity 


Fourth 


Conductor tension, .9,000 pounds (41.5 per 
(maximum) cent of ultimate 
strength) 


Ground-wire tension. .4,300 pounds (36 per cent 
(maximum) of ultimate strength) 
Tnswlatorsivn . wen nuenenene Spaced 53/sinches, 15,000 
pounds combined me- 
chanical and electrical 


strength 
Suspension insulator 
assemblies «,,.. (nied. neloe Single strings, 15 units 
Strain insulator 
assemblies ...4.0..00%« Double strings, 17 units 
Counterpoise............ One to four conductors as 
required 
Counterpoise conduc-..Solid galvanized iron 
tors 0.22-inch diameter 
Line construction 
started, so celatisw ete s February 15, 1942 
Line construction com- 
pleted ir. aha ws Seana els July 3, 1942 
Counterpoise installa- 
tion completed........ November 20, 1942 


means of pole ground wires of the unguyed 
structures and the overhead ground-wire 
guys of the guyed structures. 


Total Insulation 


The normal impulse flashover voltage 
(11/2x40-microsecond negative wave) of 
conductors to ground of all suspension 
structures is 2,425 kv, which insulation is 
obtained by means of 15 suspension in- 
sulators spaced 5%/, inches and a wood 
strain insulator equipped with a flash 
gap of five feet, in series between con- 
ductor and ground. The impulse flash- 
over voltage from conductors to pole 
ground wires through air is also"2,425 kv 
approximately. Under conditions of ex- 
treme conductor displacement and mini- 
mum clearance the impulse flashover 
voltage to ground of these structures is 
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1,500 kv. Impulse level of dead-end 
structures was raised to 2,620 kv by instal- 
lation of two additional insulator units. 

Ground-resistance measurements have 
not been made since the counterpoise 
installation was completed, though it is 
believed that the resistance to ground 
of any two adjacent span sections of the 
counterpoise system is not more than 30 
ohms. Under conditions of minimum 
clearance of conductors to ground, cur- 
rents of 50,000 amperes through the struc- 
ture would be required to cause flashovers. 
Under normal conditions currents of 
80,000 amperes would be required to pro- 
duce flashover conditions. Less than one 
interruption per 100 miles of circuit per 
year is expected. 


Conclusion 


Circumstances which included an un- 
favorable season for outdoor construc- 
tion and an extremely short construction 
schedule did not favor economical con- 
struction. Construction costs of these 
lines are not indicative of results that can 
be obtained under normal conditions. It 
is believed, however, that favorable costs 
can be obtained with wood construction 
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Figure 6. Special 
erection equipment 


for single-circuit 230-kv lines, though 
proof of this is not available at this time. 

Time required for a thorough engineer- 
ing study of the subject of 230-kv wood- 
pole line design was not available. The 
primary objective was to build a work- 
able line within the shortest possible 
time and under circumstances which were 
adverse in many respects. Engineering 
studies, continued since construction 
work has been completed, suggest changes 
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in details but indicate that the fundamen- 
tal design is correct. 

Wood construction for 230-kv trans- 
mission lines appears to be as practicable 


as for lower-voltage lines. Though steel 
may be available for construction of fu- 
ture 230-kv lines, it is believed that, in 
the interest of economy and improved 
operation, consideration should be given 
and further studies made regarding the 
use of wood supporting structures. 
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Switching Overvoltage Hazard Eliminated 
in High-Voltage Oil Circuit Breakers 


LLOYD F. HUNT 


FELLOW AIEE 


Synopsis: High-voltage transmission lines, 
when de-energized by conventional oil cir- 
cuit breakers, are often subjected to high- 
voltage surges which present a real hazard 
to terminal equipment. The mechanism of 
surge generation is initiated by circuit- 
breaker restriking phenomena which are 
encouraged by the interruption of the large 
leading currents required to charge moder- 
ate and high-voltage lines. By interposing 
suitable resistors across the interrupting 
elements during the opening stroke of the 
breaker, the switching overvoltages may be 
either eliminated by preventing restriking 
or so reduced in magnitude in the event of 
restriking that the system is relieved of their 
hazard. The development of this achieve- 
ment is presented chronologically: 


Theoretical considerations 

Transient-analyzer studies 

Power-laboratory switching tests 

Actual field tests on the 220-kv lines of Southern 
California Edison Company Ltd. at Boulder power 
plant 


T has been recognized for many years 

that some of the most severe switch- 
ing surges encountered in the field are 
those which attend the interruption of 
line charging current. Tests on miniature 
systems have indicated that transient 
voltages of the order of six or seven times 
normal line-to-neutral crest may be ob- 
tained during such switching,1~* Field 
data, in general, substantiate such pre- 
dictions. 

In this paper a specific problem of high 
transient switching voltages on the 220-kv 
lines of the Southern California Edison 
Company Ltd. is discussed. The particu- 
lar line which was being subjected to 
these overvoltages was initially operated 
as a single line with three ground-fault 
neutralizer coils located at Boulder 
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power plant, at Barre substation, and 
at Chino substation.4 At the present 
time another line is in service, and both 
lines are normally bussed at Boulder 
power plant and operated as part of the 
extensive 220-ky solidly grounded sys- 
tem. After diagnosing the symptoms 
from a theoretical standpoint, a complete 
analysis was made, using the transient 
analyzer to determine the possible magni- 
tudes of switching overvoltages under 
various possible system-operating condi- 
tions. Various means of subduing these 
overvoltages were carefully considered, 
drawing on experience in related fields, 
and it was concluded that equipping the 
circuit breakers with internal resistors 
of the proper ohmic value afforded the 
best solution. 

The paper presents the story of this 
development starting from theoretical 
considerations. Some results of analyti- 
cal studies are presented as well as power- 
laboratory test results. A large portion 
of the paper is devoted to the field testing 
at Boulder power plant and interpreting 
the results obtained. 

The effectiveness of the method de- 
scribed in controlling the switching over- 
voltage hazard is significant, not only 
from the circuit breaker standpoint, but 
from the arrester, relaying, and over-all 
system-operating standpoint as well, 
since lines and terminal equipment are 
freed from the possibility of being sub- 
jected to destructive switching over- 
voltages, regardless of the method of 
system neutral grounding. 


Conclusions 


1. Transient overvoltages due to switching 
can be reduced to harmless values by equip- 
ping the circuit-breaker interrupters with 
internal resistors of the proper ohmic value 
(see Figure 11). 


2. While it has been previously recom- 
mended that the ground-fault neutralizer 
be short-circuited during switching opera- 
tions at these high operating voltages, 
these tests show conclusively that this short- 
circuiting operation is not necessary when 
the breaker is equipped with such resistors. 


3. From the standpoint of the magnitude 
of switching overvoltages, it makes no prac- 
tical difference whether the system is in 
tune with the neutral reactance or not when 
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switching is done by means of breakers 
equipped with such resistors. 


4. Holding the transient switching volt- 
ages to moderate levels reduces the arrester 
duty to that of discharging lightning surges 
alone, thus minimizing arrester operations. 


5. When interrupting fault currents, oil cir- 
cuit breakers equipped with such resistors 
experience reduced power arcing as a result 
of the reduced rate of rise of recovery volt- 
age (see Figure 8). 


6. The major results of the tests at Boulder 
power plant confirm earlier conclusions 
reached through theoretical approach fol- 
lowed by a complete transient-analyzer 
study and power-laboratory tests. 


Theoretical Considerations 


Since the phenomena of the interrup- 
tion of leading (capacitive) currents at 
power-system voltages are encountered 
when de-energizing (1) transmission lines, 
(2) cables, and (3) capacitor banks® (see 
Figure 1), it should prove profitable to 
review the fundamental nature of the 
phenomena in order to grasp a working 
knowledge of the problems. In so doing, 
it will be compared in its essential differ- 
ences with the interruption of lagging 
(inductive) currents of the short circuit. 
Terms and concepts will be revealed in 
this section. The study of this section 
however is not imperative to the knowl- 
edge of the results of the paper. 

From the outset, a group of extremely 
contrasting relations arise. First the 
lagging current of the short circuit deals 
primarily with heavy currents which 
approximate the full interrupting rating 
of the breaker. All leading currents, 
however, are relatively small, and, con- 
sequently, the light current character- 
istics of the breaker are involved. In 
the tank-type oil breakers these differ- 
ences are largely hydraulic, the inter- 
rupters being designed to do their most 
effective work at heavy currents. Hence 
the interruption of any leading currents 
by the tank-type breakers does not profit 
by the insulating characteristic provided 
by the most effective oil-blast action. 
Circuit differences are so great, however, 
that the above features become of second- 
ary importance. 


Tue INDUCTIVE INTERRUPTION 


A representative interruption of the 
inductive current is shown in Figure 2. 
Here, following contact separation, at- 
tempts at interruption occur at the first 
two current zeros. Each time the arc 
was rekindled by the rapid rise of re- 
covery voltage across the breaker, ap- 
proaching twice normal crest in a matter 
of microseconds. With the rekindling of 
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Figure 1. Principal circuit conditions which 
may give rise to overvoltages of the type 
described in this paper 


the are, the accumulated circuit effects are 
completely liquidated at each current 
zero, and the current continues anew, 
as if nothing had happened, to repeat the 
attempt at the next current zero under 
more favorable conditions of contact 
parting and gap insulation. The char- 
acteristic of liquidating all accumulated 
debts at each current zero is a desirable 
property of the inductive circuit. 


THE CAPACITIVE INTERRUPTION?® 


When the first current zero in the arc 
arrives in the passage of a leading current, 
interruption occurs quite easily. This 
comes about since the capacitive load 
tetains the instantaneous voltage of the 
source at the instant of current zero, and 
for several hundred microseconds follow- 
ing there is little or no voltage across the 
breaker. The breaker thus mirrors an 
overconfident attitude in its ability to 
interrupt the circuit with the extremely 
small contact separation associated with 
the first current zero in the arc, All 
debts have not been liquidated, however, 
as one-half cycle later (see Figure 3) the 
bus voltage has reversed, and approxi- 
mately double voltage thus appears 
across the breaker. If the breaker passes 
this peak without restriking, as does hap- 
pen. at limited kilovolt-amperes (short 
lines), then the confidence is justified, 
and no disturbance occurs. At higher 
kilovolt-amperes, however, when the arc 
develops more disturbance, the short 
arc gap cannot withstand the double 
voltage, and restriking occurs. At the 
time of restriking, the capacitor finds 
itself in the embarrassing position of 
being charged opposite to the desires of 
the bus voltage. In its eagerness to ad- 
just the situation, a flow of current occurs 
which must be limited by the inductance 
of the circuit and, in good oscillatory 
style, permits the voltage to overshoot 
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its mark by the initial difference. In 
this manner the voltage reaches minus 
3E at the exact instant that the transient 
current passes through zero. 

From this point two possibilities of 
major interest arise (Figure 3), namely: 


(a). Interruption of the high-frequency cur- 
rent at the first current zero (case 1). 


(6). Continuation of the high-frequency 
current, permitting it to die away, resulting 
in the re-establishment of the normal fre- 
quency capacitor current (case 2). 


If the latter occurs, then interruption 
will again take place at the next current 
zero of the normal frequency current 
which is just one cycle after the first 
current zero in the arc. By this time the 
gap insulation will have increased, and 
subsequent restriking is usually avoided; 
hence final interruption is achieved. In 
this case the voltage to ground may rise 
to only three times normal crest on a 
single-phase basis. If on the other hand, 
the breaker permits the interruption of 
the high-frequency current at the first 
current zero following restrike, then the 
capacitor or line remains charged to as 
high as three times normal voltage crest. 
Then one-half cycle later, when the bus 
voltage again reverses, it permits a maxi- 
mum of four times normal voltage to 
appear across the gap insulation. Sub- 
sequent restriking usually can be ex- 
pected under these very severe conditions. 
In this manner voltages up to insulation 
breakdown values can be generated. The 
reduction of these overvoltages is the 
subject of this paper. 

The above rough analysis of the inter- 
ruption of the capacitive circuit, although 
more descriptive for the capacitor, ap- 
plies equally well for the distributed case 
of the long open-circuited high-voltage 
line or cable. Here the voltage oscilla- 
tions are more square-topped because of 
the traveling wave property of the load. 
As the line, for example, remains charged 
at the crest value of the voltage with the 
early interruption of charging current, 
double voltage then appears across the 
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breaker with the reversal of the source 
voltage. If restriking occurs at the peak 
of this reversal, a voltage wave equal to 
the difference, or twice normal voltage 
crest, travels down the line to establish a 
charge equal and opposite to the initial 
trapped charge. The breaker current 
associated with this restrike is equal to 
the voltage of the traveling wave divided 
by the surge impedance of the line, about 
500 ohms. When these waves reach the 
far end of the open line, the voltage wave 
reflects without change of sign to sweep 
back to the breaker, establishing a 
charge of approximately three times nor- 
mal voltage crest. The accompanying 
current wave, however, reflects with 
change of sign to cancel the forward wave 
current. Hence current zero literally 
travels back to the breaker. When it 
arrives, the breaker arc is usually ex- 
tinguished, thus leaving the line charged 
close to three times normal voltage crest. 
On a 200-mile line the complete round 
trip of such a wave from restrike to cur- 
rent zero at the breaker requires about 
2,000 microseconds or about an eighth of 
a sixty-cycle wave. Ona 10-mile cable 
the round trip requires about 200 micro- 
seconds. 


RESISTORS 


When resistors of the proper ohmic 
value are placed across the interrupting 
elements in the breaker, they function to 
reduce the probability of restriking by 
allowing the voltage on the load side to 
follow more closely the voltage of the 
source (see Figure 4), The resistors not 
only reduce the net voltage across the 
breaker but also act to distribute this 
voltage more equally within the breaker, 
thus lowering the maximum voltage per 
break which in turn further reduces the 
probability of restriking. It follows that 
should restriking occur (see Figure 4, 
case II), the net voltage difference (which 
defines the amplitude of the voltage 
oscillation about the generated voltage) 
is reduced, and hence the peak voltage 
to ground is lowered accordingly. To 
this reduction should be added the addi- 
tional lowering of the peak voltage 
afforded by the damping attributable 
to the resistor. The combination of 
these several effects 


1. Makes possible a higher capacitance 
kilovolt-amperes that may be switched with 
a given breaker without restriking. 


2. Reduces the hazards of restriking in the 
kilovolt-amperes region where restriking is 
more probable. 


The first of these advantages is the pri- 
mary objective of the addition of resistors 
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Figure 2. Typical interruption of an inductive short circuit showing 
arc rekindling at early current zeros 
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to breakers required to interrupt heavy 
capacitive kilovolt-amperes. 

The resistor current is interrupted 
within the breaker as a plain-break inter- 
ruption, care being taken that the resistor 
is so proportioned that the voltage surge 
associated with this final interruption 
does not exceed twice normal leg voltage 
crest. The design and arrangement of 
the resistor will be discussed later in the 
paper. 


Transient-Analyzer Results 


In order to make a thorough analysis 
of the effectiveness of shunt resistors in 
reducing the magnitude of switching 
surges, the transient analyzer® was used. 
The system studied in connection with 
this specific problem is shown in Figure 5. 
This miniature system is an approximate 
reproduction of the actual system at 
Boulder power plant on which the final 
field-test data were obtained. 

By means of a synchronous switch 
which has been previously described,® 
each phase could be switched in sequence, 
or restrikes could be imposed in any one 
phase during the clearing process. 

Oscillograms of such restriking are 
shown in Figure 6a for the first phase to 
clear with the system neutral solidly 
grounded. Voltages across the switch 
contacts are shown to reach values be- 
tween four and five times normal line-to- 
neutral crest with two restrikes without 
resistors. When resistors are used (4,600 
ohms in this case), these voltages are 
substantially reduced, as shown by other 
oscillograms in the same figure. 

Line voltages to ground are also shown 
in Figure 6b. It is evident from these 
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oscillograms that the shunt resistors are 
effective in 
1. Reducing the a-c voltage on a line being 


switched out before the final break is com- 
pleted. 


2. Reducing the d-c voltage left on a line. 


Bus voltages to ground are shown in 
Figure 6c. With no restriking, the bus 
voltage at the source is seen to drop 
noticeably because of the interruption of 
leading current. However, if restriking 
takes place, rapid changes in bus voltage 
can occur which may reach relatively 
high magnitudes as shown. Voltages on 
the bus side may be considerably higher 
than these if the neutral impedance is 
high. 
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which shows a breaker-restriking phenomenon 
together with two possibilities of eventual 
interruption 


This figure with the modification shown in 
Figure 4 is the theme of this paper 


A representative indication of the 
severity of overvoltages is the voltage 
across the breaker contacts during inter- 
ruption. Therefore, the generalized 


Figure 4. Typical capacitive circuit inter- 

ruption when resistors of proper ohmic value 

are inserted in the circuit during the inter- 
rupting period 


Compare with Figure 3 
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curves of Figure 7 show this voltage as a 
function of the amount of shunting re- 
_ sistance R for various system conditions. 
It appears from these curves that there is 
no particularly critical value of shunt 
resistance required, but that any value of 
the order of 2,000 to 4,000 ohms would 
accomplish a very substantial reduction 
in overvoltage severity, regardless of the 
method of system grounding and for 
any phase to clear, that is, whether it is 
the first, second, or last phase to clear. 
It can be shown that the effectiveness 
of a shunt resistor used in this manner de- 
pends upon the length of line. If a re- 
sistor is selected on the basis of sufficiently 
reducing transient overvoltages for the 
longest line that a given breaker is likely 
to be called upon to interrupt, then that 
resistor should be even more effective in 
reducing transient switching voltages for 
shorter lines, although the surge asso- 
ciated with the interruption of resistor 
current is likely to be slightly increased. 


Laboratory Tests 


The transient-analyzer solutions cover- 
ing a wide range of probable circuit and 
breaker characteristics made another 
valuable contribution to the study by 
indicating 
1. Critical circuit constants to be investi- 
gated. 


2. The value of resistors which should 
prove most helpful in reducing overvoltages. 


This information reduced the number of 
laboratory tests necessary, but even so 
over 400 tests were made in the power 
laboratory at Schenectady. However, 
the analyzer cannot indicate the re- 
striking characteristics of the breaker, 
and hence power tests are essential. A 
study of.the analyzer data indicated 
that, under the adopted assumptions 
with respect to breaker performance, a 
resistance between 2,000 and 4,000 ohms 
would be successful in holding the over- 
voltages, because of restriking, between 1.9 
and 3.2 times normal over a practical 
range of circuit constants (including 
presence of ground-fault neutralizer). 
Resistor designs were made up covering 
this range with the thermal requirements 
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Figure 5. Miniature 
system studied with 
the transient analyzer 
the results of which 
are shown in Figure 6 
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both on closing arid opening under the 
worst field conditions in mind. The most 
satisfactory compromise, considering all 
factors, indicated a total resistance of 
3,000 ohms per phase. Each resistor con- 
sists of a helically wound resistance wire 
which in turn is helically wound ona Herk- 
olite tube. This winding is protected by 
an outer tube as shown in Figure 9. One 
resistor is connected in parallel with 
each interrupter as shown schematically 
in Figure 10. As the breaker opens, the 
power arc is interrupted in the inter- 
rupting elements, thus throwing the re- 
sistors (1,500 ohms apiece) in series with 
the line. As the crosshead (Figure 10) 
leaves the interrupting elements, the 
small unity power-factor resistor current 
is drawn as an arc between the external 
contacts and interrupted under plain- 
break conditions with a minimum of dis- 
turbance. The resistor also enters the 
circuit first when closing the breaker. 
Leading current tests in the power 
laboratory were made by _ switching 
various banks of capacitors with a 230-kv 
oil circuit breaker, equipped with resistors 
as described above. Numerous tests were 
made also without resistors, although 
they were limited because of frequent 
arrester operations. Although the capac- 
itor banks do not afford the traveling- 
wave phenomena associated with the 
long line, the switching problem is similar 
in all major .respects. Therefore, the 
information obtained is applicable di- 
rectly to the long line problem. The 
laboratory tests without resistors in the 
breaker did not reveal the true maximum 
voltages as protective arrester operations 
were encountered in many cases. The 
results of these tests demonstrated the 
ability of such resistors to hold switching 
overvoltages to very safe levels. This 
was particularly noticeable by the ab- 
sence of arrester operations during tests 
in which the resistors were employed. 
Following the leading kilovolt-ampere tests 
the breaker, equipped with resistors, was 
tested on short-circuit interrupting duty 


1. To test the mechanical features of the 
resistor element. 


2. To observe the effect of the lower re- 
covery rate; contributed by the resistor, on 
the are duration. 
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oscillograms 


6. Transient-analyzer 
illustrating the phenomenon of line-charging 
current interruption with and without shunting 
resistor in the miniature system of Figure 5 


Figure 


The ordinate is times normal line-to-neutral 
crest voltage 


Numbers on oscillograms show number of re- 
strikes in each instance 


A. Voltage across the switch in phase a 

A1. No shunting resistor 

A2. 4,600 ohms shunting resistor 

B.  Line-to-ground voltage on line side of 
switch in phase a 

B1. No shunting resistor 

B2. 4,600 ohms shunting resistor 

C. Line-to-ground voltage on source side 

of switch in phase a. No shunting resistor 


Figure 8 shows the observed reduction in 
arcing time afforded by the reduced re- 
covery rate. Breaker disturbance, con- 
tact burning, and oil carbonization are 
also reduced. The success of these tests 
led to the desirability of field confirmation 


on the Boulder circuits. 


Field Tests 


Such a series of field tests was made 
during the weekend of March 27 to 30, 
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Table I. Boulder Power-Plant Line-Dropping Tests—230 Kv 4 
F : - _Crosshead Travel in Inches 
Maximum Voltages*—Times Normal Crest From Contact Separation to 
Interruption of Last Phase 
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ns . 7 VS o.Qsl ols oc. 200. yl z4es Wal ace ohare eA eee 0 geen reer 15/5 
1E V1, covey. Td) 5d 6). 106) ee ee ere Oe Oe 21/4 
2A Ao2 cL U eee CRO SUB Bie ee ee ee eae tee 25/5 
2B| = 2 generators fica ce eon Maven On Gee er eer eg rire Wy reer dy ran saad sine Serer 25/5 
2C spay 288... Out... .. short-circuited... 7. Ddilitie ease os 1.3 2.1.0 06. 22D 2) Sete 2A Ore Wai. cen 00 eres eee 23/4 
2D\ 1.6 ..1.2°..1.8 ...202°.2009 211.8: <5 360" 2.01 e One nenne 31/s 
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* Maximum voltages to ground recorded for both the bus and the line side of the breaker include voltages encountered either in the course of the primary inter~ 
ruption within the interrupters or in the course of the interruption of resistor current by the external break (see Figure 10). Voltages encountered in the inter- 
ruption of resistor current are marked by an asterisk. For maximum voltage across the breaker only voltages occurring in the course of the primary interruption 
are recorded, since voltages across the breaker during the interruption of resistor current involve no stress on solid insulating material other than that occasioned 


by voltages to ground on either side of the breaker. Voltage across the breaker during the interruption of resistor current never exceeded twice normal line-to- 
neutral crest. 


* Reading affected by flashover in voltage divider. Approximate correction applied. 


** Two reactors were connected in parallel; one on tap 9 and one on tap 10. 


5 sen onommicesne ~»  age-limiting resistors, previously de- Figure 8. Breaker arcing time during the 


3° 1942, on the 230-kv number 8 oil circuit i Sag ORS: 
a5 breaker in the switchyard of the Southern @ ae 
ie 4 California Edison Company at Boulder 1 iy 
8 power plant. This breaker is a tank- § jo 
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ei e ; ; is 
ge 2 interrupters and has an interrupting : ECP Se 
-9 rating of 2,500,000 kva and an interrupt- & © $0010002000 4000 6000_ 80009000 
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Figure 7. Effect of breaker resistors in reduc- 
ing transient overvoltages during switching 


Voltages shown are the maximum possible 

across the breaker for two restrikes in the 

phase being switched for any phase to clear, 
that is, first, second, or last 


A—System neutral solidly grounded 
B—System neutral grounded through ground- 
fault neutralizer tuned to 260 miles of line 
C——System neutral grounded through ground- 
fault neutralizer tuned to half (130 miles) of 
the total of 260 miles being switched 
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scribed, are mounted on the interrupters 
as shown in Figures 9 and 10. 

All tests were circuit opening in which 
only the charging current of the con- 
nected line (far end open) was inter- 
rupted—commonly termed line-dropping 
tests. In this type of interruption, 
leading currents involved are small. 
Thus, within reasonable limits, arcing 
time is no important consideration. 
On the other hand, unless precautions 
are taken, breaker restriking quickly 
generates overvoltages which may be 
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interruption of inductive short circuits, showing 

the improvement as a result of reduced re- 

covery rates and better internal voltage dis- 

tribution brought about by resistors in the 
breaker 


ars 
harmful to the breaker itself and to 


other connected equipment. Control of — 
these overvoltages was therefore the pri- _ 


mary concern in these tests, and the pur- 
pose of the test program was to determine 


1. The nature and magnitude of the over- 
voltages under various system conditions. 


ELECTRICAL ENGINEERING 


en 


2. The effectiveness of resistors assembled 
in the breaker, in parallel with the inter- 
rupters, in reducing these overvoltages to 
harmless values. 


This approach naturally required that 
the line-dropping test program should 
include various practical system condi- 
tions with and without resistors in parallel 
with the interrupters. The following 
conditions were subjected to change: 


1. The length of line being disconnected. 
2. The neutral connection. 
8. The nature of the power source. 


Circuir CONDITIONS 


1. In some tests the entire 233-mile line 
to Chino substation was disconnected at 
Boulder power plant; in others only the 
132-mile section to Pisgah substation. 


2. In some tests the neutral was solidly 
grounded; in others it was grounded through 
reactance. Three different values of react- 
ance were used; one of these values was 
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Figure 9 (left). Gen- 
eral Electric multi- 
break interrupter 
unit for 230-kyv oil 
circuit breaker with 
resistor attached 


Two such interrup- 

ters are used per 

pole as shown in 
Figure 10 


Figure 10 (right). 
Schematic diagram 
showing the multi- 
break _ interrupters 
with resistors _at- 
tached 


The resistor current 
is interrupted in the 
gap formed by the 
external contacts 


RESISTOR 


EXTERNAL 
CONTACTS 


that required for tuning as a ground-fault 
neutralizer to the line length being discon- 
nected; the other two values, corresponding 
to other neutralizer tap settings, have been 
used to tune the line in conjunction with 
additional reactors at the far end of the line 
and consequently correspond to reactances 
above the tuned value. 


3. Insome cases two local generator-trans- 
former units were connected to the bus, and 
the remainder of the system was tied in 


Figure 11. Pictorial summary of results of 
oil-circuit-breaker tests made at Boulder power 
plant March 28 and 29, 1942 


Comparison of voltages caused by interruption 

of transmission-line charging current. Here 

the overvoltages obtained with and without 

breaker resistors, under various line and 
| ground conditions are shown 
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CROSSHEAD 


through the second line to Chino substation. 
In the others only one generator-transformer 
unit was connected to the bus, and there was 
no tie with the rest of the system. 


Test Results 


A total of ten groups of tests was made 
at Boulder power plant covering practical 
combinations of circuit and breaker ar- 
rangement. Table I describes the results 
of these tests with respect to the maximum 
voltages developed and with respect to the 
breaker crosshead travel necessary for 
interruption. The overvoltage record, 
with and without resistors, is presented 
graphically in Figure 11 in such a way 
that the effect of the resistors, of the 
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NEUTRAL REACTOR 
SHORTED TUNED 
132 132 ~«—————- LINE LENGTH~ MILES 


MAXIMUM VOLTAGE REACHED 
ON ANY PHASE IN ANY TEST 
UNDER SPECIFIED TEST 

z CONDITION. 
AVERAGE OF HIGHEST 
VOLTAGES REACHED ON 
ALL PHASES IN ALL TESTS 
UNDER SPECIFIED TEST 


CONDITION. 


VOLTAGE OBTAINED 
WITHOUT RESISTOR 


VOLTAGE OBTAINED 
WITH RESISTOR 


7+ TEST BREAKER 
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Figure 12. Comparative cathode- 

ray oscillograms of tests made at 

Boulder power plant when drop- 

ping 132 miles of 230-kv line 

with ground-fault neutralizer on 
tap 7 


length of line, and of the ground-fault- 
neutralizer tap setting are readily appar- 
ent. 

In the course of these field tests, three 
arrester operations were observed, one on 
phase a and two on phase c. These ar- 
resters are located near the terminals of 
the §82,500-kva transformer bank at 
Boulder power plant which is about one 
mile from the Southern California Edison 
Company switchyard. These three ar- 
rester operations all occurred during the 
tests which used the ground-fault neu- 
tralizer and no resistors in the breaker. 
During an earlier series of tests at Boulder 
power plant, at which time the above 
problems were being diagnosed, under 
similar system conditions (with the neu- 
tralizer untuned and without resistors in 
the breaker) six lightning-arrester opera- 
tions were observed. No arrester opera- 
tions were observed, however, for ten 
similar tests made at that time with the 
neutral solidly grounded, 

The interrupters were completely ex- 
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PHASE A 4 


(a—above). With 3,000 ohms in 
breaker (test 5A in Table |) 


(b—below). Without benefit of 

breaker resistors (test 7A in 

Table |). During this test a 220-kv 
bushing flashed over 


1. Voltage to ground on bus side 
of breaker 


2. Voltage to ground on line 
side of breaker 


oo 


PHASE C 


fe hee : 


amined at four points in the test program. 
There was no damage to the contact or 
insulation parts as a result of any of the 
tests made when the resistors were con- 
nected. On the last inspection following 
tests with the ground-fault neutralizer and 
without resistors (during one of which 
tests with the neutralizer untuned the 
breaker flashed over externally), there 
was some damage to the insulation parts 
of the interrupters but not of sufficient 
magnitude to prevent the successful inter- 
ruption of the circuit. 


Oscillograph Measurements and 
Records 


A good illustration of the effectiveness 
of internal resistors in reducing transient 
switching overvoltages is shown in the 
cathode-ray oscillograms of Figure 12, 
which places together for easy comparison 
a test with a 3,000-ohm resistor in the 
breaker (Figure 12a) and a duplicate test 
without resistors (12b). These tests are 
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numbers 5A and 7A respectively (Table 
I), in which 132 miles of line were dropped 
with the ground-fault neutralizer on tap 
7. Figure 12a shows no overvoltages of 
any consequence although there is re- 
striking during the clearing period. In 
contrast the restriking associated with 
Figure 12b (no resistors) results in violent 
transient disturbances which were so high 
as to cause sparkover of a protective gap 
in the cathode-ray-oscillograph measuring 
circuit which made it impossible to deter- 
mine accurately the actual crest voltage 
obtained. The voltages reached for this 
test, however, were high enough to spark- 
over the 220-kv bushing on the source 
side of the breaker. This would require a 
maximum of 1,050-kv crest, depending 
upon several factors, the most important 
of which are the wave shape of the tran- 
sient voltage and the lower humidity, 
both of which would lower the actual 
flashover. 

The oscillograms of Figures 13a and 
13b are the magnetic oscillograph records 
of the same field tests as presented in 
Figure 12, namely tests 5A and 7A respec- 
tively of Table I. In Figure 13a the dura- 
tion of the unity-power-factor resistor 
current is clearly shown. Characteristic 
restrike current surges are shown in Fig- 
ure 13b. Here four separate restrikes 
took place, all of which interrupted with 
the arrival of the first current zero of the 
high-frequency oscillation. Figure 13 also 
exhibits oscillograph measurements of 
phase current, trip coil current, and 
breaker travel. 

Voltage to ground on each side of each 
pole of the test breaker was indicated on 
the cathode-ray oscillograph. The de- 
flection plates of this oscillograph were 
energized by means of capacitance po- 
tentiometers, the upper section of which 
was furnished by the carrier-current cou- 
pling capacitors on the two transmission 
lines. This provided an arrangement 
capable of reproducing satisfactorily volt- 
ages of all types from the high-speed 
transients obtained upon a restrike in the 
circuit breaker to the slowly leaking 
charge left on the lines upon final inter- 
ruption. The two voltages for each pole 
of the breaker were recorded on parallel 
traces on the same film, so that the voltage 
across the breaker pole could be deter- 
mined readily by graphical subtraction. 


Discussion of Results 


Figure 11 shows the effect of the resis- 
tors upon the overvoltages attending 
switching. As is indicated by this figure 
three pairs of test groups were taken in 
such a manner that direct comparison can 
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Figure 13. Magnetic oscillograms associated 
with the voltage records of Figure 12 


(a—top). With breaker resistors. Note 
resistor current 
(b—bottom). Without resistors. Four 


separate restrikes occurred on this test of the 
type shown in Figure 3, case | 


be made to show the effect of the resistors. 
In these cases, and also in the other groups 
taken with the resistors connected, the 
voltage was limited to twice normal line- 
to-ground peak or less—both when the 
resistor was being switched in and when 
the resistor current was being interrupted. 
When the resistors were not connected, on 
the other hand, the voltage across the 
breaker reached three times normal with 
the neutral solidly grounded and more 
than four times normal with a neutral re- 
actor connected. 

Correspondingly, as shown in Table I, 
the resistors bring about a considerable 
reduction of arc length inside the inter- 
rupters as a result of the improved inter- 
nal voltage distribution and the improve- 
ment in the rate of rise of recovery volt- 
age. The residual current which remains 
in the resistors is then interrupted by the 
disconnecting break (formed by the cross- 
head, Figure 10) in from about 15 per cent 
to approximately 35 per cent of their 
available break distance. Here also the 
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4 Southern California Edison Company Ltd. 
Test made at Boulder Powerhouse March 28, 1942 
No.8 G.B.Co. 0.C.3. type FHKO-339-108CY-F 230 


Dropped 132 miles of 220-kv. line 
Boulder to Pisgah 


Series 5, Test 5-A 

Petersen coil on Tap 7 

With resistors 

Line dropped from A-7 generator only 
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Southern California Edison Company Ltd. 
Test made at Boulder Powerhouse March 29, 1942 
No.8 G.E.Co. 


0.C.B. type FHKO-339-108CX~F230 


Dropped 132 miles of 220-kv. line 
Boulder to Pisgah 


Series 7, Teat 7-A 

‘Petersen coil on Tap 7 

No resistors 

Line dropped A-7 Generator only 
Line de-tuned 


‘Reatrike Currents’ 


“Tetp Tadieation 


resistors are effective in preventing any 
build-up of voltage beyond the values 
shown in Table I and Figure 11. 


The fact that the resistors produce such 
a substantial reduction in overvoltage 
makes them preferable to other measures, 
since they afford protection thereby to 
other terminal apparatus. Unless the 
breaker is sufficiently positive in action to 
prevent restriking and its associated over- 
voltages, therefore, the use of resistors 
appears desirable whenever the length and 
voltage of the lines are such as to give rise 
to trouble of this type. Because of the de- 
pendence of this restriking phenomena 
upon so many factors, the most important 
of which is the breaker characteristic, it 
is impossible to indicate here the capaci- 
tance kilovolt-amperes where restriking 
can be expected to occur. Tests at 15 kv 
on one manufacturer’s breakers,® for ex- 
ample, indicated a limit of 10,000 capaci- 
tive kilovolt-amperes above which over- 
voltages could be expected without the 
aid of internal resistors. The 132 miles 
of line dropped, as exhibited in Figures 12 
and 13, represents about 35,000 capaci- 
tive kilovolt-amperes. These values can- 
not be compared directly with those 
shown at 15 kv, however, because of the 
wide difference in voltage levels. The 
above makes clear that when small ca- 
pacitive kilovolt-amperes are to be inter- 
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rupted, with standard power breakers 
(short lines or cables, protective capaci- 
tors, and so forth), no trouble should be 
expected. 

The operations in all the tests presented 
in this paper were confined to dropping a 
length of open transmission line, but, 
since breaker operation upon all except 
three-phase faults involves dropping at 
least one unfaulted phase conductor, the 
phenomena will be present in practically 
all breaker operations. 

The results of these tests are in good 
qualitative agreement with the results of 
miniature-system tests as regards the 
principal features: 


1. With the untuned neutral reactor, volt- 
ages obtained without the resistor were 
much higher than those obtained with the 
neutral sélidly grounded. 


2. The resistors brought about a sub- 
stantial reduction of voltage in all cases, 
and, the higher the initial overvoltages, the 
greater was the percentage reduction. 


A comparison of the overvoltages ob- 
tained for the tuned ground-fault neu- 
tralizer with those obtained for the solidly 
grounded system indicates the desirability 
of supplementing miniature test with full- 
scale tests under actual conditions. This 
is emphasized by the fact that the voltages 
associated with test series 7-2 are very 
high, relative to those obtained for test 
series 1, which was the solidly grounded 
case with the same line length. From 
earlier studies, on the other hand, it had 
been concluded on the basis of the tran- 
sient-analyzer results that interrupting 
line charging current in a ground-fault- 
neutralizer system is no more difficult 
from a switching standpoint than in the 
same system with neutral solidly 
grounded. The reason for this disagree- 
ment apparently lies in the fact that 
surges communicated to one phase by 
clearing or restriking in another were of 
much more importance in the ground- 
fault-neutralizer tests than with the neu- 
tral solidly grounded. Not only did this 
have a direct bearing on voltage magni- 
tudes, but in a number of cases it ap- 
peared to be directly responsible for addi- 
tional restrikes which contributed still 
more to the overvoltages. In the grounded 
neutral tests there was never more than 
one restrike which contributed appreci- 
ably to the building up of voltage, but 
several times there were two in the 
ground-fault-neutralizer tests. Since the 
miniature-system tests were based on 
the assumption of two restrikes with the 
worst timing, the full-scale grounded- 
neutral tests produced overvoltages con- 
siderably lower than predicted. The 
ground-fault-neutralizer overvoltages 
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HE electric locomotive of World War 

I days has broadened its usefulness 
to a position of recognized importance 
among the nation’s available motive 
power now so necessary to the successful 
conduct of the present world’s struggle. 

This is largely attributed to the recent 
and swift growth of the Diesel-electric 
locomotive, essentially an electric loco- 
motive carrying its own power plant, for 
both road and switching service. 

Barely keeping pace with this new giant 
are the comparatively small but im- 
portant groups of skilled men specializing 
in the care of this motive power and com- 
prising a new branch of the established 
maintenance and repair department of 
steam railroads. The continued smooth 
and vital operation of transportation 
equipment pushed to its utmost depends 
upon these men; yet even these ranks 
are being thinned to supply the demand 
for skilled men in today’s highly mecha- 
nized warfare. 

The conservation of such highly stra- 
tegic elements as time, material, and man 
power can find no better application than 
in the field of preventive maintenance. 
Like any preventive measure applied in 
time, it requires the minimum of time, 
effort, and facilities and can be accom- 
plished fortunately by men with less train- 
ing and skill than the more costly repair 
crew of high skill with necessary shop 
facilities. 

Good generalship on the home front 
demands the application of the engineer- 
ing method, based on fundamentals, to 
appreciate the nature of failures and 
then to guide and direct the efforts of 


Paper 43-33, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
December 10, 1942; made available for printing 
December 14, 1942. 


J. W. Texer is engineer with General Electric 
Company, Erie, Pa. 
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available man power and facilities not 
only in repair but in the prevention of 
failures. 

It is difficult to expound anything new 
in the field of maintenance, but it is 
possible, and the purpose of this article is 
to point out certain fundamentals under- 
lying the most common maintenance 
functions applying to traction motors 
and generators. It is the expectation 
that such a review will stimulate respon- 
sible engineers and operators to examine 
and test their own practice in this light 
and establish preventive methods to keep 
the equipment rolling and out of the 
repair shop. 

Supervisors confronted with the loss of 
expert workmen who carry routine 
practices in their heads or with the influx 
of new help must be especially on the 
alert for neglect of preventive mainte- 
nance methods and must get close again 
to the job to see that specific standing 
instructions are available and that 
schedules and records are not neglected. 

The neglect of some simple detail by 
one man may start a chain of events to 
culminate in a serious breakdown and 
require an entire crew of men with shop 
facilities already sorely taxed to make 
corrections. The lack of only one-half 
minute’s attention to cleaning a terminal 
may cause the contact surfaces to over- 
heat and burn off when most heavily 
loaded, and a motor failure resulting 
when the motor is most needed brings a 
train in late with remaining motors over- 
heated. This is sabotage, unintentional 
but effective. 


Lubrication—The Oldest Problem of 
Maintenance 


Lubrication constitutes one of the 


oldest and most common of maintenance 
functions and yet in spite of the available 
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background provides many problems 
ranging from the selection of lubricant 
to the method and frequency of applica- 
tion. 

Lubrication of electric traction equip- 
ment falls into three divisions, namely, 
sleeve hearings, antifriction bearings, and 
gearing. The basic purpose of lubrication 
in all of these is to separate the moving 
elements from each other by a film of oil 
which must support the entire load on 
these moving parts. Interruption of this 
oil film for any reason immediately allows 
contact between surfaces, and destructive 
wear begins. 


SLEEVE BEARINGS AND OIL WICKS 


Waste-packed sleeve bearings are com- 
mon for traction-motor-support axle 
bearings. Fundamentally the waste 
packing is a wool-yarn oil wick which 
raises oil from the oil well to the journal 
surface through a window in the bearing 
lining. The space between the tightly 
packed woolen strands forms small capil- 
lary tubes, and it is between these strands 
and not through them that oil rises by 
capillary forces. 

A properly packed bearing consists of 
two distinct parts, each having separate 
functions. The first is the wick portion 
of straight wool yarn placed vertically 
and evenly adjacent to the journal, one 
end extending down into tke oil well and 
the other end left extending out until the 
second portion of the packing is in place. 
The second part is packed tightly in loops 
or folds, the purpose of which is to back 
up and compact the wick so as to keep 
it against the journal and to create the 
necessary small spaces for capillary 
action. The first portion of the packing, 
left extending, is now tucked securely on 
top of the packing so that the wick 
is able to resist drag in either direction 
of rotation. 

The packing of bearings should be en- 
trusted only to men trained and skilled 
in this operation. Fortunately the prin- 
ciple is simple, and once understood the 
skill is easily acquired. 

New waste, clean and dry from the 
vendor, may be oil repellent and not con- 
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ducive to good wick action, Therefore, 
it must be thoroughly oil soaked to insure 
complete wetting of all fibers and then 
drained before packing bearings with it. 

Because of the very nature of wick 
action, it is important to select lubricants 
free from clots of tarry residue and sludge 
to keep from clogging the small capillary 
spaces between the strands and thereby 
restrict the free flow of oil up through the 
wick, 

Winter and summer grades of oil must 
be considéred where operation goes 
through the extremes of temperature, 
because an oil of sufficient viscosity to 
maintain an adequate oil film through 
summer operation is not likely to have a 
pour point sufficiently low in the ex- 
treme of winter operation to permit its 
flow through the wick to the journal sur- 
face. This invites lubrication failure until 
the heat from the dry bearing raises the 
temperature of the oil to restore flow. 
Meanwhile, wear has taken place in the 
bearing, or destruction occurs before 
lubrication is restored. 

One grade of oil will do only where 
the seasonal temperature variation stays 
within the operating range of the lubri- 
cant. This is the subject of individual 
decision, based on local operating condi- 
tions, but the underlying fundamental 
remains unchanged. 

When gauging oil level, especially dur- 
ing certain seasons of the year, condensa- 
tion and water-soaked road beds cause 
accumulation of water in oil wells. The 
measuring stick may give a false indica- 
tion of the true amount of oil in the well, 
because it will be wetted by even a small 
layer of oil floating on top of a large ac- 
cumulation of water in the well. Periodic 
removal of drain plugs should be called 
for or samples may be obtained from the 
bottom of the well with a glass tube to 
check on water content. 

A PRESCRIPTION LUBRICATING 
ROLLER BEARINGS 


FOR 


Antifriction bearings for supporting 
motor and generator armatures are 
almost universally grease lubricated. 
Roller bearings require a film of oil over 
the highly polished steel surfaces. More 
than this film is excess and leads to many 
known evils attendant with overgreasing. 
A roller-bearing compartment approxi- 
mately two-thirds full of grease is ideal. 
This allows space for the grease to be 
thrown clear of the spinning bearing and 
yet provides ample grease reserve. When 
a bearing compartment is too full of 
grease, it is forced into the spinning bear- 
ing, and churning of the grease takes 
place, producing excess temperatures, 


108 TRANSACTIONS 


rapid breakdown, and oxidation of the 
grease. The internal pressures built up 
within the bearing compartment under 
these conditions cause the grease to be 
expelled past the bearing seals into the 
motor. 

The grease expelled from the commu- 
tator end bearing accumulates under the 
commutator shell and flows back to clog 
armature-core air passages. The re- 
stricted flow of ventilating air may in- 
crease the temperature of the winding 
dangerously. 

Excess grease, thrown over the inside 
of a motor, accumulates enough dirt to 
initiate electrical failure. The presence 
of grease and oil on the commutator sur- 
face is detrimental to the carbon brush 
performance and leads to commutation 
difficulties. 

Since it is difficult, if not impossible, to 
determine the grease content in the bear- 
ing housing when greasing from a pit, the 
importance of relying on a correct grease 
schedule is evident. The amount of 
grease added to each bearing and the fre- 
quency of application depend upon sery- 
ice conditions. It is important that a 
regular greasing schedule should be es- 
tablished only after first experimentally 
determining the correct quantity and 
the time interval for the particular service 
requirements. 

Continuous operation at high speed 
such as in streamliner service makes 
greater demands on bearing lubrication 
than slow-speed switching. The life 
of grease is dependent upon temperature, 
and this is dictated by motor duty and 
cab temperatures. General greasing 
recommendations can be made, but these 
must be verified to see that they suit local 
conditions. 


Stubborn arbitrary decisions lead to 
disaster in broken bearings, wrecked 
motors, flat wheels, and delayed trains. 
Only open-minded realism can avert it. 

This is not so difficult to do as it first 
may appear. There are many occasions 
during the course of operation where 
motors are available for removal of bear- 
ing caps so that grease content can be 
determined accurately. A few such in- 
spections quickly give an accurate pic- 
ture of the adequacy of the schedule being 
enforced. Records of such inspections 
supplemented by other checks such as 
excess grease throwing or removing plugs 
and obtaining samples with a hooked 
wire enable operators to keep a “pulse” 
on actual lubrication needs and revise 
greasing schedules correctly. 


Records and schedules must represent 
what is taking place in the greasing pit. 
All efforts may be nullified by carelessness 
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and haphazard methods during the greas-, 


ing operation. It must be known just 
how much grease is being delivered by 
the greasing equipment in use. The extra 
shot, just for good luck, repeated fre- 
quently will upset any supervisor’s rec- 
ords. 

A desire for a perfect grease is normal 
and healthy, but, before it is released 
with a train, determine which will fail 
first, the motor bearing or the grease. 
Repeated demonstrations have shown 
that overfilled bearings overheat in high- 
speed operation, and it is recognized that 
unless greasing schedules are carefully 
controlled, overgreasing is common. 

High-temperature greases are available, 
but the steep temperature rise attendant 
with overgreasing can cause destruction of 
the bearing steel before the breakdown 
temperature of such grease is reached. 
When a grease melts at not over approxi- 
mately 150 degrees centigrade, there is 
opportunity for it to escape through the 
labyrinth seals, ease the internal pressure, 
and bring about a reduction in bearing 
temperature before destruction occurs. 
The grease, after such experience, is 
damaged, but the motor remains un- 
harmed while the grease may be easily 
renewed. 


PRECAUTIONS EXTENDING BEARING LIFE. 


Cleanliness is of extreme importance 
in the operational life of the highly 
polished precision-built roller bearings. 
Allowances cannot be made for any con- 
dition under which a maintainer may 
have to work. When grit enters the 
bearing, it is helpless to resist its destrue- 
tive action. There are no extenuating 
circumstances—dirt must be kept out. 

Caps for grease fittings are available, 
or fittings can be wiped clean before 
applying the grease gun; otherwise grit 
will be forced into the bearing with the 
grease. Grease guns must be filled under 
conditions safeguarded against contami- 
nation, 

A check on the tightness of fittings 
and grease pipes is a “‘must’”’ in the regular 
inspection schedule. A loose pipe clamp 
will allow vibration of the pipe until it 
drops or breaks off, leaving an opening 
directly into the bearing housing for 
entrance of water and dirt. 

The policy of removing motors on a 
mileage basis allows detection of defects 
and application of comparatively simple 
corrective measures which otherwise 
would result in the costly destruttion of 
the motor ‘and tie-up of operation. It 
supplies evidence from which errors in 
operation or maintenance can be cor- 
rected, whereas inspection after ultimate 
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failure has occurred often finds such help- 
ful evidence destroyed. 


This provides opportunity to remove 
hardened grease residue from the bearing 
housing and to measure contents as a 
check on grease schedules. The bearing 
can be cleaned and carefully inspected 
to detect defects such as loose cage rivets, 
excess wear, chipping, and breakdown of 
race or roller surfaces. 


When a defective bearing is found, the 
motor parts involved should be checked 
for alignment. This can be done when 
the motor is reassembled and _ before 
bearing caps are assembled. An indicator 
clamped to the armature shaft and 
rotated so that it bears on the face of the, 
outer bearing race will check the align- 
ment of the bearing with respect to the 
armature axis. This should be done on 
both commutator and pinion end bear- 
ings, together with a check on end play 
and bearing clearance before closing up 
the assembly. Such procedure will 
detect a frame or framehead that may 
have warped from overheating or impact 
and thereby hastened the breakdown of 
the original bearing. This will enable 
corrective measures to be applied before 
the motor is returned to service and thus 
prevent the damage of the replacing 
bearing. 


LUBRICATION IS ESSENTIAL TO GEARING 


Gearing is probably the least under- 
stood mechanism entrusted to mainte- 
nance men. Were it generally known 
what effort manufacturers put into the de- 
sign, heat treatment, and shaping of each 
tooth to the thousandth of an inch, gear- 
ing would receive the respect and atten- 
tion it deserves. Few maintenance men 
understand the basic principle underlying 
the operation of involute gearing most 
commonly used for traction application. 
There is a common misconception that 
teeth are shaped so that they may roll 
on each other. Actually, the teeth sur- 
faces slide on each other, the roll being 
confined to a very small portion of the 
profile, and the tremendous forces of 
moving a train are transmitted to the 
drivers through this sliding contact be- 
tween gear teeth. It is a vital necessity 
to separate this contact by a lubricating 
film; otherwise, destructive wear is sure 
and certain. 

Gear lubricants in common use depend 
upon their adhesiveness to keep the 
tooth covered with a protective load- 
carrying film. This stickiness is essential 
as centrifugal force tends to throw the 
lubricant off the teeth. The lubricant is 
renewed as it dips into the quantity con- 
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tained at a proper level in the bottom of 
the gear case. The properties of the gear 
compound must be such as to flow readily 
into the path of the rotating gear and yet 
be sticky enough to adhere to the tooth 
surface, and have load carrying ability. 
These properties are affected by tem- 
perature. Most compounds do not have 
sufficient range to cover the extremes in 
temperature encountered from summer to 
winter. Careful selection of proper grades 
for winter and summer operation must be 
made where wide temperature variations 
are encountered. The heavy summer 
grade will set up solid at low temperature, 
and the gear will channel through it with- 
out being wetted. A winter grade of 
thin lubricant during the heat of summer 
operation will fail to stick to the teeth at 
speed, or at heavy load is too thin to 
separate the gear teeth. 

A few hours of heavy load running 
without adequate lubricant may lead to 
irreparable damage. Gearing will over- 
heat and damage the heat treatment of 
the steel. Excess pinion temperature by 
conduction through the armature shaft 
can overheat the roller bearing. The 
unequal expansion of inner and outer 
races, absorbing the internal bearing 
clearance until loaded beyond limits by 
internal radial stress, can cause complete 
destruction of the bearing and frame 
heads, and even destruction of the arma- 
ture core when it drops on the field pole 
pieces at high speed, all because of faulty 
gear lubrication. 

A necessary adjunct to gear lubrication 
is the gear case or gear cover. Its two 
functions are to keep the lubricant in and 
to keep foreign material out. The tongue 
and groove joint between upper and lower 
halves, the baffles and seals around axle 
and pinion fit originally installed by the 
manufacturer are seldom maintained. 
This is so discouraging and futile that in 
some designs they are completely omitted. 

Contamination of gear lubricant with 
material) picked up from the road bed 
makes an excellent lapping compound 
with no chance for grit to settle out in the 
thick viscous lubricant, and the very ob- 
ject of lubrication, to prevent wear, is 
defeated. 

Every time a gear case is dropped for 
wheel change or motor change-out it is 
an opportunity to renew seals, check 
gear teeth for signs of lubrication failure, 
and take necessary preventive measures. 


CoG WHEELS OR GEARING: WHICH? 


Fortunately, gearing has considerable 
power of recovering and after many 
abuses continues to transmit power even 
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after its fundamental tooth profile has 
been destroyed and turned into mere cog 
wheels. Gear teeth seldom fail in service 
but continue to operate until attention is 
arrested by their appalling appearance, 
and the gears are changed out from 
sheer fright. 

Too much attention is centered on the 
strength remaining in worn gear teeth 
from a breakage standpoint with a total 
disregard for the carefully designed 
shape of the tooth profile. There is a 
vast difference between cog wheels and 
gearing. The precise original shape of the 
involute tooth, while not necessarily the 
only possible shape, is to maintain uni- 
form angular velocity between gear and 
pinion. Deviation from a proper shape 
for uniform angular motion for any 
reason makes smooth uniform rotation 
between pinion and gear impossible, and 
jerky power transmission begins, at- 
tended by severe instantaneous stresses 
and torsional vibration. 

When gear, pinion, and axle linings re- 
main mated over a long period, the wear 
is gradually adjusted between the mem- 
bers without causing serious deviation 
from normal operation. This may con- 
tinue until bearing lining wear effects a 
gradual increase in gear center distance, 
and the gearing may also wear to a depth 
sufficient to produce a step in each tooth 
profile. 


Now, if the gear center distance is 
restored by installing new linings, it is 
evident that the tooth tip will be caused 
to ride alternately up and off the step 
formerly worn into each tooth, and there 
is interference. The same occurs when a 
worn gear or pinion is mated with a new 
one. Tremendous stresses are set up at 
the interference point until the teeth are 
battered into agreement. While this is 
going on, the armature shaft, bearings, 
and the armature winding are enduring 
the punishment of bending and vibratory 
torsional stresses. 

The interdependence between appar- 
ently unrelated parts is startling; lubri- 
cation failure in gearing or axle linings 
may be followed by a broken armature 
shaft or a grounded armature winding 
resulting from vibratory stresses beyond 
the limits of the construction during the 
breaking-in period of unrelated gearing. 

As soon as operators recognize the 
characteristics of true gearing, they will 
give immediate consideration to such 
practice as keeping gear and pinion 
mated even though the motors them- 
selves are changed around. When a 
motor is changed out, the pinion is re- 
moved and installed on the ingoing motor, 
thereby keeping the same pinion and gear 
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running together. In order to retain ex- 
isting gear center distance, the linings also 
should be removed and installed on the 
ingoing motor, 

When worn gearing must be matched 
with new, or where interference in tooth 
profile may result for any reason, con- 
sideration should be given to having the 
worn gearing replaced immediately with 
the same dispatch that worn wheels are 
ruled off the road. Fundamentally the 
question resolves itself into a choice be- 
tween the additional miles to be obtained 
from damaged gearing and the punish- 
ment being sustained by a costly traction 
motor transmitting its power through 
cog wheels no longer capable of their 
original gearing function. Where arma- 
ture failures are frequent, this aspect 
of the problem is worthy of serious study 
in the interests of economy and avail- 
ability, 

Present-day facilities for pulling pin- 
ions, easily controlled means for heating 
pinions, and the measurement of correct 
advance simplify the pinion-mounting 
operation to such extent that the practice 
of keeping pinions and gears mated is 
simple, quick, and attractive in view of 
the benefit to be gained. 


Precautionary Tactics From the 
Service Pit 


INSULATION 


There is much that can be done to 
forestall trouble in motors and generators 
while they are mounted in the locomotive. 
A regular check of insulation resistance 
with a ‘Megger’’ when a locomotive 
comes in from a run is a simple and quick 
operation; yec it may detect a defect 
which might result in a ground failure on 
the very next run. 

Make high-potential tests sparingly 
and carefully, preceding them with a 
Megger insulation check; otherwise a 
puncture or creepage failure may result 
from the test which could have been 
avoided by finding first the weak spot 
with the “Megger” and cleaning, drying, 
or repairing locally as necessary. 


BRUSHES AND Brusu RIGGING 


Care must be exercised when installing 
new brushes to prevent the snapping 
down of spring levers with such force as 
to chip or shatter the brush. Careless- 
ness in this respect may ruin a brush be- 
fore it has a chance to give useful service, 

Install a new brush in such a manner 
that the pigtail is placed on the far side 
of the carbon way away from the side on 
which the pigtail terminal screw is 
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located. This permits an easy loop to be 
made over the brush, with little chance of 
its being bent over the edge of the carbon 
way and thus hang a brush up so as to 
prevent free vertical movement. Where 
pigtails bear against the edge of the 
carbon ways or spring levers, there is 
rapid wear of the individual strands by 
prolonged vibration until.the pigtail ‘is 
cut through and left free to wave about, 
with possibilities for motor flashover or 
ground, 


Dusty operating conditions allow gran- 
ules of dirt to collect between brush and 
brush holder carbon way which results 
in causing the brush to stick so that the 
freedom of vertical motion is restricted, 
and the brush does not ride the commuta- 
tor properly. This contributes to spark- 
ing, flashovers, rapid commutator, and 
brush wear. These granules leave un- 
mistakable evidence in the side walls of 
the brush in the form of lightning-shaped 
threadlike grooves, radiating from the 
top to the bottom of the brush where it 
makes contact with the carbon way. 
The correction is to find where and how 
grit enters the equipment and then take 
preventive measures if possible, and to 
slide the brushes frequently in the holders 
and blow the clearance space clear of dirt. 

The screw which secures spring lever 
shunt to brush holder body is worthy of 
careful inspection, being hard to get at 
and commonly overlooked, yet capable 
of serious damage to the motor. When 
this screw works loose and causes poor 
contact between the spring lever shunt 
and the brush holder body, the current 
normally carried by the shunt is caused 
to flow through the brush holder spring 
instead, Under heavy load, this current 
may be of sufficient magnitude to anneal 
the spring and cause loss of spring tension 
on the brush. The failure of the brush 
to maintain contact with the commutator 
vauses arcing and overloading of other 
brushes, which ultimately leads to flash- 
overs or complete destruction of the 
brush holder by melting off from sus- 
tained arcing. The possibility for this 
screw to work loose completely and fall 
onto the commutator where it jams 
against a brush holder and causes a deep 
groove to be cut into the commutator, 
short-circuiting all segments, is more 
serious, making it necessary to cut the 
motor out of service and remove it for 
major repairs. 


ComMutTATORS RrveaAL History or Loco- 
MOTIVE HANDLING 


Observation of commutator surface 
appearance is a quick means for sizing 
up the general health of the equipment, 
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and poor appearance is evidence to the 
practiced eye that trouble exists, but it 
is not always so simple to ascertain 
quickly the true cause. Fortunately 
commutators are capable of long suffer- 
ing, and like gearing they seldom fail 
suddenly but give ample warning of im- 
pending trouble in time to hunt down 
the cause. Poor commutator condition 
does not imply always that the cause is 
within the machine, but may be trace- 
able also to external faults or conditions, 
the effects of which reveal themselves on 
the commutator and leave their record 
burned into its surface. 

For instance, it is not uncommon for 
enginemen trained in steam practice to 
‘stall the locomotive completely, inten- 
tionally or forgetfully, for unduly long 
periods with partial power on the motors. 
This is harmless in steam and even good 
practice under some circumstances but is 
capable of extreme damage to the elec- 
tric drive. This may occur when a train 
is braked to a stop with power on to keep 
the train slack stretched out for a smooth 
start and then power is not shut off for 
the duration of the stop. Again, a train 
may be held on an inclined spur with 
power on while the train crew look for 
blocks to hold a car so that it can be 
uncoupled from the train, 

Fundamentally, any operation which 
brings a motor to standstill while heavy 
current continues to flow causes intense 
local heating at the point of contact be- 
tween brushes and commutator, espe- 
cially if brushes are tipped to contact along 
one edge of their face by a slight back- 
ward movement of the armature just 
before the full stop was made. These 
local contact spots when unduly pro- 
longed may reach red or white heat and 
anneal the copper commutator segment 
involved and also burn the shellac binder 
in the mica segment or mica commutator 
cone, 

This local damage, varying from one 
overheated bar to as many as four groups 
of bars spaced 90 degrees apart in severe 
cases, does not immediately incapacitate 
a motor. The overheated segment now 
annealed, or the burned mica, lacks the 
necessary strength to keep its position 
under the action of centrifugal force at 
high operating speed and creeps above the 
general commutator bar surface to bhe- 


come a high bar with the attendant mark- 


ing and burning of the surface, or the 
shattering of brushes and frequent 
flashovers. id 
Such bars may be found near or in the 
telltale burned spots at equally spaced 
intervals 90 or 180 degrees apart, and it 
may be evident by the discoloration at 
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their ends, marking them from the others, 
or they may require searching for with a 
Scleroscope or some equivalent means. 

While it is possible to keep such motors 
in operation by frequent cleaning or 
stoning of the commutator surface, ul- 
timately a major repair is necessary to 
remove the annealed bars and patch, or 
to renew mica cones and reassemble with 
new hard bars. 

A closer regular pattern of burned bars, 
especially in generators, traceable to 
external causes, may be brought about by 
the engineman failing to make a back- 
ward transfer to the series connection 
upon encountering a grade with a heavy 
train, so that the speed is dragged down, 
and the current of motors in parallel 
connection exceeds the commutation 
ability of the generator and, when pro- 
longed, burns the commutator and over- 
heats the armature winding. 

A similar commutator condition is also 
possible by the accumulative flashing at 
brushes over a period of time, brought 
about by a delayed transition from series 
to parallel motor connections, in which 
case the control equipment requires at- 
tention and adjustment. 

Sluggish reverser operation during 
extremely cold weather, when air-com- 
pressor oil condensate may reach reverser 
air cylinders, can cause severe shock to 
the entire transmission apparatus by 
allowing Diesel-engine speed to rise well 
above idling speed before the circuit is 
closed through the reverser contacts. 

Sluggish air brakes may lead to emer- 
gency or convenient plugging of motors 
into reverse while the train is still moving 
ahead to effect a quick stop. The magni- 
tude of the commutation task under such 
conditions is bound to blast the com- 
mutator surface, leaving a. wake of 
splattered copper beads and craters in 
the surface to upset the smooth riding of 
the brushes. 


RESURFACING COMMUTATORS DURING 
LAYOVER TIME 


There are occasions, whatever may be 
the cause, when locomotive commutators 
require resurfacing in order to continue 
operation. Much of this can be accom- 
plished quickly and easily in the locomo- 
tive unless the condition is such as to 
justify removal to a repair shop. 

Such resurfacing is commonly done 
with a commutator resurfacing stone 
held by hand or in a tool and applied to 
the commutator, rotating at sufficient 
speed to do a good grinding job. When 
the stone is hand held, it should be large 
enough to permit a maximum arc of 
contact with the surface. This will allow 
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it to ride over the low spots, rather than 
down into these hollows, and thus cut 
the high spots down first and thereby 
tend to produce a cylindrical surface. 
Remove a brush holder when it prevents 
the use of an ample stone size. 

When irregularities are beyond cor- 
rection with a hand stone, a rigid tool or 
fixture can be adapted to the special 
needs of the machine to hold the cutting 
stone steady or to mount a conventional 
Carboloy-tipped lathe cutting tool for the 
rough cut: then one can finish with a stone. 

The brushes should be removed during 
the resurfacing operation to prevent 
their rapid wear and dusting. Clean the 
oily and greasy surfaces before proceeding 
with the resurfacing so as to prevent 
adherence of the grinding dust and to 
permit easy cleaning of the equipment 
after finishing with the operation. When 
possible, erect cardboard shields so as to 
baffle the interior of the machine against 
entrance of this dust. 


Install two old brushes to supply power 
for driving the motor armature during the 
stoning. The axle, mounting the motor, 
is then by suitable means jacked up so 
that the armature and wheels are free to 
rotate. The remaining wheels of the loco- 
motive must be blocked or have the 
brakes set so as safely to hold the loco- 
motive stationary while the one axle is 
raised and left free to rotate. 

Driving power may be obtained simply 
from the locomotive’s own Diesel-electric 
power plant by going into the first 
operating position which, in most cases, 
will provide sufficient speed to do an 
excellent resurfacing job. The current 
required to rotate the armature is so low 
that no damage will result to the station- 
ary motors through which this same 
current is flowing. An alternative, if 
preferred, is to obtain power from a 
welding set or some other suitable d-c 
power source. 


In the case of a generator a similar re- 
surfacing operation is possible in the loco- 
tomotive in first starting and warming up 
the Diesel engine so as to permit a quick 
easy start later, then shutting down and 
removing most of the brushes from the 
commutator, leaving only a few easy-to- 
reach brushes in about three quarters of 
the readily accessible brush holders of 
each polarity. 

The engine is again started, and these 
remaining brushes are removed, and the 
resurfacing operation is ready to proceed 
without affecting the brushes, which, as 
in the case of the motors, would be ex- 
cessively worn during a prolonged resur- 
facing operation. Block out all contactors 
to insure no voltage during the process. 
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Thorough cleaning of the apparatus is 
essential, and special attention must be 
given to the undercut spaces between 
segments to see that all dragged over 
copper, accumulated dirt, and carbon are 
removed. 

A powerful tool for the detection and 
cleaning of these spaces is a procedure 
referred to as “air curing.’’ A strong jet 
of dry compressed air is blown against 
the commutator, held close to, and di- 
rected across the surface, so that the im- 
pact will dislodge material in the groove 
while the commutator is rotated at 
gradually increasing speed and maximum- 
no-load voltage. 

In the case of a generator, this is done 
with motor contactors blocked out to 
open the load circuit and field contactors 
closed in to obtain maximum excitation 
at full engine speed 

In the case of a motor, this is done at 
available voltage within the speed limita- 
tion of the motor, which for practical 
purposes is sufficient. It is possible, when 
necessary, to obtain full motor voltage at 
full speed by resorting to separately con- 
trolled motor-field excitation circuit in 
order to keep within the maximum motor- 
speed limitation. 

When sparking or rings of fire appear 
under the impact of the air jet, the speed 
and voltage should be held until they 
clear up. It may, in stubborn cases, be 
necessary to shut down and dig the 
troublesome spots clean before proceeding. 

It is well to apply this air-cure process 
to motors or generators reported to flash 
over repeatedly for unknown and un- 
found causes, as a means of locating 
weak spots in commutator segment in- 
sulation. 

The operator should protect himself 
during resurfacing and air-ctire processing 
against flying particles, dust, and flash- 
over by wearing goggles, respirator, and 
suitable gloves in keeping with approved 
safety practice. 


CABLES, CLEATS, AND CONNECTIONS 


Motor cables and cleats should be ex- 
amined each trip as the swing of cables 
between locomotive and motor concen- 
trate stress at the cable cleats which be- 
comes the point of wear and cracks in 
insulation. Such defects, if not dis- 
covered and repaired, will lead to motor 
or power-plant failure, especially during 
wet weather when creepage over and 
through these broken surfaces will result 
in a ground which may be serious enough 
to burn off a motor cable. 

Motors are at times removed in emer- 
gencies, and during the rush the contact 
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surfates of the terminals may be over- 
looked so as to make contact through a 
dirty surface which, later in operation. 
will cause overheating and the melting 
of the soldered connections between ter- 
minal and motor cable, which may be- 
come serious enough to burn the connec 
tion off completely, open-circuit, 01 
ground the equipment. 


Loosr BANps CAN Lose ARMATURES 


The loss of. a power plant may overload 
the remaining equipment in order to bring 
the train in. Operators may take pride 
in bringing a train in under such condi 
tions and justly so, but the maintenance 
man must be on the alert to see what the 
consequences of such operation are to 
the remaining equipment. Enough dam- 
age may result when the equipment is 
heavily overloaded to cause loosening of 
bands, shrinking of insulation, and slot 
wedges which permit the vibration of 
armature windings. The 
vibration of conductors ultimately wears 
insulation thin so that final failure occurs 
by electrical breakdown when it is least 
expected and under comparatively easy 
operating conditions. Such 
result from former abuse. 

Similar damage from overheating is 
caused by operation without traction 
motor blowers when they are necessary for 
adequate ventilation of the motors, or 
by insufficient air when the fan belts slip. 

Overloaded motors should be changed 
out as soon as possible without waiting 
for the completion of their standard re- 
conditioning mileage. Remove the ar- 
mature immediately to make a careful 
inspection of bands, wedges, and insula- 
tion. 

Extreme temperature gradient will 
exist within the motor during overload 
operation, In parallel ventilated traction 


mechanical 


failures 
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motors the armature temperature may 
be expected to increase from the commu- 
tator end to the pinion end. The pinion 
end winding will be hottest, because it is 
insulated and covered over by a band 
and is ventilated by the hottest air, while 
the commutator end of the winding can 
conduct its heat to the exposed surface of 
the commutator. Where overloads per- 
sist as on a grade, or where they are 
repetitive, such as in frequent starting 
of a train with one of two power plants 
shut down, pinion end temperature easily 
may reach a value sufficient to melt the 
solder on the pinion-end band and yet 
leave the commutator-end band and 
comimutator-rise soldering intact. 

Such damage may easily escape detec- 
tion by casual observation through the 
commutator-end inspection opening. 
Hence the importance of disassembling to 
be able to view, tap, and feel the pinion- 
end band for signs of loosening. 

A band unsoldered, especially at speed, 
will cause its relaxation, and this along 
with shrinkage of varnish and insulation 
at these extreme temperatures permits 
vibratory movement of the windings. 
Prolonged operation with such mechanical 
motion wears through the insulation and 
culminates in ultimate electrical failure. 

This detected 
in time has good prospects of successful 


mechanical condition 
repair if the band and band insulation are 
removed and the armature winding is 
thoroughly treated in good insulation 
This treat- 
ment is comparatively quick and in- 


varnish and again rebound. 


expensive as compared with a serious 
failure caused by neglect, necessitating a 
complete rewind in order to restore it to 
The prospect of successful 
operation, after delayed treatment, is 
difficult to predict, 
be checked 


service, 


Slot wedges should 


also and renewed when 
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damaged, as these may allow the winding 


to burst out of the slots even though the, 
end bands are renewed. 

This is a good time to emphasize the 
importance of proper anchoring of the 
ends of the binding wire. The anchor 
should be such that it will hold even after 
the solder is thrown off. It will permit 
operation so as to bring the train in, 
which otherwise may have resulted in 
losing a band and bursting the winding. 

There are various designs for anchoring 
of the band, the basis of which is to have 
the start and finish of the band caught 
in the same clip extending through from 
one side of the band to the other. The 
ends of the band are looped back and 
then secured by pulling the end of the 
clip back under the turns adjacent to the 
end. A band so secured may slip and 
relax slightly when unsoldered but will 
not let go. 


When overloads are sustained so that 
all parts of the armature tend to reach 
uniformly high temperature, all bands 
will unsolder as well as the commutator- 
riser connections, and this is easily de- 
tected by observation through the com- 
mutator-end inspection opening. Opera- 
tors are quick to remove such obviously 
damaged motors, but unfortunately where 
outright failure has not occurred, the 
tendency is to assume that all is in order 
and to continue operation, while under 
the surface of the relaxed armature band 
the vibrating winding is eating into the 
vitals of the armature. 

Failures do not happen—they are 
caused, and they deserve close engineer- 
ing inspection and analysis with un- 
prejudiced zeal to search the events lead- 
ing up to the failure before corrective 
measures in design, operation, or main- 
tenance can be applied intelligently and 
effectively. 
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: Synchronous Motors With Controlled 
Excitation for Suddenly Applied Loads 


W. K. BOICE 


ASSOCIATE AIEE 


, is common practice to operate syn- 
chronous motors with full-rated field 
current supplied from a constant-voltage 
exciter. In a number of cases involving 
variable loads, automatic control equip- 
ment has been used to vary the excita- 
tion with the load. This control causes 
the field current to be reduced below the 
rated value during light-load periods when 
it is not needed and increases the excita- 
-tion when the load is applied, in order to 
prevent the motor from pulling out of 
step. By this means both operating ef- 
ficiency and system voltage regulation 
have been improved. 

Operating efficiency is improved by re- 
duction of losses caused by motor field 
current and armature current. Field- 
current losses are reduced, because this 
current during light-load periods is less 
than the rated value. Armature current 
losses in the motor and in the power-sup- 
ply system are also reduced, because the 
motor reactive kilovolt-amperes during 
light-load periods is less than that with 
full excitation applied. 

System voltage regulation is improved, 
because the motor does not furnish un- 
necessary reactive kilovolt-amperes dur- 
ing light-load periods when it would tend 
to raise the voltage to an undesirably 
high value. Also, regulation is improved, 
because, as the load is increased, the lead- 
ing reactive kilovolt-amperes furnished 
by the motor do not diminish and may 
even be increased, thus offsetting the 
tendency of the load to reduce the system 
voltage. 

The advantages described have pre- 
viously been recognized! in respect to 
motors whose loads vary gradually, so 
that plenty of time is available for in- 
creasing the excitation as the load in- 
creases. The advantages of use of auto- 
matic control for motors for loads which 
are applied suddenly has not been gener- 
ally appreciated. This paper presents 
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the results of an investigation of the use 
of synchronous motors with controlled 
excitation for suddenly applied loads. 
Quantitative results are given covering a 
range of machine and control characteris- 
tics and operating conditions. It was 
found that the advantages of improved 
operating efficiency and system voltage 
regulation can be obtained even when 
loads are applied suddenly. Also, when 
the peak loads are high relative to the 
required continuous load rating of the 
motor, certain additional advantages are 
available. 

Suddenly applied loads with short-time 
peak values much greater than the aver- 
age load are encountered in numerous 
applications for synchronous motors, 
such as for some metal rolling mills, 
rubber mills, and similar drives. In such 
cases the size of the motor is often de- 
termined principally by the peak load. 
If the motor is excited from a constant- 
voltage exciter, the field must be designed 


Table!. Example of Synchronous-Motor Ap- 
plication Involving Suddenly Applied Loads. 


Comparison of Two Motors, Each for 3,500- 


Kw Motor-Generator Sets for Reversing 
Blooming Mill 
Motor A Motor B 


Type of excitation. . Automatically. .Constant volt- 


supply controlled age 
Continuous horse-..4,900 horse- 4,900 horse- 
power rating power power 


Power-factor rat-..1.0 power fac-..0.8 power fac- 


ing tor tor* or 1.0 
power factor 
Exciter continu- 
ous rating....... 40 kw ..40 kw 
Maximum peak 
toad). Levert etsrres 300 per cent ..300 per cent 


Approximate total 
weight of cop- 
per (motor and 


control) i. o..5-. 4,000 pounds ..6,000 pounds 


Approximate total 
weight of steel 
(motor and con- 


GOL) fe rereuseereyev ssi 48,000 pounds . .60,000 pounds 
Operating effi- 
ciency (duty 


eycle, 100 per 
cent rms load, 
comprising re- 
peated 250 per 
cent short-time 
peaks alternat- 
ing with no- 


load periods)....93.1 percent ..91.1 per cent 


* For motors with 300 per cent steady-state pull-out 


torque, the design requirements of 0.8 power factor 
and 1.0 power factor motors are approximately the 


same. 
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to carry continuously sufficient current 
for maintaining synchronism with peak 
load applied. If, however, the field need 
carry only the excitation required by the 
load, and this field current is automati- 
cally increased when peak load is applied, 
a smaller motor may often be used. It 
was found that with properly co-ordi- 
nated designs of motor and control, for a 
wide range of ratings and operating con- 
ditions, substantial savings in critical 
materials, principally copper and steel, 
will be obtained. For the example illus- 
trated in Table I it was possible to em- 
ploy a design of motor and control which 
resulted in an over-all saving of 2,000 
pounds of copper and 12,000 pounds of 
steel. These savings are of particular im- 
portance at the present time of shortages 
of these materials. 

In the case outlined, it was found that 
the addition of the excitation control 
equipment did not result in an increase in 
over-all cost. For ratings considerably 


CURRENT 
TRANSFORMER 


MOTOR 
FIELD 
MAIN 
bee 
EXCITER 


A MAIN EXCITER 
FIELO 


POTENTIAL 
TRANSFORMERS 


. 
CONTROL FOR 
AMPLIDYNE 
EXCITER 


AMPLIDYNE 
EXCITER 


Figure 1. Circuit diagram, synchronous motor 
with controlled excitation for suddenly ap- 
plied loads 
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Conditions of cases 1, 2, and 3 


x—Motor pulls out with this value of suddenly 
applied torque 


o—Motor remains in step with this value of 
suddenly applied torque 
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Figure 3. 


Conditions of cases 1, 4, and 5 


x—Motor pulls out with this value of suddenly 
applied torque 


o—Motor remains in step with this value of 
suddenly applied torque 
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Figure 4. Effect of open-circuit time con- 
stant on transient pull-out torque 


x—Motor pulls out with this value of suddenly 
applied torque 
o—Motor remains in step with this value of 
suddenly applied torque 
A—Conditions of cases 1, 6, and 7. Field 
voltage rises at rate of 110 per cent of rated 


field voltage per second to ceiling value of 
180 per cent 


B—Conditions of cases 8, 9, and 10. Field 
voltage rises instantly to ceiling value of 300 
per cent of rated field voltage 
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Figure 5. Effect of exciter ceiling voltage on 
transient pull-out torque 
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Motor pulls out with this value of suddenly 
applied torque 
o—Motor remains in step with this value of 
suddenly applied torque 
A—Conditions of cases 8, 13, and 14— 
Tao’ = 3.42 seconds 


B—Conditions of cases 10, 11, and 12— 
Tap! = 1.0 second 
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Figure 6. Steady-state pull-out torque 


Figure 7. Motor- 
generator set used 
for tests 


Motor rating— 
2,100 horsepower, 
2,100 kva, 0.8 
power factor, 900 
rpm, 13,800 volts, 
three phase, 60 
cycles 
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smaller than that of the example given, 
the over-all cost is slightly higher than 
for comparable motors and control of 
conventional design. : 

It was found that the use of controlled 
excitation makes possible motor designs 
which for many cases have lower values 
of full-voltage starting current than com- 
parable conventional designs. When full- 
voltage starting is to be used, this feature 
will reduce the disturbance to the system 
saused by starting the motor. 

It is emphasized that a completely co- 
ordinated design of motor and control is 
necessary to assure satisfactory perform- 
ance and to make available the advan- 
tages described. Insome cases, the design 
of the motor will be determined by re- 
quirements of the continuous rating, re- 
active kilovolt-amperes for power-fac- 
tor correction, starting torque, or pull-in 
torque, as well as the peak load. The in- 
fluence of these other factors should be 
evaluated in each of such cases, 

A typical excitation control system is 
illustrated by Figure 1, 
sally controlled amplidyne exciter varies 
the motor excitation by varying the volt- 
age applied to the field of the main exci- 
ter, The control adjusts motor excitation 
to load requirements by responding to 
changes in motor input, 


Effects of Design Factors 


In this paper, the vatie of suddenly 
applied torque just sufficient to catise 
pull-out is called the transient pull-out 
torque, By calculating motor perform- 
ance for a variety of machine constants 
and operating conditions, their effects on 
the value of this torque were determined. 
These effects are illustrated by Figures 
2, 3, 4, and 5. For purposes of compari- 
son, Figure 6 is included, showing the 
steady-state pull-out torque. This figure 
applies for all the cases investigated. 
Figures 2 to 6 are all plotted in terms of 
the rated torque and rated field current 
of an 0.8 power-factor motor with a 
steady-state pull-out torque as given by 
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Figure 8. Comparison of calculated field cur- 
rent with test results 


Motor rated 2,100 horsepower, 2,100 kva, 
0.8 power factor, 900 rpm, 13,800 volts, 
three phase, 60 cycles 


970 per cent load suddenly applied 


Figure 6. The results can be interpreted, 
however, as applying to motors with other 
power-factor ratings and steady-state 
pull-out torque characteristics, by prop- 
erly modifying the scales for the curves. 
The methods of modifying them are given 
in the appendixes. 
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Figure 2 shows the effect of transient 
reactance on transient pull-out torque. 
The maximum suddenly applied torque 
which can be carried is seen to vary almost 
in inverse proportion to the value of 
transient reactance. 

Figure 3 shows the effect of initial field 
current. While decreases in the current 
lower the transient pull-out torque, it is 
seen that this initial current may be well 
below rated value without greatly reduc- 
ing the maximum safe torque. 

Figure 4 shows the effect of open-cir- 
cuit time constant for two types of exciter 
voltage changes. Curve A corresponds 
to an excitation voltage which, as soon as 
load is applied, rises at a constant rate of 
110 per cent of rated field voltage per sec- 
ond toward a maximum or ceiling voltage 
of 180 per cent of rated field voltage. The 
equivalent of this type of response is ob- 
tainable by means of the type of excita- 
tion system illustrated by Figure 1. 
Curve B corresponds to an excitation 
voltage which rises instantly, upon the 
application of load, to a ceiling value of 
300 per cent of rated field voltage. This 


more rapid type of response is obtainable 
only by a regulating system with excep- 
tionally high speed characteristics such 
as are obtainable by use of an electronic 
main exciter. It may be seen that in- 
creases in the time constant are helpful 
wken the excitation system is of the type 
shown by Figure 1, but that increases in 
the time constant decrease the transient 
pull-out torque when an electronic ex- 
citer with a relatively high ceiling voltage 
isused. Figure 4 shows that for machines 
with the longer time constants, the tran- 
sient pull-out torque available with an ex- 
citation control of the type shown by Fig- 
ure 1 approaches closely to the torque 
available with an electronic exciter with 
a high ceiling voltage. For the lower 
values 6f time constant, corresponding to 
relatively smaller motors, the advantages 
of an electronic main exciter or its equiva- 
lent are more pronounced. 

Figure 5 shows the effect of ceiling 
veltage on transient pull-out torque. 
The curves of Figure 5 apply to use of an 
excitation system which raises the field 
voltage immediately to the ceiling value. 
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Figure 9. Oscillograms 
of test of synchronous 
motor with controlled 
excitation for suddenly 
applied loads 
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These curves are plotted for two different 
values of time constant. The curves show 
that there is relatively little to be gained 
by employing very high ceiling voltages. 
When the field voltage does not rise im- 
mediately to the maximum value, in some 
cases there will be nothing gained by use 
of a high ceiling voltage, because the 
motor will definitely pull out or will defi- 
nitely reach stable synchronous operation 
before the exciter reaches its ceiling. 

The effects of design constants and 
operating conditions other than those 
investigated for this paper may be de- 
termined readily by the method of analy- 
sis outlined in the appendixes. 


Test Results 


To check the reliability of the analysis 
and calculations of this paper, tests were 
made on the 2,100-horsepower 900 rpm 
13,800-volt, 0.8 power-factor motor driv- 
ing the motor-generator set shown by 
Figure 7. The pull-out torque of this set, 
with rated excitation applied, is 220 per 
cent. An excitation system of the type 
shown by Figure 1 wasused and adjusted to 
supply at no load a field current of approxi- 
mately 50 per cent of rated excitation. 
A load of 270 per cent of rated load was 
suddenly applied to the motor by con- 
necting the two d-c generators of the set 
to a water box load. The motor did not 
pull out of step. Figure 8 shows a com- 
parison of ealculated field current with 
measured field current. Further tests 
were made in which the transient react- 
ance of the motor was increased by add- 
ing external inductance to the field cir- 
cuit of the machine. By successive trial 
applications of load, the load just suf- 
ficient to cause pull out was found. This 
load corresponded closely to the transient 
pull-out torque as determined by calcu- 
lations. Figure 9 shows a typical oscillo- 
gram taken during the tests. 


Conclusions 


Following is a summary of the conclu- 
sions reached: 


1. Fora wide range of ratings of motors for 
loads with relatively high, suddenly applied 
short-time peaks, use of suitable automatic 
excitation control offers, without increasing 
over-all initial cost, the following advantages 
over use of motors excited by constant- 
voltage exciters: 

(a). Savings in critical materials, particularly cop- 
per and steel. 

(6). Increase in over-all operating efficiency. 

(c). . Improvement of supply-system voltage regu- 
lation, 

(d). Reduction of full-voltage starting current, 

2. Properly designed excitation control 
systems operating in exciter field circuits 
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are adequate for the majority of cases in the 
range investigated. 


3. The transient pull-out torque will be 
increased by reducing machine reactances, 
particularly the direct-axis transient re- 
actarice. 


4. The transient pull-out torque will be 
increased by increases in the following: 
(a). Initial field current. 


(b). Rate of rise of field voltage caused by action 
of excitation control. 


(c). Exciter ceiling voltage, in some cases. 
5. The transient pull-out torque available 
when a suitable excitation system is used, 
is in most cases greater than the steady- 
state pull-out torque available with the 
field current for rated continous load. 


Appendix A. Assumptions 


The following assumptions were used: 


1. The direct- and quadrature-axis armature re- 
action magnetomotive forces are proportional to 
reactive voltage drops equal to ig(Xa—Xi) and 
iqg(Xq— Xi), respectively. 


2. The field current, Js, required to overcome satu- 
ration is a function only of the total direct-axis 
air-gap flux and the field current. 


3. The value of Js; may be determined by the 
relationships of Figure 14 and the assumed em- 
pirical relation, ¢s=ela+0.12/ ya. 


4. The effects of amortisseur windings and other 
rotor circuits in addition to the field winding are 
negligible except in producing a damping torque 
proportional to the rate of change of rotor angle. 


5. Armature resistance is negligible. 


6. Impedance in the power system supplying the 
motor is negligible. 


Appendix B. Nomenclature 


The following nomenclature is used in 
this paper: 


é,=terminal voltage per unit 
éiqa= direct-axis component of air-gap volt- 
age 
éq’ =direct-axis transient internal voltage 
és = equivalent voltage determining satura- 
tion requirements. (e; =eq+0.12I ya) 
7=armature current 
1q=direct-axis component of armature 
current 
1q=quadrature-axis component of arma- 
ture current 
I=total field current 
Ijq=field-current requirement 
quadrature-axis 
ance 
Tjq=field-current requirement 
effect of saturation 
I;=field current required to overcome 
saturation 
Xq=direct-axis synchronous reactance 
X,=quadrature-axis synchronous react- 
ance 
Xq'=direct-axis transient reactance 
X,=leakage reactance 
5=angle in electrical degrees between e, 
and the direct axis 
D=damping-constant, torque per radian 
of angular displacement per radian of 
time 


based on 
synchronous react- 


excepting 
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“eo 
1 
H=inertia constant, seconds; H 
0.231(WR?) (rpm)? 107 
is (Base kva) 


Tao’ =open-circuit time constant, seconds 
t=time in seconds 
A indicates change in quantity during 
time interval, At 
f=frequency, cycles per second 
v=angular rate of change of 6, degrees per, 
second 
P,=electrical torque output of motor 
P,,=applied load torque 
Pp=damping torque 
P=net decelerating torque 


Numbered subscripts refer to step num- 
bers in step-by-step calculation. 

Armature currents, armature voltages, 
reactances, torques, and inertia and damping 
constants are expressed in per unit on motor 
kilovolt-ampere, voltage, speed and fre- 
quency rating. On some figures, torque 
values are expressed in times rated torque 
of an 0.8 power-factor motor. For these 
figures it is assumed that the rated horse- 
power equals rated kilovolt-ampere. For 
motors (of any power-factor rating) having a 
ratio of rated horsepower to rated kilovolt- 
amperes other than unity, the torque scales 
of these figures should be divided by this 
ratio. Field currents and voltages are ex- 
pressed in per unit of the value required for 
no load, rated voltage on the air-gap line. 
On some figures, field-current values are 
expressed in times rated current for an 0.8 
power-factor motor. For these figures it is 
assumed that the rated current is 2.7 per 
unit. For any motor(of any power-factorrat- 
ing) whose rated field current has a differ- 
ent per-unit value, the field-current scales 
of these figures should be multiplied by 2.7 
and divided by the per-unit value of rated 
field current. 


Appendix C. Method of 
Analysis 


Approach to Problem 


To determine whether or not a motor 
would remain in synchronism after applica- 
tion of a particular load under a particular 
set of conditions, a calculation was made 
resulting in a plot of rotor angle versus time. 
If this angle (by which the rotor axis is out 
of phase with the line voltage) does not ex- 
ceed 180 degrees and approaches a constant 
value less than 90 degrees, it was concluded 
that the motor would not pull out. 

To determine the transient pull-out torque 
of a particular machine under a particular 
set of conditions, the calculation just men- 
tioned was made for several different values 
of applied load. By this means, two load 
values were found, one only slightly greater 
than the other, the larger of which causes 
pull-out and the lesser of which does not. 
The transient pull-out torque liés between 
these two;values. 

The effects of variation of machine con- 
stants and of excitation system performance 
were studied by determining the transient 
pull-out torques for various combinations of 
machine constants and operating conditions: 
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Table II. Schedule of Cases 
: Field- 

Initial Voltage Final Damp- Open-Cir- 

Field Response Field Syn- Quadra- ing Inertia Fre- cuit Time 

Current Per Cent of Voltage chronous ture Leakage Transient Con- Con- quency f Constant 
Initial Per Cent of Rated* Per Cent of Reactance Reactance Reactance Reactance _ stant stant Cycles Per (Seconds) Saturation 

Case Load Rated* Per Second Rated* Xa Xq Xr Xa’ D H Second Tdo’ Characteristics 
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* —0.8 power-factor motor (rated field voltage and current assumed =2.7 per unit). 


A schedule of cases studied is given by 
Table Il. From the results of the various 
cases investigated, the effects of design fac- 
tors were determined and plotted on Figures 


2, 3, 4, and 5. 


e 


oe 


It may be observed from the form of the 
equivalent circuits that the pull-out power 
is increased in exact proportion to reduction 
in machine reactances if the ratios between 
these reactances is held constant. Therefore, 
all calculations were made with a single con- 
servatively high value of direct-axis syn- 
chronous reactance, and it was not neces- 
sary to investigate separately the effect of 
changes in this reactance. 


Method of Calculation 


On the basis of the assumptions listed in 
Appendix A, Figure 10 may be drawn to 
represent the motor at all times, before, 
during, and after application of load.?‘ 
Figure 11 corresponds to that portion of 
Figure 10 which is independent of satura- 


Marcu 1943, VOLUME 62 


“ 


tor diagram 


Circuit used on a-c network 
analyzer 


Figure 11. 


Figure 12. A-cnet- 
work analyzer used 
for study of syn- 
chronous motors with 
automatic excitation 
control 


Figure 10. Synchronous-motor vec- 
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tion and of saliency of the poles of the rotor. 
The circuit of Figure 11 was set up on the 
a-c network analyzer,’ illustrated in Figure 
12. Reactance values representative of syn- 
chronous motors were used for the circuit of 
Figure 11. Readings of ea, eg’, and Pe 
were obtained for a range of values of 6 and 
Ija. Using these readings and the rela- 
tionships given on Figures 10 and 14, cor- 
responding values of J, which took pole 
saliency and saturation into account, were 
calculated. From the analyzer readings and 
the calculated values of J, curves such as 
those of Figures 15 and 16 were plotted. 
These were used in making step-by-step 
calculations of 6 and J versus time. A 
sample step-by-step calculation is given by 
Table III. 

The calculations of Table III proceed 
from left to right for each time interval, 
using last-calculated values of quantities 
required for making each calculation. 

A time interval of 0.05 second was used 
for all calculations, since this was found by 
trial to give satisfactory accuracy. Use of 
a smaller interval will not materially in- 
crease accuracy. 

The quantities given in Table III were 
calculated as follows: 

The initial conditions were recorded for 


t= —0.05 second. 
By definition 
61= 69 + Aép ete. (1) 
and 
eat’ = ao + Ago’ etc. (2) 


I is determined from Figure 15 for the 
previously calculated values of 6 and eg’. 
P, is determined from Figure 16 for the 
previously calculated values of 6 and J. 
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Figure 13. No-load saturation curve Figure 15.  Direct-axis transient internal 
voltage, ea’ 
Pyis the assumed applied load for the Xi=1.63 X,=1.00 
case studied. X,/=0.33 X,=0.16 


From assumption 4 Saturation per Figure 14 


Pp (Av) (At) (3) 


~ 360(f)( Ad) 


Since the sum of all torques on the rotor 
is zero 


P=P,—P,.—Pp (4) 2 5 
a 
Since the decelerating torque Come 
ia 
pu 2, dv 6) £2, 
OGOE hak-. at of 
2 
360f( At)? oe 
tats 5 
(Av) (At) oH ie (6) ra 
2 
except for the first interval, for which from % 0 
Oma ee os ce ee) 


equation 55 of Reference 4, 
360f( Al)? 
Cty) CAL) = ae ae Py (7) 


By definition 
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16. Synchronous-motor electrical 


torque 


Figure 


Xa=1.63 X,=1.00 X,=0.16 


Ad = (v1) ( At) = (vo) ( At) + (Avo) (At) ete. (8) Saturation per Figure 14 


Table Ill. Sample Step-By-Step Calculation—Case 1A 
Suddenly Applied Load, Pr =2.25 Per Unit 

Step t 6 ea’ r P, Pr Pp P (Ay) (At) Aé E E-I Aeaq’ 
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Boice, Caldwell, Holberg—Synchronous Motors 


TIME - SECONDS 


Figure 17. Calculated performance of syn- 
chronous motor—rotor angle versus time— 
case 1 


A—Suddenly applied torque =300 per cent 
of motor rated torque —0.8 power-factor motor 
(motor pulls out of step) 


B—Suddenly applied torque=285 per cent 
of motor rated torque —O0.8 power-factor 
motor (motor remains in step) 


E is as assumed for the case being studied. 
From the second equation following equa- 
tion 4a of Reference 5, 


At 
hey = (2 — 1 
Ca T,' § ) 


ROTOR ANGLE -8- DEGREES 


TIME - SECONDS 


Figure 18. Calculated performance of syn- 
chronous motor—rotor angle versus time— 
case 3 


“4 
y 


// 


A—Suddenly applied torque=220 per cent — 


of motor rated torque —0.8 power-factor 
motor (motor pulls out of step) 


B—Suddenly applied torque=200 per cent 
of motor rated torque —0.8 power-factor 
motor (motor remains in step) » 
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A Miultiorifice Interrupter for 
High-Voltage Oil Circuit Breakers 


L.R. LUDWIG 


MEMBER AIEE 


Synopsis: High-voltage oil circuit breakers 
for high-speed operation generally use some 
form of multibreak contact arrangement. 
These breakers perform satisfactorily but 
lackthesimplicity of the conventional slower- 
speed two-break construction. The de- 
velopment of an unusually effective multi- 
orifice oil-flow interrupting unit now makes 
it possible to reduce the required number 
of breaks to the point where even three- 
cycle 230-kv breakers appear practical with 
only two interrupting units per pole. 
High-power laboratory tests on low mag- 
netizing and charging currents, as well as 
short-circuit currents corresponding to 
interrupting ratings of 2,500,000 kva and 
above, have demonstrated the exceptional 
arc-extinguishing effectiveness and low arc- 
energy dissipation of this multiorifice inter- 
rupter for high-speed oil circuit breakers. 


RESENT-DAY requirements relating 

to the manufacture and operation of 
high-voltage oil circuit breakers demand 
the least use of critical materials and the 
minimum time out of service for inspec- 
tion and maintenance. Modern circuit- 
breaker designs, therefore, must have the 
highest possible interrupting efficiency 
in order to limit the arc-energy dissipa- 
tion during circuit opening with attendant 
deterioration of oil, contacts, and inter- 
rupter parts. Since physical size and 
material usage as well as maintenance 
depend on interrupting efficiency, the 
designer must give primary consideration 
to an improved interrupter in order to 
achieve any essential simplification of 
manufacture and operating procedure. 

In the voltage range from 115 kv to 
230 kv, most oil breakers for eight-cycle 
operation and some for five-cycle time are 
constructed with two interrupters in a 
pole unit." The mechanical arrange- 
ment is simple, and the potential advan- 
tages associated with an improved inter- 
tupter are to be gained therefore from 


W. M. LEEDS 


MEMBER AIEE 


decreased energy release, which leads to 
decreased size and improved performance. 
For three-cycle operation at the higher 
voltages, the structure becomes neces- 
sarily more complicated because higher 
operating speeds are required, and in 
general it has been necessary to utilize a 
multiplicity of interrupting devices and 
contacts in each pole unit.’ 

While the multibreak design has shown 
satisfactory performance, a comparison 
between such contacts and the simpler 
structures used in the conventional two- 
break assemblies for eight-cycle operation 
suggests the desirability of reversing this 
trend toward a large number of breaks. 
By making use of newly developed and 
highly effective oil-flow interrupting units, 
it appears practical to build even the 
highest-speed breakers with but two in- 
terrupting units per pole. 

An interrupting function of the high- 
voltage high-speed circuit breaker is the 
interruption of line-charging current 
when little or no load is being carried. 
Operators have expressed concern over 
the possibility of producing high destruc- 
tive overvoltages as a result of restriking 
of the are within the breaker during such 
operation. Particular attention has been 
paid to the possibility, and test results 
with a new interrupter are shown which 
minimize restriking by prompt effective 
interruption of low currents. 


The Evolution of a New Interrupter 


The problem of high kilovolt-ampere 
interruption under oil has always been 
one of achieving a sufficient rate of de- 
ionization following a current zero, so that 
a high-voltage gradient can be quickly 
withstood across the open contacts with 
the minimum amount of energy dissi- 


Results of typical step-by-step calcula- 
tions are shown on Figures 17 and 18. 
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pated in the arc prior to the current zero. 
Obviously, if means can be found to in- 
crease the volts per inch which can be 
interrupted, then a comparatively simple 
structure employing only two interrupters 
per pole unit is possible, even with the 
short contact separation which can be 
achieved in three cycles. The minimum 
mechanical time required from energizing 
the trip coil until the contacts part on a 
three-cycle breaker is approximately 11/2 
cycles. This means that the maximum 
contact separation must be achieved in 
11/, cycles, and with reasonable mechani- 
cal speeds the contacts can be parted 
approximately three inches in this time. 
On the basis of two interrupters for 230 
kv, and assuming line to ground of 132 kv 
across @ pole unit, the interrupting voltage 
gradient to be achieved therefore must be 
in excess of 22,000 volts per inch. 

The interrupting ability of an oil circuit 
breaker has been attributed to the tur- 
bulence produced within the gas bubble 
formed by the arc when the contacts are 
separated. Such turbulence requires 
continuous formation of gas from the oil, 
and intimate association between the arc 
and the walls of oil which define the 
bubble is thus required. In the plain- 
break circuit breaker proximity between 
the arc and the oil walls is not readily 
achieved, since the pressure generated 
within the bubble quickly drives the oil 
away from the arecore. The interrupting 
ability of the plain break has been greatly 
improved by enclosing it in various forms 
of arc-control devices. These devices 
limit the extent to which gases may ex- 
pand within the oil bubble, and therefore 
the pressure within it is increased to such 
an extent that intimate contact between 
the are and the oil is achieved. These 
pressures, however, also increase the arc 
voltage and the energy dissipated. 

It has been found that the interruption 
can be improved much by flowing oil 
past the arc by separately applying pres- 
sure. This flowing oil stream has the 
beneficial effects of supplying cool oil and 
fresh un-ionized gas to the arc core, and 
of tearing bubbles of spent ionized gas 
away from the region surrounding the 
core. Thus the size of the gas bubble in 
which the arc plays can be limited with- 
out developing excess pressures within it, 
and the desired proximity of oil and arc 
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SECTION AA 


Figure 1. Oil-flow interrupters for high- 


voltage oil circuit breakers 


Left—Vertical-flow interrupter 
Right—Center-flow interrupter 


can be achieved without high are energy. 
It has been found also that, if the oil is 
caused to flow vertically along the axis of 
the arc, the disruptive effect of the oil 
stream itself on the are core will be mini- 
mized. The are in this case is not 
lengthened or bent about barrier plates; 
its voltage drop and energy loss are there- 
fore low. Nevertheless, at current zero 
the gases formed from the decomposed oil 
are highly turbulent, and deionization is 
exceptionally effective ° 

B. P. Baker has previously described 
a vertical-flow interrupter and its appli- 


Figure 2. Cutaway view showing oil flow in 
multiorifice grid interrupter 


A—Pressure break E—Intermediate contact 
B—Interrupting break F—Oil-flow channel 
C—Upper contact G—Inlet passages 
D—Lower contact H—Exhaust passages 
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cation to oil-poor circuit breakers.® This 
interrupter consisted of a novel structure 
for developing an oil flow by mechanical 
means, the oil being directed longitudi- 
nally along the are in a restricted channel 
vented at one end only, as shown in 
Figure la. This device was remarkable 
for the low are voltage, and therefore low 
arc energy and oil depreciation, asso- 
ciated with the interruption of high short- 
circuit powers exceeding 2,000,000 kva. 
This device was tested both in the labora- 
tory and in the field. 


Experimental tests were made also on a 
center-flow device in which a contact was 
drawn down through a succession of ori- 
fices, while a flow of oil was driven longi- 
tudinally around the contacts and up 
along the are through the orifices and out 
a vent at the top, as shown in Figure 1b. 

Experience with these interrupters 
indicated that a high-voltage gradient 
could be developed only over a limited 
axial distance, because the oil stream soon 
became contaminated with ionized gas 
and was therefore not effective through- 
out the entire length of the interrupter. 
This phenomenon suggested that the ef- 
fectiveness of the device can be greatly 
enhanced by building it in the form of a 
multiplicity of orifices through which the 
arc is drawn and through which the oil is 
caused to flow in an axial direction. Ifa 
fresh supply of oil is directed to each ori- 
fice, and if the used gases and oil are 
vented at each orifice, then the high-volt- 
age gradient can be maintained in any 
desired number of inches. Consequently, 
the structure shown in Figure 2 was con- 
structed. In such a structure the arc is 
not unduly disturbed prior to current 
zero, and its length is kept at a minimum. 
The pressures are definitely limited by 
the comparatively large open venting 
arrangement, and at the same time the 
deionization at current zero is extremely 
effective. 


The oil flow can be produced in a num- 
ber of ways, for example, by means of a 
piston which provides the necessary 
pressure. It is also feasible to utilize a 
second are in the same interrupting 
structure which generates gas and thus 
forms sufficient driving pressure to cause 
the oil flow through the orifices and the 
main interrupting arc. This means has 
the advantages of producing a greater 
flow of oil as the current to be interrupted 
is increased. It also does not increase the 
mechanical load as with an oil piston. 
Consequently, the second pressure arc 
has been adopted in conjunction with 
the multiple-orifice structure and provides 
a simple small and efficient over-all inter- 
rupter as shown in Figure 5. 
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Description of the Multiorifice 
Interrupter 


The cutaway view of the multiorifice 
interrupting unit shown in Figure 2 
illustrates the essential features of the 
device. For maximum speed of are rup- 


ture, a pressure break (A) and an inter- 


rupting break (B) are opened simul- 
taneously by raising an upper contact 
(C) and drawing down a moving contact 
(D) away from a relatively stationary 
intermediate contact (£). Gas genera- 
tion by the upper are places oil under 
pressure and causes it to flow through a 
pair of oil-flow channels (/) to three pairs 
of inlet passages (G). Two pairs of ex- 
haust passages (ZH) are located between 
the inlets, all channels being separated 
by fiber plates with a central orifice (J) 
in which the are is drawn. 

The arrows indicate the flow of oil 
which serves to keep the are centered in 
the orifices, sweeping the are products 
out of the vents and producing an ex- 
tremely high rate of deionization of the 


Figure 3. 287-kv three-cycle ‘multlorlfice 
grid-contact assembly with shields removed 
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are space at current zero. The design 
lends itself naturally to the selection of 
more or less inlet-orifice-outlet units 
according to the voltage rating. Since 
the oil-flow passages are arranged in 
parallel, the quantity of oil to be set in 
motion by the driving pressure will be 
greater for increased voltage ratings, and 
a longer pressure arc is provided to over- 
come the increased pressure drop in the 
vertical oil-flow channels. 

For maximum speed and effectiveness 
of are rupture, the pressure break and 
main interrupting break are opened 
practically simultaneously as shown in 
Figure 4a, although satisfactory slower- 
speed performance is obtained with a 
consecutive sequence of contact parting 
as shown in Figure 4b. With the ar- 
rangement of Figure 4a, five-cycle opera- 
tion is obtained with normal contact 
speed sufficient to give adequate contact 
separation in 21'/, cycles. In order to 
obtain three-cycle operation, either four 
grids per pole unit may be used, or the 
contact speed may be increased to give 
longer separation in 1!/, cycles, and two 
grids may be used. In this case, heavier 
construction must be incorporated into 
the grids to withstand somewhat higher 
pressures. The pole-unit levers also must 
be made heavier in order to stand the 
higher operating speeds and the effects of 
heavier accelerating springs. This higher 
contact speed can be obtained by increas- 
ing the breaker lift-rod speed and by 
operating the grid contacts through a 
multiplying lever system, so that the con- 
tact speed exceeds that of the lift rod. 
A multigrid assembly for three-cycle 
operation at 287 kv has been built and 
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Figure 4. Maulti- 
orifice grids for 230- 
ky five-cycle breaker 
and 138-kv_ eight- 
cycle breaker 


Left—230-kv _ five- 
cycle breaker multi- 
orifice-grid assembly 
Right—133-kv eight- 
cycle breaker multi- 
orifice-grid assembly 


’ 


tested with six units in series per pole. 
Three of these multiorifice grids are shown 
in Figure 3, arranged with a side operating 
rod for actuating all contacts simul- 
taneously. 

In the grids shown in Figures 4a and 5, 
an insulating operating rod along the side 
of each contact assembly is attached to a 
rocking arm which operates the contact 
in the pressure chamber at the top of the 
grid unit. Clamped between the upper 
and lower contacts in the closed position 
is the intermediate contact which sepa- 
rates the pressure and interrupting cham- 
bers. The operating rod is raised during 
the closing operation by the bridging 
contact crossbar which also carries the 


Figure 5. 230-ky five-cycle multiorifice grid- 
contact assembly with shield removed 
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(a). Old design with — six 
radial field grids 


(6). Design with four multi- 
orifice grids 


(c). New design with two 
multiorifice grids 


Figure 6. Evolution of 230-kv three-cycle 
breaker designs for 2,500,000 kva 


lower moving contact. This contact is 
withdrawn from the grid in the open posi- 
tion to provide electrical isolation. An 
accelerating spring is compressed during 
closing, as are the contact springs, and 
both provide initial acceleration. On 
opening, the main lift rod is tripped, and 
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(a). 287-kv breaker—3,500,000 kva_ six 
grids—198 kv to ground single phase 
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(6). 230-kv breaker—2,500,000 kva four 
grids—132 kv to ground single phase 


Figure 7. Maultiorifice-grid performance in 
three-cycle high-voltage breakers 
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CONTACTS PART. 
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Wet rol TRAVEL Mh DTD 


6O~ RECOVERY VOLTAGE 


the bridging crossbar drops away 


the grids carrying the lower 


from 


contact 


The upper contact opens simultaneously, 


and the are is extinguished just before the 


crossbar leaves the grid to provide an 


insulating disconnect break in clear oil 


Voltage distribution is provided by 


re 


sistors, while the voltage gradient in the 
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A. Six Grids in Series—198 Ky to 
Single Phase—60 Cycles 
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Charging Current—60 Cycles 
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Figure 8. Oscillograms of short-circuit tests 


on three-cycle multiorifice grid breakers 


(a). Six grids, 4,680 amperes, 198 kv to 
ground 

(b). Six grids, 7,020 amperes, 198 kv to 
ground 

(c). Four grids, 162 amperes, 132 kv to 
ground 

(d). Four grids, 8,300 amperes, 132 kv to 


ground 


Cathode-ray oscillogram of same test 


Ss 
as 8c 


neighborhood of metallic parts is relieved 
by well-rounded metallic shields, 

Figure 6 shows schematically the re 
sults which have been achieved. In 6a 
the earlier form of 230-kv three-cycle grid 
arrangement using six grids is illustrated. 
In 6b by using the multiorifice design, it 
has been possible to obtain very short 
arcing time over the entire current range 
with only four grids. In 6e two grids 
only are shown for the same purpose, and 
tests indicate their adequacy for future 
breaker designs. 


Resistors for Voltage Control 


A resistor assembly consisting of 


graphite-impregnated molded blocks 


mounted in a fiber tube is connected 
across each multiorifice grid stack, pri 
marily for the purpose of improving the 
division of voltage among the series 
interrupters.’ Figure 15 shows a group 


of curves indicating the calculated divi- 
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Table ll. 230-Kv Three-Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) 


Interrupted Main Inter- 
Current Arcing Gap rupting 

Test (RMS Time Per Grid Time 
No. Amperes) (Cycles) (Inches) (Cycles) 


A. Four Grids in Series—132 Ky to Ground— 
Single Phase—60 Cycles 
1 BOs ee 1.6 ud 3.0 
2 162, Bots 2.3 3.1 
3 675 1.5 1.9 2.9 
{ 4,050 ‘ 1.8 1.5 eae 
5 7,420. 1.2 1.3 2.6 
6 7,900 1.2 1.3 2.6 
7 8,300 1.0 0.9 2.4 
B. Four Grids in Series—198 Ky to Ground— 
Single Phase—60 Cycles 
\ L6OK. 1.2 een) 2.6 
2 2,650 1.5 1.9 2.9 
3 2,400 L.4 Lif 2.8 
| SiGO0 ans 1.3 1.5 PY yf 
5 B,900. «<u ica 1.9 2.9 
6 6,200 1,2 1.3 2.6 
7 6,560 Leh 1.9 2.9 


sion of voltage between the contact as- 
the high potential and 
erounded terminals of a typical high- 


semblies on 


voltage steel tank breaker as a function 
of the parallel resistance value for various 
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Figure 9. 230-kv five-cycle circuit-breaker 
performance—two grids—132 kv to ground 
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CONTACTS 
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9400 
\ AMPERES | 
260 AMPERES tM 


(a) 


(a): Two grids, 260 am- 
peres, 132 kv to ground 


(b) 


(b). Two grids, 9,400 am- (c). 
peres, 132 kv to ground 
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/ 7 
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Two grids, 4,290 am- 
peres, 82.5 ky to ground 


Figure 10. Oscillograms of tests on 230-kv five-cycle multiorifice grid breaker 
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performance—two grids—88 kv to ground 


natural frequencies of the transient re- 
covery voltage. The combination of re- 
sistance and capacitance involved causes 
the voltage across the two contact as- 
semblies to be out of phase with each 
other, and thus the corresponding per- 
centages add up to somewhat more than 
100 per cent. The resistance value 
selected for a 287-ky multiorifice grid 
design was 360,000 ohms per breaker 
terminal, giving according to Figure 15 as 
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(b). Two grids, 5,750 am- (c). 
peres, 88 kv to ground 


(a). Two grids, 1,340 am- 
peres, 88 kv to ground 


CONTACTS PART 


GER 


good or better distribution than with 
capacitance shielding’ for all frequencies 
up to about 2,000 cycles per second. It 
should be noted that, after the high- 
frequency transient has been damped out, 
the normal-frequency voltage will be 
divided 50 per cent—50 per cent by the 
resistance. During the interruption of 
charging currents the voltage distribution 
is better with resistance dividers than 
with capacitance shielding, since the 
voltage builds up across the breaker con- 
tacts at normal frequency. Proper volt- 
age distribution during the interruption 
of charging currents forces each grid to 
bear its full share of restored voltage. 
Thus the resistor in combination with 
sufficient contact speed and oil driving 
power quickly brings the total dielectric 
strength of all grids sufficiently high to 
prevent continued restrikes which might 
multiply the transient overvoltage. A 


liberal and quickly achieved contact 
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10,200 AMPERES 


(c) 
Two grids, 10,200 am- 
peres, 88 kv to ground 


Figure 12. Oscillograms of tests on 138-kv eight-cycle multiorifice grid breaker 
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Table Ill. 230-Kv Five-Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) 


Inter- 
rupted Main 
Current Arcing Gap 
(RMS Time Per Interrupting 
Test Am- (Cy- Grid Time 
No.  peres) cles) (Inches) (Cycles) 


A. Two Grids in Series—132 Ky to Ground— 
Single Phase—60 Cycles 


1 2605-7. 1,8), J to ure Near ae 4.3 
TRS OSU oth siaiae's Olle hin eet intS &- 0) 0 6s send aicd 4.5 
3 pi eulmane sh Ors earners ik 4.1 
1 5,980 se i ee Le easton casi ort 4.0 
5 5,340. Lassie cial ss PN es eucne 4.3 
6 5,450 De Gintre ss LOR oe ait ate 4.0 
7 7,500 Le atrdeis PAP TOES Cty G 4.2 
8....9,400 Dy Gtr tare DO se ahs 3.8 


B. Two Grids in Series—82.5 Kv to Ground— 
Single Phase—25 Cycles 


Time Base 


25 Cy- 60 Cy- 
cles cles 


1 RO Dehra sire LOW sadn Sel oeauaeiel LOA 5.2 
2 BBO. oe OOO v0 sey Oana 1 PO 4.6 
3 DOB see OOO sree ecm uO eee a) 
4 OAT arse als OB ersten 0 sO otyiemnteiedOatiaais OO 
5 > Aaa 2 ees Ja Cee Ot ee: 
Crt of0S0 tires OOO si citer euts wo Ona «ata 
7 BE rn BOs ctr. stares: o be OO riches 
8 A200 este O80 ei O's Oo 7s 


separation for the oil driving arc has been 
found to provide good driving pressures 
even with low currents. 

Lower values of ohmic resistance have 
been tried experimentally but appear un- 
necessary: with this type of grid. Re- 
sistors low in ohmic value are rather 
bulky to be able to handle the high E?/R 
power losses even for time intervals of 
only a few cycles. 

Another advantage obtained with even 
a moderately high value of resistance in 
parallel with the interrupter is the reduced 
voltage gradient along the insulation with 
the contacts in the open position. The 
effect of the resistance connection is to 
keep both ends of the contact assembly 
at the same potential while the disconnect 
gap is open. Large well-rounded shields 
grade this potential off into the oil. 


Discussion of Test Data 


The curves in Figure 7 show the inter- 
rupting time as a function of interrupted 
current for a three-cycle 287-kv six-unit 
multiorifice grid breaker tested at 198 kv 


INTERRUPTED CURRENT — AMPERES 


INTERRUPTING TIME—CYCLES 


Figure 13. 230-kv three-cycle circuit-breaker 
performance—two grids—132 kv to ground 
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a 
\ 360 AMPERES 


(a) 


(a). Two grids, 360 am 
peres, 132 kv to ground 


(b). 


(b) 


Two grids, 3,950 am 
peres, 198 ky to ground 


CONTACTS 


3950 AMPERES oon akc ) 


ve 
9350 AMPERES 


(c) 


(c). Two grids, 9,350 am- 
peres, 132 kv to ground 


Figure 14, Oscillograms of tests on 230-kv three-cycle multiorifice grid breaker 


to ground single-phase, and a three-cycle 
230-kv four-unit breaker tested at 132 kv 
to ground. The first curve, Figure 7a, 
covers a current range from 14 amperes to 
7,000 amperes at a voltage 20 per cent 
above the normal line-to-ground potential 
on a 287-kv system, The test at maximum 
current is a direct demonstration of the 
ability to meet a 3,500,000 kva inter 
rupting-capacity rating. The interrupt 
ing time was less than three cycles for all 
currents above 210 amperes (six per cent 
of rating), and did not exceed 3.8 cycles 
at any current. Table I contains test 
data for the curve in Figure 7a as well as 
test data with the full 198 kv across only 
one-half the pole unit of three grids in 
series. This demonstrates a 100 per cent 
factor of safety in voltage interrupting 
ability. Also included in the table are 
charging-current interrupting tests with 
one-sixth voltage, or 83 ky, across one 
of the six multiorifice grids in series with 
a capacitor bank in the laboratory. A 
current range from 8 to 96 amperes was 
available; all interruptions took place in 


Table IV. 138-Kv Eight-Cycle Breaker Data 
— 2,500,000 Kva (10,500 Amperes) 


Arcing 
Interrupted Time Main Inter- 
Current Both Gap rupting 
Test (RMS Gaps Per Grid Time 
No, Amperes) (Cycles) (Inches) (Cycles) 


Two Grids in Series—8s Ky to Ground—Single 
Phase—60 Cycles 


rr 20 3.3 2.7 real 
A 52 re 6.0 9.0 
Bre 175... 4,2 4.4 8.0 
4. ZOO Ges ae 3.4 red 
5... 1,840 Cy ee 2.9 i 
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See Ore OU shu mite Oti. TE ee 6.4 
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Part C of Table | 
shows that the maximum voltage across 
the interrupter during these tests did not 
exceed 192 per cent where the normal 


less than three cycles. 


crest voltage is taken as 100 per cent. 

The second curve, Figure 7b, covers a 
current range from 30 amperes to 8,300 
amperes at normal line-to-ground voltage 
for a 230-kv system, the maximum cur- 
rent corresponding to a three-phase short 
circuit of 3,800,000 kva,. 
interrupting 


The maximum 
the 
range was only 3.4 cycles. 


time in low-current 
By simply 
increasing the mechanical speed of con- 
tact opening, a flat three-cycle character- 
istic can be obtained over the entire cur- 
rent range. Table IT includes not only 
test data at 182 kv to ground, but also at 
50 per cent higher voltage or 198 kv to 
ground, 
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Figure 15. Calculated voltage distribution as 
a function of parallel resistance for different 
frequencies of transient recovery voltage 


Representative oscillograms for these 
three-cycle multiorifice grid breakers are 
shown in Figure 8, including a cathode- 
ray oscillogram of one of the low-current 
tests showing that no greater than normal 
amplitude in the recovery-voltage tran- 
sient is obtained. 

Figure 9 gives a curve of interrupting 
performance for 230-kv simultaneous- 
contact-parting multiorifice grids of the 
type illustrated in Figure 5a for five- 
cycle rating. The maximum current 
interrupted was 9,800 amperes at 132 ky, 
over 50 per cent above the rated inter- 


rupted capacity. The remarkable ease 


Cb) 


Inlet, orifice, and vent plates 


(b). 


Figure 16. Multiorifice grid parts after interrupting tests 
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Table V. 230-Kv Three-Cycle Breaker Data 
—2,500,000 Kva (6,300 Amperes) 


Interrupted Main Inter- 
Current Arcing Gap rupting 
Test (RMS Time PerGrid Time 


No. Amperes) (Cycles) (Inches) (Cycles) 


A. Two Grids in Series—132 Kv to Ground— 
Single Phase—60 Cycles ‘ 


Frese lsn CHU SER 48) 
ues sess Gil totale he 2.6 
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5 USE, tc tea etal ey 
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B. Two Grids in Series—198 Kv to Ground— 
Single Phase—60 Cycles 


esi ctetrue AO cose, wine terres PA Re Poe 2.8 
ne ra SSD er. sel 1 fibrils Aewo OOaet nn 3.1 
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with which such heavy short circuits are 
cleared gives evidence of the low arc 
voltage and the energy of the multiorifice 
interrupter. This is especially important 
for 25-cycle application where the arcing 
time tends to be slightly longer than at 
60 cycles, because of the greater time 
interval before a current zero occurs at 
which the contacts are parted sufficiently 
to interrupt. Table III includes not only 
data at 132 kv 60 cycles, but also at 82.5 
ky 25 cycles. Oscillograms of represen- 
tative low- and high-current tests are 
shown in Figure 10. 

The interrupting performance of the 
eight-cycle consecutive-contact-parting 
multiorifice grids for 138 kv, as illus- 
trated in Figure 5b, is shown by Figure 
11. The current range covered was from 
16 amperes to over 10,000 amperes at 88 
kv to ground, or 15 per cent above normal 
line-to-ground voltage. Data are given 
in Table IV, and oscillograms for three 
tests are shown in Figure 12. The sim- 
plicity of contact structure makes this 
design very attractive for application 
where high-speed operation is not essen- 
tial. 

It has been pointed out earlier in the 
paper that the ultimate of three-cycle 
operation at 230 kv with only two units 
per pole has been demonstrated to be a 
practical possibility. Using a pair of 
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multiorifice grids similar in operation to 
the one shown in Figure 5a but equipped 
with a multiplying linkage for operating 
the lower moving contacts at high speed, 
the results shown in Figure 13 were ob- 
tained. Currents from 30 to 9,300 am- 
peres at 132 kv to ground single phase 
were interrupted satisfactorily. All short 
circuits above 210 amperes were cleared 
within three cycles., Data are given in 
Table V not only at 132 kv but at 198 kv 
to ground single-phase, and Figure 14 
includes three representative oscillo- 
grams. 


All interrupting tests were made in the 
high-power laboratory described by 
MacNeill and Batten? last year. The cir- 
cuit voltage-recovery rates during the tests 
were quite high since the breakers were 
connected to the transformers with short 
cable lengths. All tests at 132 kv were on 
a circuit having a maximum circuit volt- 
age-recovery rate of 3,500 volts per 
microsecond. At 198 kv the correspond- 
ing rate was 5,500 volts per microsecond. 

An examination of all oscillograms 
shows not only short arcing time but very 
low are voltage. The energy dissipated 
in the new interrupter where two grids 
are used for five-cycle operation is ap- 
proximately one third to one half of that 
commonly considered acceptable in pres- 
ent-day interrupters. For three-cycle 
operation at 230 kv, the reduction in the 
number of interrupters lowers the total 
energy dissipation to approximately one 
fourth that of current designs. 


There is a complete absence of demon- 
stration during interruption. Measure- 
ments of tank pressure with two multi- 
orifice grids show maximum pressure im- 
pulses of only 60 pounds when interrupt- 
ing high currents of approximately 10,000 
amperes. 


Multiorifice grids have been tested for 
large numbers of consecutive high-current 
interrupting tests. Examination of the 
parts after such tests shows very little 
burning and erosion of the orifice plates 
or other grid parts. For example, Figures 
16a and 16b show several orifice plates 
and contacts taken from a grid which had 
withstood 22 interrupting tests from 200 
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to 10,000 amperes. All but eight of these 
tests were above 3,000 amperes. 


Conclusions 


A multiorifice type of interrupter has 
been found to have excellent interrupting 
ability in the high-power laboratory. Its 
arc-energy dissipation is markedly lower 
than with present interrupters. In the 
230-kv three-cycle field the greatest im- 
provements are possible, because the 
number of interrupters per pole unit can 
be reduced from six to two. 


The interruption of low currents is 
achieved with short arcing time by this 
interrupter, and means have been intro- 
duced imto its design to restrict over- 
voltages due to restriking. 


A saving in critical materials is made 
possible by the use of this interrupter 
which is consistent with the current war 
effort. 
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Substation- Transformer 


Emergency Overloading Practice 


L. W. CLARK 


MEMBER AIEE 


Synopsis: Although much has been written 
in recent years regarding allowable over- 
loading of transformers, the practical mat- 
ter of matching existing load curves with 
such allowable limits has continued to pre- 
sent some difficulties. The interim report 
of the AIEE transformer subcommittee 
gives one approach to the problem, taking 
into account the ambient temperature and 
the duration of the overload. However, in 
order to take full advantage of the trans- 
former’s inherent load-carrying ability, it is 
necessary to consider additional factors such 
as the individual transformer characteristics 
and the specific shape of the overload curve. 

This paper shows a method by which all 
of the influencing factors can be taken into 
account easily. Allowable overloads thus 
determined are often considerably higher 
than those indicated by the AIEE method. 
The application of the proposed method is 
sufficiently simple to justify a semiannual 
analysis of expected overloads with respect 
to substation-transformer emergency rat- 
ings. It consists in 


1. Determining the allowable 24-hour steady over- 
load that can be carried by the transformer without 
exceeding certain agreed-upon limits. 


2. Converting the specific load curve to a 24-hour 
steady load which would cause equal aging of the 
trausformer insulation. 


In this manner both the transformer load- 
carrying ability and the actual irregular 
load are reduced to a common basis for 
ready comparison. A 24-hour overload 
period is ordinarily of ample duration to al- 
low for replacement or repair of faulty 
equipment. 

Nomographs are included for quick de- 
termination of allowable transformer 24- 
hour overloads, taking into account ambient 
temperature, top-oil rise, average copper 
rise, and ratio of copper to core loss. Em- 
pirical multipliers are also given which 
facilitate the conversion of the load curve 
to equivalent 24-hour steady load in no more 
time than it would take to calculate load 
factor. 


LLOWABLE overloading of trans- 
formers during emergency conditions 
has received considerable attention dur- 
ing recent years, and many valuable 
papers on the subject have appeared in 
the technical literature. The object of 
this paper is to describe the method de- 
veloped by The Detroit Edison Company 
for determining the allowable emergency 
overloading of substation transformers. 
In any consideration of allowable 
transformer overloading, there are three 
factors which must be taken into account: 
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namely, the magnitude of the overload, its 
duration, and its frequency of occur- 
rence. The magnitude of the overload 
is dependent upon the number of trans- 
former units in a substation, the duration 
is dependent upon the time required for 
replacement or repair of faulty equip- 
ment, and the frequency of occurrence 
must be obtained from experience records. 


MAGNITUDE OF OVERLOAD 


Many substations consist of two or 
more transformers, or transformer banks, 
of equal size arranged in such a way that 
each may carry a normal day-to-day load 
of a value somewhere near its name-plate 
rating. When a transformer fails, or other 
trouble develops causing that unit to be 
shut down, it is obviously desirable that 
the remaining units of the substation have 
sufficient overload capacity to carry the 
entire load until the defective unit can 
be replaced or other trouble repaired. 
This means in the case of a substation 
having only two transformer units, it 
would be highly desirable that each unit 
have an emergency rating equal to about 
twice its allowable day-to-day loading. 
Where there are three or more trans- 
former units in the substation, the emer- 
gency rating of each can be correspond- 
ingly lower. 

There are also many suburban-type 
substations each consisting of a single 
bank of three single-phase transformers, 
connected in delta delta. In case of fail- 
ure of one of these transformers, it is 
customary to cut it out of service, leav- 
ing the remaining two to carry the load 
in open delta until the defective trans- 
former can be replaced. In these cases 
the emergency rating of the transformers 
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should be about 70 per cent greater than 
their allowable day-to-day loading. 


DURATION OF OVERLOAD 


It is the practice of the company to 
keep a limited number of emergency 
spare transformers of appropriate sizes 
at strategic locations for use in the event 
of failure of operating units. Experience 
has shown that a defective transformer, 
other than a very large unit such as in- 
stalled at bulk power step-down stations, 
can usually be replaced with a spare 
within about 24 hours. 


FREQUENCY OF OCCURRENCE 


Substation records indicate that trans- 
former failures can be expected about once 
every 16 years per substation. If the 
transformer is radially fed by under- 
ground cable, the expectancy of cable 
failure must also be taken into account; 
likewise, any other failures that may re- 
sult in the loss of a transformer from the 
system must be considered. Conse- 
quently, it has been assumed that, all 
things considered, any one transformer 
unit may be subjected to emergency op- 
eration not oftener than about once every 
five or ten years. 


NEED FOR SIMPLE METHOD 


In much of the technical literature on 
the subject of transformer overloading 
it has been the practice to express allow- 
able emergency overloads in terms of 
steady loads of given durations following 
either a period of no load or a period of 
fullload. The recent interim report of the 
AIEE transformer subcommittee, dated 
June 22, 1942, follows this same plan. 
While this defines the load-carrying 
ability of the transformer in quite specific 
terms, the expression is not wholly com- 
patible with the irregular shape which 
characterizes the majority of actual load 
curves. 


By means of the so-called rigorous 
method, based upon the generally ac- 
cepted theory governing transient changes 
in oil and copper temperature with chang- 
ing transformer load, it is possible to 
determine whether it is feasible to carry 
an overload of any given shape and mag- 
nitude. While this method is useful in 
checking isolated cases, it is far too cum- 
bersome and time consuming for routine 


application in connection with hundreds of 


transformer installations. 


The method described in this paper is 


comparatively simple and its application 
requires little time. It consists in first 
expressing the allowable transformer 
overload in terms of a steady 24-hour 
load, and then converting the potential 
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overload curve to a steady 24-hour load 
of such magnitude that it will cause the 
same insulation aging as the irregular 
curve. Thus the transformer capabilities 
and the potential overload are reduced to 
a common basis for ready comparison. 


Allowable Emergency Transformer 
verloading 


The well-known ‘‘eight-degree rule,” 
which states that the rate of insulation 
aging doubles for each eight degrees 
centigrade increase in temperature, has 
been generally accepted as a rough meas- 
ure in determining the life of transformer 
insulation under varying temperature 
conditions, There are fairly wide vari- 
ations from the strict application of the 
rule, as shown by tests of F. M. Clark.! 
There is also no definite generally ac- 
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Figure 1. Variation in load-carrying ability of 
126 substation transformers ranging in size 
from 100 to 10,000 kva 


PERMISSIBLE RATING IN PER CENT OF RATING 
OF “STANDARD” TRANSFORMER WITH 55C RISE 
3 


cepted bench mark from which to start. 
L. C. Nichols? shows 1!/; years’ life for 
105 degrees centigrade temperature com- 
pared with V. M. Montsinger’s® seven 
years’ life for the same temperature. 

In the practice adopted by The Detroit 
Edison Company, the allowable emer- 
gency overload capacity of transformers 
has been based upon the ‘‘eight-degree 
rule” and Nichols’? life curve including 
safety factor. Montsinger’s® curve could 
have been used just as well. No brief is 
held for either curve; both are based on 
the “‘eight-degree rule,’’ and neither au- 
thority claims to foretell with any degree 
of accuracy the actual transformer life. 
By following either curve and using a 
reasonable hot-spot temperature as a 
guide, all transformers can be treated 
alike and subjected to a uniform degree 
of insulation aging during emergencies. 

On the basis that the emergencies 
occur only once in five or ten years and 
last for a single 24-hour load period, it 
was thought reasonable to allow one per 
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cent life consumption for each 24-hour 
emergency. This was found on Nichols’ 
curve to correspond to a hot-spot tem- 
perature of 120 degrees centigrade for 
24 hours, which was considered to be a 
reasonable average value provided that: 


1. The maximum hot-spot temperature never ex- 
ceeds 150 degrees centigrade. 

2. The maximum top-oil temperature never ex- 
ceeds 115 degrees centigrade. 

Investigations showed that with the 
worst conditions expected to be encoun- 
tered these upper limits would not be 
exceeded. As an over-all rule it was de- 
cided that under no conditions should the 
peak load on a transformer be allowed to 
exceed 200 per cent of name-plate rating. 


VARIATIONS IN TRANSFORMERS 


Experience indicates that there is con- 
siderable variation in temperature rise 
and corresponding load-carrying ability 
between different transformers of the 
same name-plate rating. One can well 
afford to take advantage of this extra 
marginal capacity. Figure 1 shows the 
variation in load-carrying ability of 126 
substation transformers ranging in size 
from 100 to 10,000 kva. The 126 trans- 
formers are compared with a “‘standard”’ 
55 degree centigrade rise transformer 
having a 45 degree centigrade top-oil 
rise and a ratio of full-load copper loss to 
iron loss of two. It is seen that about 50 
per cent of the transformers studied per- 
mit five per cent greater continuous loads 
than the 55 degrees centigrade trans- 
former and, that five per cent of the trans- 
formers permit 13 per cent greater con- 
tinuous loads without exceeding the 
allowable temperature limits. 

The transformer variables which de- 
termine the amount of overload that can 
be carried without exceeding a given 
hot-spot temperature rise are top-oil rise, 
average copper rise, and ratio of copper 
loss to core loss. The ambient tempera- 
ture then fixes the actual:hot-spot tem- 
perature and resultant insulation aging. 
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AMBIENT TEMPERATURES 


United States Weather Bureau statis- 
tics for the Detroit area show that summer 
(May through October) ambient tem- 
peratures seldom exceed 35 degrees 
centigrade. Similarly, for winter (Decem- 
ber through February) there are a few 
days with ambient temperatures as high 
as 13 degrees centigrade. On the basis 
of these records the summer and winter 
ambient temperatures selected for estab- 
lishing allowable emergency transformer 
loading were 35 degrees centigrade and 
13 degrees centigrade, respectively. 


NOMOGRAPHS 


As a means for determining quickly the 
allowable 24-hour emergency loading of 
transformers for the chosen ambient 
temperatures, the nomographs shown in 
Figures 2 and 3 were developed. They 
are based on the following generally ac- 
cepted fundamental relationship: 


1 NR? 0.8 
Tay ( ar ) = Toy R?+ Vo (1) 


where 


Tys;=hot-spot temperature, degrees centi- 


grade 

T;=top-oil rise at full load, degrees centi- 
grade 

N=ratio of copper loss to core loss at full 
load 


R=ratio of load to name-plate rating 
T.4=copper rise above top oil at full load 
plus ten degrees centigrade allowance 
for hot-spot differential, degrees centi- 
grade 
T,=ambient temperature, degrees centi- 
grade 


To demonstrate the use of the nomo- 
graphs, two examples are shown in dashed 
lines for self-cooled transformers, A and 
B, having the characteristics shown in 
Table I. 


Figure 2. Nomograph for determining allow- 
able summer emergency overload capacity of 
self-cooled transformers 
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Table | 
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Transformer A Transformer B 


Name-plate rating. .500 kva .-1,500 kva 

Copper loss ys. ves 4,070 watts ...10,850 watts 

Gore 1ossise is... eieieie 1,750 watts ...4,296 watts 

IN fn ciptte sel cae eiereteve ae 2.32 Rey et) 

Top-oil rise........ 41.5 degrees. ..35.2 degrees 

centigrade centigrade 

Average copper..9.5 degrees...6.0 degrees 
rise above top centigrade centigrade 
oil 

Weight of core and. .3,200 lb . 9,700 lb 
coils 

Weight of tank: ....1,600 Ib . 4,950 Ib 

Weight of oil....... 2,200 Ib . 6,050 1b 


The procedure consists of first locating 
the point of intersection of a vertical line 
from the upper scale of top-oil rise with a 
horizontal line of the proper N value. 
Then line up a straight edge between this 
point and the top-oil rise on the bottom 
scale. With the straight edge held in this 
position, its intersection with the curve 
for the proper copper rise above oil deter- 
mines the allowable 24-hour steady load. 
This value, expressed as per cent of name- 
plate rating, is read by projecting the 
point of intersection horizontally to the 
scale on the left. 

From the nomographs for summer and 
winter conditions, the allowable 24-hour 
steady overloads for the two examples are: 


Transformer A Transformer B 
(Per Cent) (Per Cent) 


Summer 
IWinterseierrermicie static: 


Load-Curve Conversion 


As stated before, it is difficult to com- 
pare an irregular-shaped overload curve 
with values of allowable transformer over- 
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loads. However, by converting the actual 
overload curve to an equivalent steady 
aging load, it can be compared directly 
with the allowable 24-hour steady load 
previously determined for the trans- 
former. To do this, the 24-hour day is 
divided into three parts: morning, after- 
noon, and evening. An average load is 
obtained for each of these periods in the 
following manner. The average of the 
three highest consecutive hourly readings 
any time between midnight and noon is 
designated as the average morning load. 
The average of the three highest consecu- 
tive hourly readings any time after noon 
and up till 9 p.m. is designated as the 
average afternoon load. The average of 
the three highest consecutive hourly read- 
ings any time between the selected after- 
noon readings and midnight is designated 
as the average evening load. There is no 
fixed time for dividing afternoon from 
evening. The three groups of consecutive 
hours should be so selected that the re- 
sultant equivalent aging load obtained 
by substituting the three average loads in 
the following formula is a maximum: 


EAL=0.10Lmin+0.30Lint +0.52L max (2) 
where 


EAL=equivalent steady aging load 
min=the smallest of the three average 
loads 
Lint =the intermediate of the three average 
loads 
Lmax = the largest of the three average loads 


Three general examples are shown: 
Figure 4 for typical industrial winter 
load, Figure 5 for typical combined in- 
dustrial and residential summer load, 
and Figure 6 for typical residential sum- 
mer load. In each of these figures, curve 
2 is the equivalent steady aging load 
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Figure 4. Typical industrial winter load and 
allowable emergency overload of trans- 
former A 


1. Potential winter emergency transformer 
overload based on existing substation load, 
per cent 
9. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady winter over- 
load of transformer A, per cent 
4. Maximum allowable winter overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


corresponding to the potential irregular- 
shaped overload, curve 1. 

Considering the industrial winter load, 
curve 1 of Figure 4, the 9, 10, and 11 
o'clock readings are averaged to give an 
average morning load of 123 per cent of 
name-plate rating of the transformer 
carrying the load during the emergency. 
Similarly, the 1, 2, and 3 o’clock readings 
give an average afternoon load of 129 per 
cent and the 4, 5, and 6 o’clock readings 
give an average evening load of 98 per cent 
of name-plate rating. 

Then, according to formula 2. 

EAL=0.10X98 per cent+0.30X123 
per cent+0.52X129 per cent=114 per 
cent of name-plate rating as shown by 
curve 2 in Figure 4. Thus, this particular 
load which has a peak of 131 per cent 
will cause the same amount of transfor- 
mer aging as a steady 24-hour load of 
114 per cent. 

Assuming that this overload is to be 
carried by transformer A previously re- 
ferred to, its allowable emergency over- 
load capacity, 146 per cent, has been 
shown in Figure 4 as curve 3. A com- 
parison of these two values, 114 per cent 
and 146 per cent, indicates that the trans- 
former has ample overload capacity under 
these conditions. ey 

The maximum load of the shape shown 
by curve lin Figure 4 that can be carried 
by the transformer is obtained readily by 
direct proportions and is shown by curve 
4. In other words, the maximum peak 
load that can be carried by the trans- . 
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former under these conditions is the peak 
of curve 1, 131 per cent, multiplied by the 
ratio, 146/114 which gives 168 per cent 
load in terms of name-plate rating. So 
much for transformer A. 

Next, it is assumed in Figures 5 and 6 
that the loads shown are to be carried by 
transformer B, and, correspondingly, 
curves 4 and 3 show the transformer capa- 
bilities to be compared respectively with 
the potential load curve 1 and its equiva- 
lent, curve 2. 


Accuracy oF METHOD 


The load-curve conversion method de- 
scribed above, which may be referred to 
as the short-cut method, is intended only 
for use with load factors in the usually 
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Figure 5. Typical industrial-residential sum- 
mer load and allowable emergency overload 
of transformer B 


1. Potential summer emergency transformer 
overload based on existing substation load, 
per cent 
9. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady summer over- 
load of transformer B, per cent 
4, Maximum allowable summer overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


encountered range of 50 to 90 per cent. 
The great majority of load curves fall in 
this range. When a load has 90 per cent 
or better load factor, it is probably safest 
to assume it to be a continuous round-the- 
clock load. Such loads are usually typical 
of electrochemical plants, oil refineries, 
ice plants, and other similar industries 
not too frequently encountered. 

The accuracy of this short-cut method 
has been checked by comparison with the 
rigorous method in which it has been as- 
sumed that the hot-spot temperature rise 
of copper over top oil varies as the square 
of the load, that the hot-spot differential 
is ten degrees centigrade at full load, and 
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that the top-oil rise under transient load 
conditions varies in accordance with the 
following generally accepted formula: 


6=6,(1—e ) (3) 


where 


8=top-oil rise at end of time / 
W = total losses 
C=thermal capacity of core and coils, tank 
and oil ; 
6, =ultimate oil rise (varying as 0.8 power 
of losses for self-cooled transformers) 
e=2.718 
t=time 


The three examples given in Figures 
4, 5, and 6 show hot-spot temperatures, 
curve 5, calculated in the above manner 
for the 24-hour allowable emergency 
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Figure 6. Typical residential summer load and 


allowable emergency overload of trans- 
former B 


1. Potential summer emergency transformer 
overload based on existing substation load, 
per cent 
9. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady summer over- 
load of transformer B, per cent 
4. Maximum allowable summer overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


} 

loads, curve 4, determined by the short- 
cut method. The hot-spot temperatures 
converted to insulation aging and per 
cent life consumption indicate errors of 
—1.6 per cent, —2.0 per cent, and + 2.0 
per cent in allowable peak loads for 
the three examples cited. In most cases 
it will be found that the short-cut method 
gives results accurate to within plus or 
minus five per cent in allowable loads. 


Loap-Facror METHOD 


It has been suggested at times that load 
factor be used in determining the ability 
of a transformer to carry a given overload. 
In general, the lower the load factor, the 
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higher the allowable peak load; however, 
there are such wide variations in allow- 
able peak loads for curves of equal load 
factor but different shape, that load fac- 
tor alone cannot be used as a reliable 
indicator. For instance, Figure 7 presents 
plotted data showing the range of allow- 
able peak load values for 240 different 
load curves of various shapes and load 
factors, each of which has equal aging 
effect on the transformer insulation. It is 
seen, for example, that for load curves 
having approximately 60 per cent load 
factor, the allowable overloads range 
from 11 per cent to 43 per cent of the 
equivalent steady load. Montsinger* 
has presented similar conclusions and 
stated that two load curves, each with 50 
per cent load factor, may vary in allow- 
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Figure 7. Range of peak load values for 240 

different load curves of various shapes, each of 

which has equal aging effect on the trans- 
former insulation 


able overload from 16 per cent to 40 per 
cent on the basis of equal aging. 


Routine Application of Method 


It has been company practice for a good 
many years to obtain transformer load 
readings from recording ammeters at 
unattended substations and from opera- 
tors’ log sheets of hourly load readings at 
attended substations. It was the custom 
to obtain summer and winter peak loads 
from these records and, with some rough 
regard to the number of hours of peak 
load duration, to establish firm ratings 
for each substation. 

In 1939 the short-cut load-conversion 
method of analyzing load curves was 
developed and put into practice. This 
permitted substation firm ratings to be 
increased materially with safety, because 
it insured uniform treatment of all trans- 
formers, irrespective of the shape of the 
load curve. Without this assurance of 
equal treatment and close control, large 
factors of safety were necessary to insure 
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safe operation of the poorest transformer 
in combination with the most severe load 
curve of any general class. The applica- 
tion of this new method requires some 
additional effort when the load curves are 
analyzed, but this effort has proved to be 
more than justified in view of the in- 
creased substation firm ratings thus es- 
tablished. 

Figure 8 is typical of the continuing 
records kept for all substations. Dexter 
substation is-of the suburban type and 
consists of three 333-kva transformers 
connected in closed delta. Under emer- 
gency conditions there would be two 
transformers operating in open delta with 
a combined name-plate capacity of 577 
kva. Since 1939, the allowable summer 
peak load has ranged between 151 and 
158 per cent of emergency name-plate 
capacity and the allowable winter peak 
load between 187 and 197 per cent, indi- 
cating some slight change in the shape 
of the load curve from year to year. In 
this particular case, the summer load is 
the limiting condition as evidenced by the 
per cent usage which has increased from 
69 per cent in 1939 to 105 per cent in 
1942, as compared with an increase of 


POWER TRANSFORMER LOAD RECORD - EMERGENCY LOADING 


winter usage from 58 to 86 per cent. 
If the load continues to grow in that com- 
munity, the 105 per cent usage for the 
sumyner of 1942 indicates that a trans- 
former change is probably needed before 
the summer of 1943. 

In such cases the short-cut load-con- 
version method is verified by the more 
accurate rigorous method to be sure that 
the change is needed in fact. Compara- 
tive calculations of this type, including 
those made during the development of the 
short-cut method, show an average error 
of 0.6 per cent for some 32 cases. In one 
case the error was 9 per cent on the low 
side, in two cases 5.5 per cent on the high 
side, and in all other cases it was well 
within the expected plus or minus 5 per 
cent. 

While not within the scope of this 
paper, mention should be made that all 
substation equipment—not just trans- 
formers alone—must be considered when 
studying allowable overloads. Circuit 
breakers, busses, disconnecting switches, 
and all such equipment must receive due 
consideration. 


Figure 8. Typical record of substation loading 


Auxiliary Cooling to Increase 
Emergency Rating 


As stated before, the need for the high- 
est emergency rating is in those substa- 
tions having only two transformer units. 
Even by working the transformers to the 
24-hour, 120 degrees centigrade hot-spot 
limit, the emergency rating may still be 
inadequate as compared with the normal 
day-to-day loading limit. In such cases, 
auxiliary cooling is sometimes employed 
to increase the emergency rating so that 
it is no longer the bottleneck in substation 
loading. 

Either fans or water spray can be used. 
Where the auxiliary cooling is desired for 
emergency use only and a reliable supply 
of water is available, the water-spray 
method is by far the more economical, 
and at the same time it gives a much 
larger increase in rating. A water-spray 
ring for a 6,000- or 10,000-kva three- 
phase transformer can be installed for a 
few hundred dollars, and it increases the 
emergency rating some 30 or 40 per cent. 
Figure 9 presents the results of a load 
test on a 6,000-kva transformer showing 
a 37 per cent increase in emergency rating 
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for loads at 120 degrees centigrade hot- 
spot temperature. 

Permanently installed fans on large 
transformers usually represent an invest- 
ment of thousands instead of hundreds of 
dollars, and, in the 120 degrees centi- 
grade hot-spot range, they increase the 
emergency rating a matter of only 10 to 
15\per cent. Portable fans represent a 
much lower investment and have the 
further advantage that one set of fans 
can serve any one of many locations at the 
time of emergency; however, they too in- 
crease the emergency rating only mod- 
erately. Figure 10 shows comparative 
test data for a bank of three 5,000-kva 
self- and fan-cooled transformers, with 
and without the fans in operation. Here 
it is seen that, in the emergency overload 
range of operation, the benefit from fans 
is relatively moderate. 

Fans do, however, have a definite field 
of application. They are most valuable 
where the day-to-day rating of a trans- 
former must be increased, either to fore- 
stall the installation of added capacity, 
or to help carry the normal load through 
the hot summer months. Water spray is 
not recommended for day-to-day use and 
should be considered only where the 
emergency rating needs a boost. 


Tests at Bulk Power Step-Down 
Stations 


The company has seven bulk power 
stations, where voltage is stepped down 
from 120 to 24 kv, each consisting of two 
or more transformer banks of 15,000- to 
45,000-kva rating. Load readings from 
these stations are analyzed semiannually 
along with the load readings from dis- 
tribution substations. However, in the 
case of bulk power stations when the load 
has reached a value such that the poten- 
tial emergency overload approaches the 
calculated limit of the transformers, ac- 
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Figure 9. Increase in allowable transformer 
emergency loading by use of water spray, 
based on test of 6,000-kva three-phase trans- 
former 
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Figure 10. Emergency over- 
load test of a bank of three 
5,000-kva self- and fan-cooled 


transformers 


Temperature, C 
Load in Percent of Name Plate Rating 


tual field tests are conducted, subjecting 
each transformer bank and all its related 
equipment to one emergency overload 
cycle, the equivalent of 24 hours opera- 
tion at 120 degrees centigrade hot-spot 
temperature. During the past two years, 
three banks of three 10,000-kva self- 
cooled transformers, and two banks of 
three 5,000-kva self- and fan-cooled 
transformers have been tested. Figures 
10 and 11 show typical results of such 
tests. Table II shows the comparison 
between calculated and test values for 
final top oil and final average copper tem- 
peratures. 

These of necessity were field tests, 
the results of which are influenced by 
such uncontrolled factors as the sun and 
clouds, ambient temperature, and wind. 
All tests were started on calm, sunny 
days but conditions sometimes changed 
before the tests could be completed. 
Under the circumstances, the test and 
calculated values were considered to be in 
reasonable agreement. 

The importance of conducting such 
emergency tests cannot be overempha- 
sized, even if they do nothing more than 
acquaint the operators with what to ex- 
pect when the station equipment is over- 
loaded. Tests are bound to bring to light 
unusual conditions that might otherwise 
be overlooked. It is one thing to set up 
emergency-load limits of from 150 to 
200 per cent of name-plate rating for a 
large group of stations, and another to be 
sure that everything in a particular 
station including the bus, circuit break- 
ers, cable, current transformers, discon- 
nect switches, and so forth, can carry the 
specified overload safely. The anti- 
cipated emergency usually is thought of 
as likely to happen at some indefinite 
time in the distant future, the result being 
that certain lesser details are currently 
overlooked. On the other hand, if an 
overload test is scheduled definitely, 
the responsibility for considering every 
possible contingency becomes immediate. 


Clark—Substation-Transformer Emergency Overloading 


1. Load in per cent of name- 
plate rating 

2. Hot-spot temperature, de- 

grees centigrade (calculated) 


3. Top-oil temperature, de- 
grees centigrade (calculated) 


4. Top-oil temperature, de- 
grees centigrade (test) 
5. Ambient temperature, de- 
grees centigrade 


is Etat an Average copper tempera- 


ture at shutdown (without 

fans); 111 degrees centigrade 

by calculation, 107 degrees centigrade by test 

7. Avérage copper temperature at shutdown 

(with fans); 96 degrees centigrade by calcu- 
lation, 98 degrees centigrade by test 


Such tests insure that the established 
overload limits can be met safely under 
the more trying conditions of an actual 
emergency. 


POTENTIAL DIFFICULTIES TO BE AVOIDED 


Experience thus far has indicated the 
possibility of several types of trouble 
during emergency-overload periods, none 
of which is associated with the limits in 
thermal ability of the equipment to carry 
the load safely. Any one of these might 
prove serious if first encountered during 
an actual emergency, rather than during 
a staged test. 

Among such possible troubles are those 
related to relaying. It is entirely possible 
that although relay settings may be such 
as to give proper breaker operation for 
any system fault under normal loading 
conditions, they may cause faulty opera- 
tion when the transformers are carrying 
150 to 200 per cent of name-plate rating. 
All possible load and fault combinations 
therefore should be carefully checked. 

Transformer oil will expand beyond 
normal limits when the unit is carrying 
high overloads and may cause trouble, 
particularly in the case of transformers 
served by a common inert gas system 
where the oil is likely to back up into the 
gas equipment. In some cases it has 
been necessary to set up instructions for 
emergency lowering of the oil level in 
order to avoid such occurrence. 

Oil-filled gas-pressure bushings may 
leak because of increased pressure at the 
high temperature if proper adjustment of 
oil level and gas pressure is not made. 

Switchboard ammeters often will be 
found to go off scale during an emergency. 
If there is any time an operator needs to 
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Figure 11. Emergency overload test of a bank 
of three 10,000-kva self-cooled transformers 
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Load in per cent of name-plate rating 

9. Hot-spot temperature, degrees centigrade 
(calculated) 

3. Top-oil temperature, degrees centigrade 
(calculated) 

4. Top-oil temperature, degrees centigrade 

(test) 

5. Ambient temperature, degrees centigrade 

6. Average copper temperature at shutdown; 

115 degrees centigrade by calculation, 117 

degrees by test 


know the load readings, it is certainly 
during an emergency. Temporary test 
instruments can be used in some cases, 
but at important stations it is well to 
install a single high-scale ammeter for 
each transformer bank. 

While all tests have been conducted 
at overload ratings equivalent to 24-hours 
operation at 120 degrees centigrade hot- 
spot temperature, the firm rating of bulk 
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Table II 


Name-Plate 
Rating (Kilo- 


(Degrees Centigrade) 


OO 


Final Top-Oil 
Temperature 


Final Average Copper 
Temperature 
(Degrees Centigrade) 
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power stations has been based upon one 
week’s operation at 112 degrees centi- 
grade hot-spot temperature. More time 
is thus allowed for the replacement of a 
faulty unit in these stations. The trans- 
formers are large and not too easily trans- 
ported. Some two hundred distribution 
and industrial-type substations with 
their smaller and more easily handled 
units are given a firm rating based on the 
24-hours operation at 120 degrees centi- 
grade hot-spot temperature. 


Conclusions 


Allowable emergency overloads for 
substation transformers, as determined 
by the method outlined, have been used 
for only a few years in establishing the 
firm ratings of substations, and thus no 
large amount of experience has yet been 
accumulated. While the maximum tem- 
perature limits selected may appear to be 
high compared with earlier practice, it 
does not follow that such limits always 
will be reached during an emergency. 
Rather, these limits. have been set as 
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ceilings that may be encountered only if 
an emergency occurs under the worst 
combination of circumstances. 

If future experience indicates the 
wisdom of lowering these limits, that can 
be done easily without changing basically 
the method described. Meanwhile, and 
particularly during the war, the savings 
in critical materials and in investment 
made possible by the higher substation 
firm ratings, should more than offset any 
isolated cases of abnormal life consump- 
tion. 
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HAT portion of the total system 

investment can one equitably allo- 
cate to the system kilovar requirements? 
Or, looking at it in a little different way, 
what portion of the system kilowatt 
capacity is used by kilovars? The answer 
to these questions obviously depends 
upon the method of supplying the kilo- 
vars. It is indicated in this analysis 
that supplying the kilovar requirements 
of a system in general may be divorced 
from supplying the kilowatt requirements 
and that the two factors may be dealt 
with as independent commodities. This 
approach shows that maximum usage of 
system capacity is made in producing 
kilowatts. 

This two-commodity concept has de- 
veloped very rapidiy during the past 
decade. Until the advent of the present- 
day capacitor, kilovars were largely sup- 
plied by kilowatt generators in the power 
plant and transmitted to the point of 
consumption. Synchronous condensers, 
by providing regulated kilovars, were 
used primarily for regulating high- 
voltage transmission lines. Smaller ones, 
however, have been used on occasions by 
central stations and industrials for supply- 
ing kilovars locally. It is on this basis 
that systems were designed and largely 
operated. The availability of a low-priced 
kilovar generator—called a capacitor— 
has contributed materially to the accept- 
ance of the two-commodity philosophy. 
This concept will now be developed and 
its relation to our immediate objectives 
indicated. 

An electric system is built and oper- 
ated for the purposes of serving con- 
sumers with electric service. A consumer 
basically wishes—in addition to light, 
heat, and so forth—for his motor to spin 
and do work for him. It so happens that 
this service requires two types of electric 
energy. The major type, which is also 
the real pay load on a system, is known as 
active or kilowatt component. 

It is this component that turns the 
Paper 43-25, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
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lathes, grinds the, flour, produces air- 
planes, and turns out the finished product 
for the consumer. The other type of 
energy known as reactive or kilovar com- 
ponent is the type that is needed to mag- 
netize transformers and induction motors 
or any type of electric apparatus needing 
magnetic flux supplied by the power sys- 
tem in order to function. This latter 
type of energy does not cause the disk of a 
watt-hour meter to turn, but it can use 
system kilowatt capacity to generate it 
and deliver it to the consumer. The 
amount of system kilowatt capacity re- 
quired to provide this kilovar requirement 
is obviously determined by the method of 
supplying it, which may be done in either 
of two ways or by a combination of them 
both: 


1. By producing it in the kilowatt genera- 
tors in power plants and transmitting it 
through the system to the point of consump- 
tion. 


2. By producing it in auxiliary kilovar 
generators, such as capacitors, synchronous 
motors, and synchronous condensers, which 
generally are located at or near the load, 
and therefore, the problem of delivering 
them to where they are needed is solved. 


An analysis of these two methods of 
supplying kilovars is given in the follow- 
ing section. 


Basic Assumptions 


Although several minor assumptions 
are used in the body of the paper as the 
occasion arises, the three basic ones given 
herewith obtain throughout: 


1. That the total system investment may 
be segregated and allocated separately to 
generating equipment and to equipment 
having either voltage drop or current mag- 
nitude as the factor which determines its 
limiting output rating. Obviously a certain 
portion of the total investment may not fall 
logically into one of these three classifica- 
tions, but it is felt that the error introduced 
by this assumption is small. 


2. That steam and hydraulic turbine gen- 
erator units can deliver their full kilovolt- 
ampere rating at unity power factor in a 
sufficiently large majority of the cases to 
permit its acceptance as a general fact, par- 
ticularly as the error in this assumed fact 
will have a negligible effect on the conclu- 
sions. 


3. That the progressively increasing kilovar 
requirement—the system J?X—because of 
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current flowing through the reactance of the 
system from the load to the generator be 
neglected. In other words, only the kilovar 
requirements of the load are used in plotting 
the data. This means that still more of the 
system investment really should be charged 
to the flow of kilovars when it is supplied 
by kilowatt generators. This assumption 
offsets to a large extent the errors introduced 
by assumptions 1 and 2, as this neglected 
component can amount to a large portion of 
the load requirements in particular in- 
stances. 


General Conclusions 


1. Kilowatts and kilovars can be dealt with 
most economically as two independent com- 
modities using separate generators, in the 
general case. The amount of system facili- 
ties used by both in getting from generating 
source to load is determined by the economic 
balance between the added cost of the facili- 
ties and the increasing costs of lower-voltage 
smaller-size capacitor units required for con- 
nection adjacent to load. 


2. <A value of two to six per cent of the 
system investment is chargeable to the 
kilovar requirement when it is supplied 
near the load by auxiliary kilovar genera- 
tors as contrasted to 20 to 25 per cent when 
supplied by kilowatt generators in the power 
stations for systems operating around 80 
per cent power factor. 


3. If rates are established for kilovars 
based on the cost of supplying them by 
kilowatt generators, they will provide an 
excessive inducement for the consumer to 
generate his own kilovars. The important 
system design and operating factor of kilo- 
var control will then tend to pass out of the 
hands of the operating company into the 
hands of the consumer. This tendency is 
aggravated by each price reduction on kilo- 
var generators, and their price today is only 
about 25 per cent of the 1929 level. 


4. Approximately 330 pounds of critical 
materials are required to produce one kilovar 
when supplied by kilowatt generators and 
delivered through the system, as compared 
to five pounds (includes all mounting struc- 
tures, housings, dielectric liquid, paper, and 
so forth) when supplied by capacitor kilo- 
var generators near the load. Even dividing 
this ratio by a factor of 10 to allow for errors 
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Figure 1. Allocation of system capacity 
usage when voltage drop is limiting factor 
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in assumptions leaves a sufficiently large 
differential to substantiate the conclusion 
that kilovars in general should be produced 
by special generators near the load. 


Analysis 


I. Kuitovars SupPLIED BY KILOWATT 
GENERATORS AND TRANSMITTED 
THROUGH THE SYSTEM 


Since a system can deliver its maximum 
pay load when operating at 1.0 power 
factor (if there is no stability limitation), 
this part of the discussion will be based 
on the viewpoint that the extent to which 
this maximum kilowatt capacity is re- 
duced by the need for supplying kilovars 
determines the amount of system capac- 
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Figure 2. Allocation of system capacity 
usage when ampere capacity is limiting factor 


ity consumed by the kilovar generation. 
With this premise, the equipment of a 
system naturally divides itself into three 
groups, as determined by the different 
ways in which kilovars use system kilo- 
watt capacity, namely: 


1. Equipment such as overhead lines 
wherein voltage drop is the limiting factor. 


2. Equipment such as transformers and 
cables wherein ampere capacity and there- 
fore thermal loading are the limiting factor. 


3. Generating equipment whose output is 
limited by thermal loading in either armature 
or field, depending upon the operating power 
factor and machine design. 


1. Where Voltage Drop Is Limiting 
Factor. Equations can be derived 
which will give for any specified condition 
the fraction of the total drop caused by 
active and reactive current. On the basis 
that each component uses system capacity 
in proportion to its effect on voltage drop, 
these equations give directly the fraction 
of the total capacity in this type of equip- 
ment consumed by each. Such relations 
are shown plotted in Figure 1 as a function 
of power factor and the ratio of X/R of 
the circuit. These curves show that.30 
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to 70 per cent of the system voltage- 
limited capacity is consumed by the kilo- 
vars of an 80 per cent power-factor load in 
circuits having an X/R ratio of 0.5 to 3.0 
respectively. 


2. Where Ampere Capacity Is Limit- 
ing Factor. A piece of equipment such 
as a transformer, a regulator or a cable, 
having current magnitude as its limiting 
factor, can deliver full kilovolt-amperes 
at 1.0 power factor, that is, its full rating 
in kilowatts. At any other given power 
factor it can deliver only that fraction of 
its full kilowatt rating represented by the 
power factor; for example, at 0.8 power 
factor it can deliver 0.8 of its rating in 
kilowatts. Hence, for a given thermal 
(or ampere capacity), the portion of the 
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Figure 3. Allocation of steam-turbine-gen- 


erator capacity usage 


capacity used by the active current is 
simply the per-unit power factor, and that 
portion used by the reactive current is 
unity minus the per-unit power factor. 
This division in the usage of the system 
capacity is on the basis of the kilowatt 
capacity used by each. These relations 
are shown plotted in Figure 2 for various 
power factors. 


3. Thermal Capacity of Generators. 
This case is somewhat complicated by the 
fact that a generator is designed for 
operation at a predetermined power 
factor, and by the limitations of the prime 
movers, cooling water, steam facilities, 
and so forth. However, a frequent prac- 
tice in respect to turbine-generator rat- 
ings is to install 0.8 power-factor genera- 
tors with turbines good for 5/4 generator 
name-plate kilowatt capacity. This pro- 
cedure permits 125 per cent name-plate 
kilowatt output to be delivered at 1.0 
power factor. For several years it has 
been the practice to furnish 0.8 power- 
factor turbogenerators to utilities on this 
basis unless requested to the contrary, 
and also many utilities have specifically 
required units so rated in the interests of 
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obtaining peak capacity. Therefore, it be 


is felt that one reasonably may assume 


that a fair portion of the units in service 


today will deliver full kilovolt-amperes 
at 1.0 power factor and could be so oper- 
ated if othersources for kilovars were made 
available. Some units admittedly have 
limitations such as end structure heating, 
when operating at increased power factor, 
and therefore each case should be checked 
specifically in determining its limits in 
this respect. 

That this philosophy of operation and 
the possibilities ascribed to it in the pre- 
ceding paragraph are reasonable is sup- 
ported by the following quotation:! 


“Table I shows the present turbine-genera- 
tor capacities as of December 8, 1941, total- 
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Figure 4. Allocation of hydroelectric-turbin 
generator capacity usage 


ing 919,550 kw, which is greater than the 
original kilowatt ratings by 20 per cent,"pri- 
marily because of increases in power-factor 
ratings.” 


This paper is a report on the kilovar- 
supply program of the Public Service 
Electric and Gas Company of New Jersey. 

The above discussion also applies to 
modern 0.8 or 0.9 power-factor hydro- 
electric units, and so for the purposes of 
this discussion, the capacity of the sta- 
tion in kilowatts will be taken as the sta- 
tion rating at 1.0 power factor. The kilo- 
watt capacity reduction from this base 
rating caused by the flow of kilovars will 
be allocated to the kilovars flowing. 

Representative data for steam and 
hydroelectric generators, giving their out- 
puts at reduced power-factor loadings, 
were studied from which the kilowatt out- 
put for various power factors and hence 
the reductions from base kilowatt rating 
were determined. These results 
shown plotted in Figures 3 and 4. ~ 

These data present a reasonable allo- 


cation of the portion of each class of | 


equipment capacity actually being used 
by active and reactive kilovolt-amperes 


are 
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during peak load conditions for various 

power factors. It is interesting now to 
speculate as to what portion of the total 
system investment is used—within these 
assumptions—in serving kilovars for 
different power factors in a few chosen 
systems. 

Table I is a summary of the classifi- 
cations of system investments for various 
types of equipment as compiled by the 
Federal Power Commission in 1939, for 
three representative systems. From these 
data the fraction of the total system in- 


vestment in each type of equipment con- . 


sidered in this study may be tabulated. 
Weighting these percentages by the 

amounts of each type of equipment that 

is consumed by kilovars at various power 


Table |. Classification of System Investments 
Com- Com- Com- 
pany pany pany 

A B (9) 

OUEST tn MG ISaS eee 0.104...0.335...0.452 

Hydroelectric........... 0.334...0.011...0 

Transmission (current 

ETON OSS eee 0.099...0.169...0.005 

Transmission (voltage- 

Mcp Mit)... 6. es 0.134...0.039...0 

Distribution (current 

MELE) erie isis s.6 ss 0 58 0.203...0.293...0.526 

Distribution (voltage- 

drop'limit).......... 0.126...0.153...0.017 
PERG RE ster ains aise «gies POON LOOM el 100 


Data taken from book compiled by Federal Power 
Commission, 1939, ‘‘Statistics of the Electric 
Utilities in the United States.” 
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factors as shown in the data of Figures 1 
to 4, one can determine what fraction of 
the total system investment is being used 
by reactive component for the three types 
of systems listed in Table I. Part I of 
the appendix develops the method for 
consolidating these data. 

Consolidating these figures as suggested 
in the foregoing and assuming an over-all 
figure for X/R of 1.0 for voltage-limited 
equipment and 0.8 power-factor genera- 
tors, the interesting data on Figure 5 are 
obtained. The results are surprisingly 
similar for the three rather different types 
of systems chosen. These curves indicate 
that 20 to 25 per cent of the system in- 
vestment can be charged reasonably to 
the kilovar requirements when kilovars 
are supplied from generators operating at 
0.8 power factor. 


II. KiLovars SUPPLIED BY AUXILIARY 
KiLovarR GENERATORS AT OR NEAR 
THE LOAD 


Kilovar generators can always be 
located any place on any system at 
essentially a constant cost per kilovolt- 
ampere of something less than ten dol- 
lars. Since these generators cannot 
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always be placed adjacent to the re- 
quirement, some system capacity should 
be charged against them so a figure of $15 
will be added, making $25 as an unques- 
tionable outside cost of kilovar generators. 
Numerically, the use of separate kilovar 
generators means that a much smaller 
fraction of the total system investment is 
chargeable to reactive kilovolt-amperes. 
Since the kilowatt investment in a system 
may readily vary around $400, the fraction 
of total system investment chargeable to 


‘kilovar—for correcting the loads to 1.0 


power factor—over a range of system 
values—has been calculated and is shown 
plotted in Figure 6. 

Figures 5 and 6 give at a glance the wide 
variation in the fraction of the total sys- 
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Figure 5. Fraction of system investment 


chargeable to kilovars when they are supplied 
by kilowatt generators and transmitted through 
the system to the load 


tem investment chargeable to kilovar 
requirements for the two concepts. A 
value of two to six per cent of the system 


investment is chargeable to the reactive © 


component when supplied near the load, 
as contrasted to 20 to 25 per cent when 
supplied by the kilowatt generators in the 
power stations for system loads around 
80 per cent power factor. 


Discussion 


1. GENERAL 


These figures indicate that a tremen- 
dous amount of relatively high-cost sys- 
tem kilowatt capacity is used by kilovars 
when it is supplied at a point distant from 
the load—presumably by kilowatt genera- 
tors. This is a well-known and long- 
established fact as evidenced by the 
following extracts taken from the Pro- 
ceedings of the 13th convention of Na- 
tional Electric Light Association, (held 
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in Washington, D. C., June 1907) pages 
81-83. 


“With the rapid increase in the industrial 
use of induction motors and in arc lighting 
by alternating current, the troubles incident 
to low power factor, in systems not designed 
for it, have become unfortunately familiar.” 


“Low power factor has two serious results: 
It limits the capacity of the electrical part 
of the system by loading it up with unpro- 
ductive current—current for which no 
revenue is obtained; and it means poor 
voltage regulation.” 


“The rating of electrical apparatus depends 
primarily on the heating produced by the 
load, and this heating depends entirely on 
the current. The kilowatt load, therefore, 
unless the corresponding power factor is 
taken into account, is not a measure of the 
actual load on the apparatus.”’ 


| SYSTEM VALUE IS $300 PER KW. 
2 “ " " $ 350 " " 
3 “ " ” $400 “ “ 


0.10 


— KVAR_ SUPPLIED AT 
$ 25 PER KVA. 


——KVAR SUPPLIED AT 
$10 PER KVA. 
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Figure 6. Fraction of system investment 
chargeable to kilovars when complete load 
kilovar requirement is supplied at or near the 


load 


“The second injurious effect of low power 
factor is poor voltage regulation. This ef- 
fect is well known and requires no extended 
explanation.” 


These facts, however, although they 
have been known since the turn of the 
century, are just beginning to exert a 
real influence on the design and operation 
of power systems. Until the present 
period expansions were made beyond the 
immediate requirements to allow for 
normal expected growth and to cover new 
areas or to give necessary reliability. 
These practices provided margins there- 
fore that could—for some time—be used 
by the kilovar requirements without im- 
pairing the kilowatt capacity. 

The developments in the distribution 
field, such as load-center and unit- 
substation equipments and the advent of 
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the low-priced kilovar generator—the 
capacitor—have changed this picture. 
Conditions are different now and should 
be so recognized. The expansion era is 
tapering off, and the war effort in particu- 
lar is requiring that we get the most 
out of every bit of system capacity. 
The “injurious effects of low power 
factor” referred to in 1907 need not now 
be felt by the relatively high-cost kilo- 
watt investment equipment. As out- 
lined, the cost of kilovar generators is 
such that they can now be installed any 
place on a system at approximately ten 
dollars per kilovolt-ampere. In some 
cases the reactive component cannot be 
supplied right at the load, and so some 
additional system-investment allocation is 
required, but taking an outside figure of 
$25 per kilovolt-ampere still leaves plenty 
of margin to show the fallacy of attempt- 
ing to use the system for transmitting kilo- 
vars to the loads from the generating sta- 
tions. 


2. RELATION TO THE IMMEDIATE 
OBJECTIVES 


Looking at the situation from a critical- 
material standpoint, the picture is about 
as follows: Assuming approximately $400 
per kilowatt of capacity for power-system 
investment, and 25 per cent of this figure— 
or $100 as previously developed—as 
being allocated to the kilovar require- 
ment at 0.8 power factor when it is fur- 
nished by the system as a whole, and 
further estimating the power system as 
averaging 50 cents per pound of electric 
equipment would mean approximately 
200 pounds of equipment to provide 0.6 
kilovar or approximately 330 pounds per 
kilovar, Contrast this with one kilovar 
being supplied by capacitors with approxi- 
mately five pounds of material at most, 
including mounting, housings, dielectric 
liquid, paper, and so forth. We won- 
dered why Japan has for several years in- 
stalled capacitors in very large banks, 
such as one installation having 100,000 
kva at a single location.2 The answer 
is obvious when vital materials are really 
needed and are being used for other pur- 
poses, as' apparently they were. 

Our immediate concern in the war effort 
is to make available the maximum kilo- 
watts from existing facilities. The possi- 
bilities in this respect through the use of 
auxiliary kilovar generators are readily 
apparent, and in many locations advan- 
tage is being taken of the indicated 
gains.'~* But it is generally accepted 
that still a majority of the kilovar require- 
ments of the country are being supplied 
by kilowatt generators, which means 
valuable system generation, transmission, 
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and substation capacity is being used by 
the reactive component that could be used 
in producing kilowatts. The relation be- 
tween these facts and our immediate ob- 
jectives is considered sufficiently self- 
evident to require no further amplifica- 
tion. 


8. ERrrect ON SYSTEM DESIGN AND 
OPERATION DURING NORMAL TIMES. 


If a system is set up and operated on 
the basis of supplying the bulk of its re- 
active requirements from the power gen- 
erators, and rates are instituted accord- 
ingly in an endeavor to encourage the 
consumer to generate his own kilovars, 
several interesting angles present them- 
selves. System kilowatt investment costs 
are relatively stable, and so the cost of 
delivering kilovars by the system as a 
whole remains substantially constant, 
but at a high level as indicated by Figure 
5. With rates established for kilovars 
based on these costs, it would be very 
profitable obviously for a consumer to buy 
kilovar generators for approximately ten 
dollars per kilovolt-ampere and thus be 
relieved of buying the expensive product 
from the power company. 


It is well known that parallel operation 
of many electric plants presents problems 
not common to the parallel operation of 
two or three plants. These problems are 
greatly magnified when part of the paral- 
lel plants do not co-operate in a manner 
conducive to economy, ease of operation, 
and continuity of service of the system as 
a whole. The kilovar generators—and 
sometimes large ones—operating on the 
consumer’s premises, are really parallel 
plants, over which the operating company 
has little or no control. And these plants 
are there, in principle, because the con- 
sumer could not afford to buy the expen- 
sive kilovars offered by the operating 
company. Further, as the price of kilo- 
var generators such as capacitors goes 
down, more and more of them will be 
installed by the consumers. These may 
or may not be regulated reactive installa- 
tions. Since economic system design 
and operation are so intimately related to 
kilovar requirements, it follows that the 
operating companies would lose control of 
this important factor. It is well known 
that even today—when load factors are a 
maximum—it is the light load periods 
that really give voltage and even stability 
troubles through lack of sufficient reactive 
control, and so what it would mean in this 
respect if the price of capacitors were 
greatly reduced in the future can be 
imagined easily. In fact, system design 
and operation could become subject un- 
comfortably to the mercy of the consumer 
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and the price of capacitors instead of re- , 


maining in the hands of the operating 
company. 

From this viewpoint it appears that the 
two requirements of a consumer—namely, 
kilowatts and kilovars—may be supplied 
best by the power company. The rela- 
tively long-term basis on which the utili- 
ties are financed, in view of their stabilized 
nature, allowing them to accept a slightly 
lower return on their investment as com- 
pared to industrials, together with the 
fact that the utility has greater latitude 
in arrangement of capacitors because of 
diversity to obtain best efficiency, seems 
to bear out such an approach. 

This is a somewhat different philosophy 
than has prevailed generally within the 
operating companies, in that kilovars 
have been looked upon as a nuisance, and 
the companies were willing to pay the 
consumer a certain price to keep the kilo- 
vars off their systems. 

The two requirements are definite, and 
from the point of view developed the two 
requirements may best be dealt with as 
two independent commodities, using 
separate “‘generators’’ and possibly little 
system equipment in common. This sug- 
gests their metering may even be done 
separately. The confusing terms power- 
factor and kilovolt-amperes might even 
be abandoned to advantage. The large 
cost-to-supply ratio of kilowatts to 


‘kilovars—the two units which go to 


make up power factor and kilovolt- 
ampere—logically indicates divorcing 
them. This large cost ratio further 
indicates that kilovolt-ampere metering, 
which gives equal weight to kilovars and 
kilowatts, is somewhat inequitable. It 
appears that with this philosophy, that is, 
the operating company providing the 
kilovar requirements, the utility would be 
in the business of selling complete electric 
service, in terms of both kilowatts and 
kilovars, and in addition, of having 
complete control of system design and 
operation, as it should have—resulting in 
maximum economy and usage of materials 
that go into making up a system. 


Appendix. Allocation of System 
Capacity to Active and Reactive 
Uses 


I. Kilovars Supplied by Kilowatt 
Generators and Transmitted 
to the Load - 


1. Wuere ,Vottace Drop Is LIMITING 
Facror — 


The expression for voltage drop 


Vp=I1(R cos 0+X sin @) 
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gives an accurate relation beween voltage 
drop, current magnitude, power-factor angle, 
and the impedance of the circuit. For any 
specified condition, the fraction of the total 
drop caused by the active current is 


R cos 0 cos 6 
PR cos 6+X sin @ cos 6+ N sin 6 


andthe fraction of the drop caused by the 
reactive current is 


N sin @ 
~ cos 6+ N sin 0 


7 


VQ 


where N=ratio of reactance to resistance 
@=power-factor angle 


On the basis that each component (active 
and reactive) consumes system capacity in 
proportion to its effect on voltage drop, the 
factors Vp and VQ give directly the fraction 
of the total capacity in this type of equip- 
ment consumed by each, as a function of 
gand N. 

These relations are shown plotted in 
Figure 1 for power factors of 0.6 to 1.0 and 
for N’s of 0.5, 1.0, 2.0, and 3.0. 

An exact analysis may require an inte- 
grated value of Vpand Vg for a particular 
system because of the variation in N. For 
example, one set of factors may be necessary 
for the transmission system, another for the 
distribution system. 


2. WHERE AMPERE Capacity Is LIMITING 
FACTOR 


For a given thermal limit (or ampere ca- 
pacity) the decimal fraction of the capacity 
used by active current is 


Cp=cos @ 
and that used by the reactive is 
‘Cg=1— cos 0 


This division of system capacity, or alloca- 
tion of capacity consumed, is on the basis of 
the kilowatt capacity used by each. These 
relations are shown plotted in Figure 2, for 
various power factors. 


3. WHERE THERMAL CAPACITY IN GEN- 
ERATORS Is LimITING FACTOR 


Representative data for steam and hydro- 
electric generators, relative to their outputs 
at reduced power-factor loadings, were ob- 
tained, from which data for the kilowatt out- 
put for various power factors were deter- 
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mined. Letting Ap denote the fraction of 
maximum kilowatt output at reduced power 
factor, it follows that the fraction of station 
kilowatt capacity consumed by the reac- 
tive component at corresponding power fac- 
tors is 1=Kp, or 


Keg=1—Kp 
The values of Kp and Kg calculated from 


the data are shown plotted in Figures 3 and 
4 respectively. 


4. COMBINING THE THREE TYPES OF 


EQUIPMENT 


On the basis that active and reactive 
kilovolt-ampere requirements be allocated 
their share of the total system investment in 
proportion to their use of the system ca- 
pacity, the relations derived above give 
directly the per-unit allocations for each 
particular type of equipment. And the 
fraction of the total system investment 
chargeable to the active and reactive com- 
ponents at any given power factor can be 
determined by evaluating Tp and Te as 
follows: 


Tp=k,Vp+khoCp+ksK p 


=fraction of total investment chargeable 
to kilowatt load 


Te=h VethkeCotksK 


=fraction of total investment chargeable 
to kilovar load 


where 


k,=ratio of equipment investment having 
voltage drop as limiting factor to total 
system investment 

ko=ratio of equipment investment having 
ampere capacity as limiting factor to 
total system investment 

k;=ratio of generating-station investment 
to total investment 

T=total system investment =1.0=7Tp+T 


and Vp, Va, Cp, Ca, Kp, Ka are derived and 
defined above. 


II. Kilovars Supplied by Auxiliary 
Kilovar Generators at or Near the 
Loads 


The fractions of the system investment 
chargeable to the active and reactive com- 
ponents for this case are somewhat easier to 
develop, since the investments for each do 
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not necessarily use common system equip- 
ment. 
Therefore 


kilowatt investment 


PET 


total investment 


_, kilovar investment 


e total investment 

where total investment is equal to the kilo- 
watt investment plus the kilovar invest- 
ment. Designating the kilowatt investment 
as 1.0, and, if sufficient kilovar is supplied 
always to improve the load power factor to 
1.0, so that all the kilowatt capacity is avail- 
able, the kilovar investment, as a fraction 
of the kilowatt investment is 


sin @ cost per kilovar 


kilovar investment = : 
cos 6 cost per kilowatt 


(cost per kilovar) 


=tand . 
(cost per kilowatt) 
Hence 
: 1.0 
i ———— —<$—<$_—_— 
(cost per kilovar) 
1.0+-tan @ ———___—_- 
(cost per kilowatt) 
‘ (cost per kilovar) 
tan:¢.-—__——~ 
r (cost per kilowatt) 
- aie (cost per kilovar) 
(cost per kilowatt) 
and 


Tp+Tg=1.0=total investment 


These relations are shown plotted in 
Figure 6 for system costs per kilowatt of 
$300, $350, and $400 and for kilovar costs 
of $10 and $25, supplied near the load, to 
improve power factor of load to 1.0. 
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Pulling Loads on Single- and Maultiple- 
Conductor Impregnated-Paper Lead- 
Encased Cable, Solid Type 


A. P. S. BELLIS 


ASSOCIATE AIEE 


ACK of factual information relative 

to the permissible pulling loads to 
which solid-type impregnated-paper lead- 
sheath power cable might be subjected by 
means of woven-wire pulling grips with- 
out damage to the sheath prompted the 
Insulated Power Cable Engineers Asso- 
ciation to consider the subject and re- 
sulted in the laboratory tests described 
in this paper. 

There seems to have been very little 
work done in recent years on this or re- 
lated subjects that has appeared in the 
technical literature. Considerable au- 
thentic and valuable information is avail- 
able relative to work done by the Na- 
tional Electric Light Association under- 
ground systems committee on cable in- 
stallation. For convenience of reference 
some excerpts from literature have been 
included in Appendix I. 

Because of a lack of field records or 
laboratory test results, it was considered 
desirable to carry out a test program in- 
volving a rather broad selection of sam- 
ples with respect to conductor size and 
shape, thickness of insulation, and con- 
structions that would be representative 
of the cable industry’s production. All 
paper-cable manufacturers’ products were 
represented in the selection of samples 
tested. 

The question of permissible strain to 
which lead-sheathed oil-filled cable might 
be subjected without serious damage to 
the sheath from gouging had been before 
a committee of manufacturers’ repre- 
sentatives since December 1936. The 
original suggestion, based upon the use 
of pulling eyes soldered to conductors 
and sheath and the results of field expe- 
rience rather than laboratory tests, 
limited the pulling strain to a maximum 
of 5,000 pounds. This limitation was for 
the purpose of controlling the damage to 


the lead sheath by gouging to a depth of 


Paper 43-30, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943. Manuscript 
submitted November 19, 1942; made available for 
printing December 14, 1942. 


A. P. S. Bevurs is chief electrical engineer with 
John A. Roebling’s Sons Co., Trenton, N. J. 
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not more than 20 mils. A later recom- 
mendation was made to limit the pulling 
strain on single-conductor cable to 6,000 
pounds and on three-conductor cable to 
5,000 pounds. 

By observing these values for maxi- 
mum strain, it was thought the limit of 
sheath gouging could be reduced from 
20 mils to 15 mils. This assumed ade- 
quate duct clearance, good duct construc- 
tion clear of any harmful foreign matter, 
and good installation practice. 

Conductor areas of oil-filled cable and 
of solid-type cable are sufficiently large 
in most cases to withstand pulling stress 
considerably in excess of the foregoing 
limitations without physical changes in 
the cable that will effect its electrical 
characteristics appreciably. If, in these 
cases, the maximum permissible pulling 
load on a cable is considered relative to 
the maximum permissible stress on con- 


ductor area, the tendency is to lose sight’ 


of the premise: that is, protection of the 
sheath against excessive gouging. 

Conductor areas in solid-type paper 
cable are frequently insufficient for a 
pulling load of 5,000 or 6,000 pounds, 
In these cases it is necessary to limit the 
load to some lower value based upon a 
maximum permissible stress on the con- 
ductor or upon a combination of the con- 
ductor and sheath if pulling eyes are used. 

If cable is pulled by means of woven- 
wire grips, the strength of the conductor 
is not involved unless the ends of the 
conductor are embedded into the sealing 
caps. Ordinarily this is not done, and 
the entire load is taken by the cable 
sheath. 

A few simple rules that are easy for ap- 
plication in the field for the guidance of 


af 


/ 


men charged with the safe handling of . 


cable during installation with woven-wire 
grips are much to be desired, This ap- 
proach to the problem, however, would 
broaden the consideration under the 
original premise: that is, of permissible 
stress on the cable sheath. There are 
many variable factors involved in the 
pulling of cable that are peculiar to par- 
ticular installations. These factors can- 
not be contemplated under simple rules 
nor are they considered in connection 
with the simple formulas for maximum 
pulling stress and maximum pulling length 
proposed as a result of this investigation, 


Table |. Sheath Dimensions, Ultimate Load, and Tensile Strength of Lead Sheaths 


Nominal Thickness Calculated 
of Sheath Tensile 
(By Manufacturers) Measured Calculated Strength 
Measured —-—__-————__ Average Area Load at (Pounds 
Outside Decimal Thickness (Square Failure Per Square 
Sample Diameter Fraction Equivalent Sheath Inches) (Pounds) Inch) 
A. Single Conductor With Thin Wall Insulation Up to 5/32 Inch 
A-1 Specimen 1...... 2 ee gti 3 87 6g. Fates OQL004<.. rina 0.115 0.8956..... 1,400) Vane 3,539 
A-1 Specimen 2...... 1 i Bs a VA. evans O.004 tied OWA Barnet 0.38638.,... 1,200... ..% 3,106 
AnBin aasonlelele utile L120 sos val eile Pd ARR ee OVlZ5 Nien OROBT cartels OSLO. we 1000... .ewn 3,146 
Fe ROT BOOS: Hho Cami - W/eq suas Ovlb6 tints OnT20 wens. 0.6569..... 25410 venue 3,669 
B. Single Conductor With Heavy Wall Insulation Above %/j2 Inch 
WS GN n Bah or dc Ti 2B is, etre nines AT) See Q). 100s i cis O02. 2%, Or SOTO. . sinc 1,600) a0 4,349 
HZ) vee iletehe mittee Dil Bin Asta Ce Ub br or aes OT DL Tartare OAS iteretac De Oes tetun 1,980)... sana 2,470 
UB 3 Fer ext etors6 oie er eee be ht Ae ate ane tide Lar OOS 0 ter crane 0.8082..... 800.0. ie 2,596 
Bods etch tetrad ates 2 68 Lisi a ens GPRM EV RSAT UG shear siaterened ore OnL4EGs sien Ta P548 Msi 2,000). sae 2,165 
C. Three Conductors With Thin Wall Insulation Up to 15 Ky 
Cali aecceeaene ee LV Siwy CHEN Nek evi O09) asia Oa tient OZOZ66 ni aior 2:80)... arene 3,325 
CHD ae static atoettaeat 2 Agia itersinie 8/64 Ovt25 wan OFS eon 0,9691..... Br OOK cee 2,838 
C28 shh Aedes Qi 2) isco eeere dE SEAN Oe ees Oak Tana OSS 80s am 2; 000i ore 2,395 
Cuba nian aiken ore ee DOU vvha oan Wage orale OV1L25, fain OMS aaa. cas 0.8150..... 2,600... «6 3,067 
Gabi casts «stn Ve We A ete, crer VAT aaistes 3 O00 satin Oe LOG asierant 0.3909,.... LTSO x ever 8,019 
[Oo Me ROT Aor aie Lat 8s cee TS Boretinga OD LO9 vein en OLS versa OvOLODG ine VBP ORES bic 2,954 
D. Three Conductors With Heavy Wall Insulation 15 Ky and Above | 
Drei siah wroionta ehetareny Diba, ves enevare Lp nineiee HDL cD re ietieus iy OLS: acne OQ; GOLO sas 2,500... 5 2,523 
Dw acadualelate Ramevarete PA rey icici Siig he Siois yore OP Bins vein Aah A angele LaOVRT ceca 2,500... ..2,818 
fe Mca toc he 2::BOiy staareteh A We Plots GAS eae ee OOS aren tates Lol SO eran 4,460,....8,882 ; 
POEL Se bere tye Care ype DAP XB Pee eye 2G DOR en OP LZOe ware OLSS fisestes QO. OLS aes 2,460..... 2,698 
Biswas ardent cm deseet te DOO rete Lig TaGranete Oe 2B vk RE Cito ae 0.9960..... 2,500... “42,510 
Debits ai his, aaa ann ate Beene YAY mic ch ih Ona aes ote ORME Ste cpl OLeOs wnteee 8,700.....2,434 
Grameen a b:aatde gee Bz hotenn Sch Stare OALaT in 0.162 006 A178 1 $5005 «5 tee 


The tensile strength of lead sheath was calculated on the basis of the tape-measured outside diameter near 
the end of the sample and the average measured thickness of lead sheath obtained from rings of sheath cut 


just back of the end seals subsequent to the pulling test. 


The sheath had not been damaged or stretched 


at these points because of protection by the reinforcing shields on the pulling grip. 
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Table IA. Specimen Test Data 
Sample D-3 
Three-Conductor 800,000-Circular Mil Type-H, 38/6: Paper, °/es Lead 


(a) Grips—Kellems P 250 
(b) Gauge Length—20 Inches 
(c) Fracture at 4,450 Pounds, 131/2 Inches Within Bottom Grip, 2 Feet 11/2 Inches From 
Bottom; Spiral in Form 


\\ 
Lead Sheath Outside Diameter 
Elongation Vacuum Inches of Mercury (Inches) 
Load Interval (inches Per 
(Pounds) (Minutes) Inch) Top Bottom Top Bottom 
Rd. 5 J gees See ee OF0000%s 03. bce /s.. TUS ete a 2 00he, atoms 2.90 
ogre tees tee OF 001 Ome some se Eppes ee TS / GRR hale ne: DOO pencen 2.90 
jimh oi Yonted OUO0TS ste oa Beatie oe De en aes BOOS. ween 2.89 
1.000 DAME ny etch OL00TS oa. ce ae Ces geutem C10) Coe aa 2BO0us cent 2.89 
ea ine een Os0015 Bane one Bgl nes ia Que Pee yo DOO Sn oe 2.89 
Dh ie G- 0015. USE sce tea OLS Seer ae ee BERO 8 ah 2.89 
Baar ats QLO0T5 treater. Lyi » OV A ee 2 GO ee ae 2.89 
A ete SUT UE = ey Be Wee eS a a ee: re ie) 
ee ae arta O00LEsa ers ve li/s.. Pe Qhya¥ cen ono 200 eae 2.89 
TE00.... Pers aire OVOOTS sees. Paina or oe SH Mis et eae SOOM cemar: 2.90 
E ee) ee ae OUOLB ie eins Tfsee ener. Dae Sees DUS e Matta 2.90 
ee aes OL00%Saece. : 1ofs wae. Pn See Ses DLOO eee: 2.90 
Set ee OFOOTS ES aa. s TUES See eae aw Leta = 880) a 2.90 
Sada QROOLD mcceas.ot D8/atntenc: celta Se rete 16 2089. Ses eB 90 
Ls ots OHO026 seems ..- 25/s.. 1S ot ee Cat steaming 2.88 
2.000 Drape, C0080 eee Doar Toe TU ene SRO ne a cock 5 2.88 
>) a Bae ane OFOO8D eee oe, 25/s.. ae ee BESO ., sate 2.90 
aR ACe ee OL0080...0 0%. 26 Dian Meech 5 tifsth scene e. SUGOOD ee 2.89 
ie Scare ORO0BU St. Gases D5 int nde Sees GIA ore Se es aie SES amo mee. a 2.88 
ve Sie Qf0080 eee eal eng. eee em 2590... a). 290 
sites owed OF 00808 yen SWE vee ne pee ie ERG Nays Seiad 2.90 
DEO. fb... rn ae ee 0S 5 eval. ns 41/4. BPH nce aces DOD eisai: os 2.88 
: BME tle sk OL003 Bieter: 2 BU ge as BPRS oS tie aiols BERGE. ma trirrs 2.90 
ZA ee QuOUB85s.c25e es AU ee. Vet eh wee POU eae 2.90 
face ae Att OFOUSE OER hii 4l/s.. S/EPER Sia DRO hae 2.89 
Sr see i OG een EIT o/ deer es sed Re otc BBO he we aides 8D 
get ee 0.0200 geen < Oi eS 43/e¥* oo. DRO eh ae 2.89 
3.000 PE Ae Mie O.OL00Lne can ON Pera BURRS ont see DESO ct 2.89 
mares Be ORGS OS 100 omer thes ORs, eset By h OE ake SS DBR Mec ee 2.89 
oh See OxO100 0st ae acre 91/2... BUEN ce onl DE beers ae 2.88 
BAG ose OFOL00K acca sie eas os BIER ed A ee 2.88 
3, ap A Mees QuQUueD eee Ea ste ae es yale fae to ee 8S.) 987 
ane (030250 55: (ene 101 /s; ok ee 13/aFe os DION erie coi 2.87 
3.500 oe hon ae OROZGS ic asteree 21 DAS OR oe tin ees 288 See 2.87 
ecg eee ocet: OUOB00 Fe sas PANE Ne ins tn 145/geR Ac. a De es 2.87 
Ai ee. ike 1. 0820 tare ots. DO ace ahaa 147/s¥*, 0.0... ONES Hee nee 8 peaz 
Bites cho On0820. ee oer: DOAN ck Ok toate re ase as asi fa BEY kad a Aoi 2.87 
Pe, Oe OROLLON RA etre 24s eae ee nt LOL ree SUE OB Teen nce. SO 
1 eee ae OLO4BE tee ee PRUE eee as 3 237 /eFRR eke. DET Se leat 2.85 
4.000 Frenette eo (eye 67 U5) 0 ie ee DPA were ae 24 RR Aan ee: AE Y he See 2.85 
a Sat eee OHOS50 Se. eres 26s ete QAr/s®e DAM hs Seite hr 2.85 
AES Lee Q204502. sect: D6) sae ns DAL /aeSR NC ee ae Ag Biss ee 2.85 
eae cee GHOLZO Ate rs DOP AN QAU/gFE coe ane a ae ee 2.83 
LOG 6 aA i aera On05 25 saree 261/4 267 /s¥. oe cee CREE ea Bese 2.81 


Extension of lead sheath beyond end of copper conductors: Top—4!/2 inches; bottom—9 inches. 


* Positive pressure. 


** Negative pressure. 


-The recommendations of a committee 
which were before the Insulated Power 
Cable Engineers Association for consid- 
eration and approval at the time this test 
program was decided upon were: 


“Tn the case of cables in which the pulling 
eye is attached to the end of the cable, the 
maximum pulling strain shall be based on 
0.008 pound, per circular mil of copper with 
a maximum of 6,000 pounds. 


“Where a cable grip is used over the lead 
sheath for pulling, the maximum pulling 
strain shall be taken as 1,500 pounds, for 
each one-inch diameter of cable. For ex- 
ample: A three-inch diameter of cable 
would call for 4,500 pounds. This sugges- 
tion does not take into consideration what 
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is inside the lead sheath; that is, we may 
have large copper and light walls of insula- 
tion or small copper and heavy walls of 
insulation for a given diameter. 


“These pulling strains are based on a 
maximum of 750-foot pull with no bends. 
Where bends occur, it has been suggested 
that the permissible pulling strain be re- 
duced ten per cent for each bend.” 


The proposed rule applicable to cable 
fitted with pulling eyes received rather 
general acceptance. However, there were 
expressions of preference for the 5,000- 
pound limit, particularly with respect to 
single-conductor cable. 

The proposed rule applicable to cable 
pulled with a woven-wire grip was judged 
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Table Il. Comparison of Tensile-Stress Values 
Under the Respective Classifications for Cable 
Construction 


Pounds Per Square Inch 


Group A. Single Conductor With Thin Wall 
Insulation up to 5/3: Inch 


A-1 Specimen 1...... 3,539....Average 3,365 
A-1 Specimen 2...... 3,106... . Minimum 3,106 
Pin Qoa roe piace ata cheat « 3,146... . Maximum 3,669 
BA totais aiem wise aise 3,669 


Group B. Single Conductor With Heavy Wall 
Insulation Above 8/;2: Inch 


ft eRe eC er 4,349....Average 2,895 
TB Deve Pe ts 2a SRS ayaa ce 2,470.... Minimum 2,165 
ei aie cite yt Me an! teed 2,596... . Maximum 4,349 
TBA eae) ee Sy eparorev cia 0's 2,165 


Group C. Three Conductors With Thin Wall 
Insulation Up to 15 Kv—Comparison Between 
Belted and Type-H Cables 


Belted Type H 
Ga Vintrcs detoiadie eists/<tu' 3,325 
a Be een Se, SEN 2,838 
Comtem es ae are ttc Ts 2,395 
NE rah ee ku aie Pe x 3,067 
CHB eleici ee oie Ric sek wjOLD 
oe Pica Deh! SRR Scat a dt See 2,954 
ACTER EL, US ayers 0% 2,929 
Minimum........... 2,395 
Maximum...........3,325 


Group D. Three Conductors With Heavy Wall 
Insulation 15 Kv and Above 


Belted Type H 
(hein ptes, Iida ete 2,523 
D tapatete akehe were eivin arate 2,318 
J oe cate > BS Se OT ee eee ee 3,382 
Dai es sein Sear ast aes 2,698 
Nee tines tes rear rebar alge asia ce wlodstete MENS sa, cus Kinky 2,510 
1 OE aie, or ee eR NES CHC iene ae 2,434 
BV CTARO Mores eae Bite. or BS BUR cx wrclachun cairn ae 2,875 
Mase ergot 0 era's POLS ae cis bi prerrets 2,434 
Maximum 3). 0-05 0c: POOSh cases sere 3,382 


unacceptable. It was considered pref- 
erable to base the permissible pull upon 
the area of the sheath and the permissible 
stress to which the sheath material could 
be subjected without damage from 
stretching. As a result of this investiga- 
tion which undertakes to determine the 
ultimate stress values and extension of 
lead sheath, it appears that the maximum 
permissible pulling loads calculated by 
the foregoing proposed rule would be in 
excess of the strength of the cable sheath. 


Test Specimens 


It was directed that samples should be 
selected from the lists submitted by the 
manufacturers on the basis of their be- 
ing as representative as possible as to 
conductor size under each of the following 
groupings: 


Single-conductor cable: 

A with thin wall of insulation up to 5/39 inch. 
B with heavy wall of insulation about 8/3. 
inch and heavier. 

Three-conductor cable: 

C with thin wall insulation rated up to 15 kv. 


D with heavy wall insulation rated at 15 kv. 
and over. 


Classification of the samples selected 
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Table IIA. Tensile Strength of Lead Sheath 
From Table II 
Group Average Minimum Maximum 


SOG, oe 6, LOO Panmraa008 
neers oelsy no-one ak 


920. @ ssa) OOD Ae Aa 3,325 
D Belted i. .:. c:: DQ Ol Seis aol eile OO 
GiTyperh ee 2300S. wees One sample only 
DM ype sciyi eed Ooi 


. 2,484 . 2... 3,882 


under the foregoing groupings, as well as 
dimensional characteristics, are shown in 


Table I. 


Testing Equipment and Procedure 


The pulling grips used were furnished 
by Kellems Company for all except a few 
preliminary samples. The manufac- 
turers’ statement relative to the de- 
sign, selection, and performance of pull- 
ing grips has been incorporated with this 
text as a matter having direct bearing 
upon this work and also because of its po- 
tential value in the selection of grips for 
application in the field. 

Tests were conducted in the John A. 
Roebling’s Sons Company laboratory. 
An Amsler testing machine of 40,000 
pounds capacity was used. Samples 
tested with pulling grips were under the 
10,000 pound range, and samples fitted 
with pulling eyes were under the 40,000 
pound range. 

The original end seals were removed 
from the samples as received. These were 
replaced with new end seals, each with 
a bicycle-valve insert. 

A U-tube mercury manometer was 
connected to the bicycle-valve stem at 
each end of the sample by means of a 
flexible rubber hose. The object of this 
attachment was to use the manometer as 
an indicator of the rate and extent to 
which vacuums would develop as the 
sheath stretched and pulled away from 
the end of the cable under increased load. 
Also, loss of vacuum was to be used as 
the criterion for failure of the sheath. 
The thought was that the end seals might 
not be tight, that the pinching action of 
the pulling grips may be responsible in 
some cases for opening up cable end seals, 
and that faults of this nature could not 
be detected by observation. 

The manometers were connected to the 
valves in the end seals before any load 
was applied. Connection of the flexible 
rubber tube to some of the early samples 
tested produced a slight pressure indi- 
cation on the manometers. A slight 
drainage of compound to the lower end 
of the sample when it was mounted ver- 
tically in the testing machine also pro- 
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Figure 1. Speci- 

men under _ test, 

showing primarily 

points of observa- 
tion 


duced slight positive pressure readings. 
As the sheath stretched, this pressure was 
dissipated, and vacuum developed. In 
these instances pressure is indicated on 
the test sheets by a plus sign. As the 
load was applied, the vacuum in inches 
of mercury was read to the nearest 1/1. 
inch on each manometer scale. 

Measurements of extension of sheath 
between grips were taken between 20- 
inch and 40-inch bench marks on the 
sheath, each mark being at least six inches 
from the ends of the pulling grips. The 
variation in distance between bench 
marks was due to the variation in the 
length of grips used. As long a gauge 
length as possible was used on all cables, 
at the same time using a gauge length 
that was a multiple of ten inches. The 
gauge points on the cable moved with 
reference to two fixed 18-inch scales 
mounted on the frame of the testing 
machine. The scales were graduated in 
hundredths of aninch. All readings on 
the scales were taken to the nearest 1/109 
of an inch. ; 

The bottom head of the testing ma- 
chine was stationary—the top head was 
movable. The bench marks on the sheath 
therefore moved upward; hence, the 
total elongation for any load was equal to 
the difference between the scale readings 
at that load and at the initial load. This 
divided by the gauge length gave the unit 
elongation in inches per inch, As the 
load was applied, the movement of these 
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gauge points was determined to the near- 
est 0.01 inch, read on a steel scale. 

Outside diameters of the cable were 
measured by diameter tape during tests. 
These were taken at the top and bottom 
bench marks on the cable sheath unless 
otherwise indicated. 

For the originally planned tests the ini- 
tial loads applied, as well as the subse- 
quent load increases, were varied some- 
what, depending upon the size of the 
cable. 
interval of five minutes, Sheath elonga- 
tion and manometer readings were taken 
at each one-minute interval, The five- 
minute holding interval for each loading 
was chosen as a minimum time that a 
cable, of appreciable size and length 
fitted with a woven-wire grip, would be 
subjected to pulling stress during installa- 
tion, This is estimated as approximately 
equivalent to pulling a 300-foot length of 
cable into a conduit at a rate of 60 feet 
per minute. 

The ultimate strength of the sheath 
was taken as the maximum load indicated 
on the dial prior to failure. 

Chemical analyses of the sheaths were 
not made. It was presumed that they 


represented a cross section of commer- 


cially pure leads. 
All samples were tested at room tem 
perature, approximately 75 degrees Fahr- 
enheit. 
The accompanying illustrations (Fig- 
ures 1 to 4) show the method of mounting 
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Each load value was held for an — 


* 


the eight-foot samples, the type of testing 
equipment used, types of end termina- 
tions, the nature of the sheath fractures 
with both woven-wire grips and socket- 


type pulling eyes. 
Pulling Grips 


Experience with miscellaneous stock 
pulling grips demonstrated that the 
proper selection of size, type, and appli- 
cation of the grips to the ends of the cable 
was necessary if tests of the samples to 
destruction were to be realized. 

The Kellems Company’s representa- 
tive was present to observe the perform- 
ance of the pulling grips under load dur- 
ing the planned series of tests and con- 
tributed the following statement: 


Two types of grips were used, one the old 
type, constant weave, in which every mesh 
was exactly the same size as every other 
mesh in the grip. In other words, all wires 
were crossed at exactly the same angle 
throughout the length of the grip. The 
other type was woven with a variation in the 
size of the mesh; that is, the angle at which 
the wires were crossed was varied, decreasing 
gradually from the receiving end to the 
pulling end of the grip. 

It was found that the variable-mesh grip is 
much more effective than the constant- 
mesh grip, as the strain is evenly distributed 
over a greater area of the cable. In the 
constant-mesh grip, the strain is concen- 
trated near the pulling end of the grip, and 
there is a tendency to localize the bite of the 
grip and cut into the sheath at this point. 


Also, the flexible variable-mesh grip held, 
whereas the constant-mesh stiff grip had to 
be served down with wire to the cable to 
keep it from slipping under heavy loading. 


As a fesult of these tests, certain improve- 
ments in design were made to prevent slip- 
page and to improve distribution of strain. 
These improvements are now standard in 
current manufacture. 


In the past the tendency has been to use 
grips with too high a breaking strength; the 
strength of the grip is many times that of 
the cable sheath. When the grip is suffi- 
ciently strong but not far in excess of the 
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Figure 2. Fractures of cables 
A-1 to B-4 inclusive 


cable sheath strength, the result is a more 
flexible grip and a more even distribution of 
the strain on the cable. This increases the 
effectiveness of the grip and also the holding 
power of the grip to the cable under it, 


There is a definite relationship between 
diameter and length of grip—the greater 
the diameter, the greater the length re- 
quired. This is true only to a limited extent 
with the old-type constant-mesh grips, 
since the strain is concentrated near the 
pulling end of the grip. Inthe variable-mesh 
pulling grips this relationship between di- 
ameter and length has been taken into 
consideration, and larger diameter grips 
have been made proportionately longer. 
Throughout each set of cable size ranges, the 
length of the grip is increased with the load 
rating. : 


A specimen test-data sheet has been re- 
produced in Table IA. This shows how 
gradually the deformation of the sheath 
takes place under an increasing static 
load applied for the time intervals shown. 

Stress-strain relations for a selection of 
samples representative of each classifica- 
tion of cable as given in Table I are shown 
in Figure 5. 

Stress-vacuum relations for these same 
cables are shown in Figure 6. The shift 
in the relative position of the curves for 
the respective samples is due to using the 
average of the manometer readings from 
the two ends of the sample. 

The summary of information pertain- 
ing to all but a few preliminary and spe- 
cial test samples is given in Table III 
which gives some idea of the dimensions 
and relative performance of the different 
cables. The tensile stress values from 
Table I are regrouped in Table II in order 
to get a comparison of average, maximum, 
and minimum values obtained for the 
types of cable under the respective classi- 
fications. 

As a result of the work shown in 
Tables I, II, and III it is recommended 
that the values of permissible pulling 
load and the maximum length of lead- 
sheathed impregnated-paper cable solid 
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Samples showing typical valve 
inserts 


Figure 3. 


type, that should be pulled with a woven- 
wire grip without damage to the cable, 
given in Table IV, be used as a first ap- 
proximation. 

Values given in Table IV and equation 
1 are based upon a maximum permissible 
stress for commercially pure lead sheath 
of 1,500 pounds per square inch and a con- 
duit friction coefficient of 0.4. 

Comparable values to those given in 
Table IV for a cable of other sheath di- 
mensions may be calculated by using the 
formula. 


Sm =4,712t(D—t) pounds (1) 


The recommended maximum permis- 
sible pulling length of a given cable may 


Figure 4. Kellems'’ 
pulling grips 


Left—Variable mesh 
Right—Constant mesh 
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‘Table IV. Maximum Pulling Loads and Calculated Length of Paper Cable Permissible When 


Pulled With a Woven-Wire Grip 


— 


Recommended 


Recommended Maxi- Maximum Per- 


Core Diameter Range Nominal Outside Diameter mum Permissible Pull- missible Pulling 
(Mils) Thickness Range (Inches) ing Load (Pounds) Length (Feet) 
of Sheath 
Minimum Maximum (Inches) Di Dz P; Pz li Le 

DREN e RM rocee fix Sis! cieefo OROTSi sere: OFA Ofictniet fais potas EZOE iy aatale aise ialalstainiola 302 
== 800% Rin es OOS atin pamealvity ss AONE Pacing Air pR CIO DAO Se micantacee aes crete 623 

601 — ar OSGsenctar-s WEY GIR tea ae eicn DEER ae afaikigs eae yyel eee 696 
— 900...... ROSE stacey ciis oh on WOT Bee arate enact akin BIDOiera sia he etiacrs 999 

Beare bie SEo eh aia se: nie OROOk ie es BOBO Re cia caveter ts s,s AAT Riva wine Sarthe var 1,102 
—1,200...... GQROO Bor cittusslararat<ce/o-a TSS SB iv dnickkererv ae yaale DUD tn. otaveinseg fey ois 1,433 

1241 — = RNR Sieg naar ORLOD ccs srs Lea Seetercca aie. sips Cy Oe nae daa cee 1,546 
—1,500...... (Oe (tt se Acree et Vader seapaiataty es erevateters 8 EROUELOS (iosteiaien ee 1,905 

SPELL chav esr nikn'e\s eis sis OF109 ok: DTD erates xr aati (aie 827-0 E7 ayaewe san oe eek 2,068 
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—2,400...... (0 2 eee ee era OGM taal ete aseictiahe 9.2 U487 Ol crscreatetnsre te Os ALS: 
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be calculated on a comparable basis by 
using the formula 


S + 
Ln=— feet (2) 
cw 


The thickness ¢ and outside diameter 
D of the cable sheath are ininches. The 
recommended maximum pulling load 
Sm is expressed in pounds, the weight of 
cable w is in pounds per foot, and the pull- 
ing length L,, in feet. 

The use of these formulas requires but a 
limited amount of information including 
the weight per foot, outside diameter, and 
thickness of sheath, all of which should be 
available from the reel marking. 

Interpolation of permissible pulling 
loads for standard thicknesses of sheath 
of intermediate diameters may be made 
from Table IV or taken from Figure 7. 

The maximum recommended pulling- 
length values, Table IV are for cable hav- 
ing a weight of one pound per foot. 


These should be divided by the weight — 


per foot of the cable to be pulled. 


In instances where the use of a high- 
strength brand of commercially pure lead 
or an alloy sheath is required, a higher 
maximum stress value than 1,500 pounds 
per square inch could be justified. 

A modification of the maximum per- 
missible pulling length could be justified 
likewise, if facts are available as to pre- 
vailing coefficient of friction, duct condi- 
tion, grade, bends, clearance, lubrication, 
and snubbing action to be expected at the 
entrance manhole. 


Observations From Test Procedure 
and Results 


None of the sheath failures under the 
original series of tests were between bench 
marks. With two exceptions the failures 
were under the grip and within ten inches 
of the back end. The two failures be- 
yond the grips were 11/2 and 3 inches from 
the back end as shown in section (a) of 
Table IIf. 

The recorded elongations do not repre- 


Table VA 


A. First Set 
Top Bottom 
Section No. 1 Z 3 4 5 6 7 
Bench Marks (Inches) 10 10 20 10 20 10 10 
SPEEA RI ie Shonen. viata ee ana Elongation in inches per inch at initial maximum stress of 2,180 pounds 
per square inch 
O00242 OL OLS soy. k (ORNL wen WAUS Goon n OL0545 500% OOL25 tc. 000 
After 46 minutes failure occurred—ultimate elongations 
000..... 0.036..... OS1S0 ys OP OBS kets. OV098 0-33: 0.030..... 000 
Failure occurred 3 inches within the back end of upper grip 
RUA YON ES Ft Fenn aca. s Noes Elongation in inches per inch at initial maximum stress of 2,400 pounds 
per square inch 
O00 Sania OQ; OLS ve cs 8) & ye OF07GE<.... 5 OL044 sn se OF ORS stares 0.002 
After 7 minutes failure occurred—ultimate elongations 
O-00T ence: OS 01LS: ern O29. ae OL ODT struc 02096... 53% OnOUS hoa 0.003 


Failure occurred just below the back end of the upper grip 
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sent the maximum strain values, because 
they do not involve that portion of the 
sheath including the failure. 

Under the grip where the great major- 
ity of the failures occur, the resultant 
load is believed to be a combination of 
lateral compression and longitudinal 
tension in contrast to substantially ten- 
sion stress only on that part of the sheath 
between the bench marks. 

In general, the angularity of the sheath 
failure corresponded with that of the 
underlying paper insulation or shielding 
tape. This indicates a binding of the 
sheath to the core. 

The paper tapes or the shielding tape 
and paper tape underlying the lead sheath 
at the point of failure showed appreciable 
change in mechanical uniformity. It is 
not known whether this change in posi- 
tion takes place gradually at these loca- 
tions of greatest extension of the sheath 
or whether the change occurred when the 
sheath parted. 

There did not seem to be serious abra- 
sion of the sheath because of the grips, as 
slippage was practically eliminated in 
most cases. 

Sample 7, Figure 3, which had the con- 
ductors soldered into the end seal, could 
not be tested to destruction, as the sheath 
bulged just back of the end seal which 
caused the grips to slip. 

If cable end seals of usual design are 
properly made at the factory, there is 
little prospect of damaging them at any 
permissible. stress to which the cable 
sheath should be subjected, especially if 
pulling grips of the reinforced type are 
used. There was but one instance where 
vacuum did not develop at the end of the 
sample. 

Examination of the samples showed 
that there was appreciable coning of the 
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Stress strain relation—lead cable 
sheath 


Figure 5. 
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Table VB. Summary of Application of Load and Test Results With the rate of loading used, the /’ 
B sheaths ruptured at apparent stresses of 
- Second Set 2,300 to 4,300 pounds per square inch, 


zs Specimen calculated on the basis of the average 
. = a a area of rings taken from the ends of the 
g 
cable sample after test. 
Time of loading (seconds). .......-.0 0 see eee sree eens oe The indicated tensile strength of lead 
Pemprpona Mummmoonrneanies Oe sheath recorded in Table II shows higher 
Stress at failure (pounds per square inches).... ween ebes 3,000 average and maximum values for single- py" 
Rate of stress application (pounds per square inch s 
Per minute) is Se neeie hice hs eee emigre eee niece 2,250 conductor cable than for multiple-con- 
Load at failure (pounds)..... pete e eres erred Sater 4,800 ductor cable. This is likewise true of 
Rate of loading (pounds per minute)............0--005- 3,600 =e 4 
Elongation 10-inches (inches per inch) measured . minimum values with but one excep- 
i SBOP IES locune UPA we RO On S0eeoee .165 5 : oe 
rt aa i egos oe Lin a /GA shold disicliaieval cresehwte inet 0.218 0.144 tion. The tensile strength indicateaenan 
acuum (inches ol mercury < 
Top end... ale. can eee ane ae ee ear = 26 Wachts =20' Avess —281/2..... —281/s three-conductor cable sheath over light 
Bottonsr end. cies s-aiv.caiotae cctevte soe alee een nena —221/4..... —247/s..... —243/s..... —195/s wall insulation is about the same for 
Outside di inch 
Pe eae ne Je ts ee eee Re 327 ee Shoseedte S107: ark 3.27 belted and type-H cable; however, one 
"After test? (7 tcc cer ccsctlcrs cit rane orede piexeueie teeta falas Gr cintere BELOW eele CPS  Seietc Bee ec A 3.20 unusually low value was obtained on a 
Elongation 10-inch gauge length (inches per inch) : - 
Pecationtalonemaninle sample of belted type. cable. Approxi 
Opis, fad Seals athe re sackelel Sargeant ere eetods 0) G00 een Os COO Menraret: 0.000 .....0.000 mately a 15 per cent higher average ten- 
Fg OS Sek Soe One ene ee Os030meee O. OLS sates OvOl0m ee 0.031 ; 
Sook oe oes ait ec Ree ee ee oe OOO ee 05130. Soon OsOS0NOees 0.136 sile-strength value of sheath was ob- 
7 ee a Rpt, Salen ie Aft ers origin Nae AO Ono See 0.145*..... 0.267*.....0.173 tained from three-conductor type-H cable 
Baars AN Ye oe eee RE ee eee ENT Gane Ola ee 0.180 .....0.180 : ; : 
eR RE Seed Cece Sambi sanoaoAn oot 0.295, ..... OL4o ue OA 1S7eeee: 0.244* with heavy wall insulation than for belted 
Tie RR oes eras Se CU Tee Lose 02080) see OUTID ee 0.037 : ; 
ee EN a, bc iarern boty a cr 0.053 ..... 0.050 ..... 0.096 rue 0.000 cable. The relatively high apparess 
Bottom Osc 4c ccatok eee eee a eRe Seen O1000meerer 0.000 .....0.000 .....0.000 stress values indicate that part of the load 
Sie eg enim Sh rey ap oe ae applied was transmitted to the insulation 
OP s colisietave acne olssete, ole Oi OOS a eres ofa one einteiaieyeratetet ae ee Aas oe Bit Mme ESA WP ay : 
Bottoms). ce cee Per Soe ee eee Sp eet 3/5) we atu: eae 5.3 and conductor. 


The apparent tensile strengths of lead 
sheath given in Table II are appreciably 
higher than should be expected from ten- 
insulation off the end of the conductors of __ structively excessive, increase in the rate sile tests on samples of commercially 
single-conductor cable, not so much on of elongation of the sheath at a stress of | pure lead sheath as reported by Moore 
belted cable, and very little of this at the 2,000 pounds per square inch. and Allerman in Engineering Experiment 
ends of type-H cable. 

A maintained load of 1,000 pounds per 
square inch of sheath causes the sheath 
to stretch and start to pull off the end of 


* Nearest to point of failure. 


Table VC. Summary of Application of Load and Test Results 
C. Third Set 


=— —— a IIE se 
the cable. Specimen 
A load of 1,500 pounds per square inch BS ob OG oa 
produces measurable elongation of the 
sheath between grips almost as soon as ee S jodie ae Peewee eee eee rececnnes 90 wemsoO Ab acl) +. 450 
, : ime.of loading (ininutes) - feo. sae hisis.eetiecaias « l/s Rot ro nen hy o% 
the load is applied. Area of sheath (square inches)... .........0ceeeeee 1/827 2,0 00819% (5.04.01 5289e Breredemne 
There is a very appreciable, if not de- Stress at failure (pounds per square inch),.......... 8,310: ....8;110, _..0.8,0800) ee ovau 
Rate of ‘stress application (pounds per square 
inch per minute). i 20.5. Otro oa as 2,210 Burton iat) Ss eeke pH oe 485 4 
Load at failure (pounds): 5. 20.14 sseeetan oo ee eee 4,300 ... -4,050 re 0!) 0) «+ 2 4,420 , 
Rate of loading (pounds per minute)............... 2,870 Petco y2h510) .. +. 760 ac, eu 
Elongation 10 inches (inches per inch) measured 
back‘ofithe igtip rane asl cia uttn seeiate southeast 0.090) ....0.078 <.;..0.072, (2 ).0nc0m 
Vacuum (inches of mercury) 
Top @mdiios iaials wale a vide ale wreaks cieletor Neeeetote +21/2 ....—1/3 weet «nice omen 
Bottom: C08 450.0/5 0/5 o/c 0166. e-0'- sve avalelate ee etsy ale elate fala oe COE tee Ree wee TQT8/g 22. —208/4 
Outside diameter, inches . 
; Before LEStns Wea ees caste Seu athe eiiae 3.03 262 e3.05 wien wOsOD +0 ROO 
z After Fest sas cfasyscace oarests sel eierel aterminien Otemtereteterstate 2.98 eine eOU) Ra oo ah eeoe 
g Elongation 10-inch gauge lengths 
(inches per inch) 
~ POPUL oo aa ssaverqravw vue seisinsaiaie ahora ater eee nate 0.027 +O O36 teammate 0.085 ... 0.08% 
# Di wore «| ss:orerava/eiets uleivletele ee ole oie pa ahe peat Rae 0.043 1.02048: 9 oF ey. 05046 1-5 oe nea 
AS Be a. creys te Gin.aocaravarselcicyayepelorettyelo ole Seer Meare ae 0.080 . .0.067 we QcO7” “ee te Onna 
g OD MOO EHO Ooh Or aT US 0.148 SOAT35. Sone tO. 10S poe. aed 
Diao fa se wintelesola.a,91eia dbetgaiyatensietsyctels fe eaNie CREME 0.304* ..0,263* ....0.233* ....0.165 
x Gc Rin oraxe a0 aha) 0 0i5tara\ sNelaiate otalote cvetetaie cs bi Teme 0.165 ....0.218 ~.0.158 ....0.30%" 
6 Tis sib avelaig ie'aia “sls aon wiv geateloneavafeieye otN. 0 scent OF085) 3.4 .0.055) 3... Os O82) cep nee 
= HOR RSen Oa aHSCan hoor cp meOn itis Goodon 0.000. 2....0/010° 3.7 .OR0008 =), .0700n 
a BoOvtony Oi Nerejaltvslar a(erv chetenecene'e, evade shi iralsioe reemtee End seal. ...End seal....End seal....Endseal | 
< End displacement (inches) 
4 Before loading s\e acre cre siscic.c creas cette eee 11/3 Reco) 8 ceLe ore « ke ‘ 
Zz After loading 3) i jsarnheehrocee Oe ae 10 2 1 98/q BA Oye oye SUAS 
a g 
) Failure occurred “ 
W Within grip # : 
6 L : iN : rom backend). -h jopyacis ae icisietieesi eee ae ieee linch ....3inches ....2inches ....9 inches 
t y $ 20 25 Circumferential twist : 
z AVERAGE VAGUUM INCHES OF MERCURY Bench marks) (feet) )..0% techn ls, conten tet sera 5 akon anny Rai te: 
Rotation (degrees)....... POOOO EDO Noh b oes ria) 17 create wa’ ....None ....None 


Figure 6. Stress-vacuum relation—lead cable # Nearest the poinnol tals 
e. 


sheath Elongation for 9d at 6 large owing to double necking down. 
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Table VI Table VIII. Lead Bend Tests 


Standard Method 90-Degree Bends 


Pounds Per Square Inch Test Simplex Method Description 
Trane: Number (Cycles) Maximum Minimum Average at Bends 
100 Per Cent Lead Longitudinal verse = = 
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oo 2,010...... 2,200 AL Haataty. aetna altel ahevgca LO ae) Bae nara atree tse i ie Wig a cheer ere SRG aiincanactoras 53 
DT Gs, th ay ok se Sea EDU Olas aiiow 1,610 et eich ege thc MO edt saree 51 
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0s y GI O10 pie es 1,965 73 seveeeenee AB ae cliins ven Dai ee Neue Knife edges 
PET AUTT ies co os ova dees 1,760......1,838 4 Ree er “ ee es i 
Deviation from average alae. ti ee ie ot tga 58 
(per cent)—plus,....... 14ig Beton 20 Sout tae e 43 Ea 52 
THD so ch oie ied ey tat, CA eee ee te ne ON eee ee meee ee Re 8 Se ee ia 
PALO tei ctaleitiny ratebtid otis aN ei Oh hace seis vis Valadle DITION detec dies cB OO Loo ievdve «h% 48-58 
Over-all range........ ESL a2 AN Gre see Nise ED aT e NO ee ee e's 39-79 


The test numbers indicate the number of feet from the top end of the test length to where the rings were cut. 


Station, University of Illinois, Bulletin 
243, “The Creep of Lead and Lead Al- 
loys Used for Cable Sheathing,’’® and 
Insulated Power Cable Engineers Asso- 
ciation ‘Commercially Pure Lead Sheath 
for Power Cables,” technical report 2, 
September 1936.7 

An indication of the effect of loading 
upon thickness of sheath throughout the 
length of preliminary sample 1 and in the 
immediate proximity of the failure may 
be had from Table VII, discussed in 
Appendix III. 

Determination of the uniformity in 
quality of commercially pure lead sheath 
from so representative an assortment of 
samples as source, diameter, and thick- 
ness of sheath seemed desirable. Two 


_ methods of bend test were used in order 


to find out whether results would be 
equally uniform as to the magnitude of 
values and variation range. The results 
of this investigation are reported in 
Appendix IV. 


Special Investigation 


It was apparent from the test results 
under the original investigation that 
answers to several important questions 
were lacking. 

It was desired to know how the stretch 
throughout the length of the sample was 
distributed and to evaluate these incre- 
mental elongation values with that of the 
unfractured sheath recorded in Table IIT. 

It was thought that a supplemental 


The sheath was pulled apart between six and seven feet from the end. 


method at each location. 


investigation of a series of samples hav- 
ing a common quality of commercial lead 
sheath and tested under different loading 
conditions would develop some of the 
answers. 


SPECIAL TESTS 


The results of these special tests are 
reported here as a supplement to the origi- 
nal report. 

It was thought that a longitudinal rein- 
forcement of friction tape with a helical 
wrapping of like material over the sheath 
which extended from ten inches inside to 
two inches beyond the back end of the 
grip would shift the sheath fracture to oc- 
cur between the regular bench marks. 
This it failed to do, but it did eliminate 
any appreciable tendency of the grips to 
slip.. All special test samples were so 
reinforced. 

The three sets of special test results are 
reported individually because of variations 
in procedure. (Tables VA, VB, and VC.) 

A. First Set. The purpose was to 
determine the extent of the elongation 
that occurred in various sections of the 
sample lengths and to compare the strain 
on the sheath between bench marks at 
the center of the sample with that in the 
section under the grip which includes the 
failure. 

* The sheaths of two specimens were 
graduated by 10-inch and 20-inch bench 


| 


Two tests were made by the Simplex 


marks. Wire pulling grips were used on 
both ends of the samples. The load was_ 
applied gradually, and readings were 
taken at each increment increase of 1,500 
pounds, allowing only time necessary to 
take manometer reading and to measure 
the elongation and diameter over the 
sheath between the bench marks at the 
center of the specimen. 

Samples used were three-conductor 
500,000-circular mil Compack 7*/,4-inch 
paper, °/s-inch lead. 

B. Second Set. The purpose was 
to determine the time-ultimate stress re- 
lation, the variation in elongations be- 
tween ten-inch bench marks, throughout 
the length of the samples, and the varia- 
tion in strain at the center of the sample 
and in the location containing the failure. 
Wire grips were used on both ends of the 
samples. 

The ultimate stress was estimated as 
3,000 pounds per square inch for all rates 
of loading. The time intervals of loading 
were set to approximately 11/2, 21/2, 5, 
and 7 minutes. These rates of loading 
were reasonably well realized by the use 
of a stop watch and the testing-machine 
loading valve. 

The same cable was used as that for 
“A. First Set.” 

C. Third Set. The first and second 
sets of special tests show that stretching 
of the sheath takes place more or less 
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evenly at both ends of the samples when 
pulled with woven-wire grips. 

The purpose of this set of tests is to de- 
termine how the elongation of the sheath 
takes place when the relative effective 
length of the stretched sheath is doubled 
by placing a pulling eye on one end and a 
woven-wire grip on the other end of the 
sample. 

An ultimate stress was estimated as 
3,000 pounds per square inch for loading 
intervals of 11/3, 21/2, 5, and 7 minutes 
respectively. 

The sheath was graduated by ten-inch 
bench marks. The increment laid off just 
outside of the grip was used for elongation 
measurement readings while the sample 
was being loaded. The outside diameter 
recorded was taken halfway between 
these bench marks. The lower of these 
bench marks on the grip end was located 
about four inches above the back end of 
the grip on account of the reinforcing tape 
over the sheath. 

A line was drawn from end to end of 
each sample to be used as a reference in 
determining whether or not the cable 
twisted while being pulled. 

The samples were mounted in the ma- 
chine with the wire pulling grips at the 
bottom. 

The end displacement is an average of 
several probe depth measurements 
through the valve stem in the end seal, 
minus the length of the valve stem. 

Samples used were three-conductor 
§00,000-circular mil Compack 19%/@4-inch 
paper, °/-inch lead, 

Elongation of the sheath extends back 
to the wipe at the pulling-eye end. It 
is expected that elongation of the sheath 
would take place over a greater distance if 
longer samples could have been used. 


Conclusions 


If stresses in commercially pure lead 
sheath are in excess of 1,500 pounds per 
square inch, vacuums of high magnitude 
are quite likely to develop. 

Lead sheath can be stretched seriously 
without the damage being apparent from 
visual inspection, Serious stretching can 
be detected as variations in diameter tape 
measurements, 

There is a possibility that in some in- 
stances the insulation quality might be re- 
duced because of a change in the me- 
chanical uniformity of the insulation un- 
derlying sheath that has been stretched 
excessively, 

Excessive stretching of the sheath and 
the resulting disturbance of the mechani- 
cal uniformity of the underlying insula- 
tion could account for excessive cable 
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heating and many manhole and joint 
failures of the past. 

There is need for extreme caution, when 
luffing or ratcheting cable for slack in 


manholes, or in removing cable to be re- 


installed, not to damage it by stretching 
the sheath excessively. 

The extent of stretching occurring dur- 
ing pulling or as a result of adjustment of 
the cable in the duct by luffing can be de- 
termined readily by placing ten-inch 
bench marks along the sheath under and 
just beyond the back of the grip. 

Excessive stretching of the lead sheath 
off the end of the cable produces a high 
degree of vacuum which may be respon- 
sible for the creation of voids within the 
insulation some distance back from the 
end of the cable through the transfer of 
compound from the insulation into the 
space developed at the pulling end of the 
section. : 

It is possible that the effect of this mi- 
gration of compound may have accounted 
for an appreciable percentage of cable 
failures in the pulling end of section 
lengths within the manhole or adjacent 
to the conduit entrance. 

There is appreciable cold flow of com- 
mercially pure lead sheath if a stress of 
1,500 pounds per square inch is exceeded, 


which not only reduces its effective thick- 


ness but may reduce its flexure fatigue re- 
sistance. 

Overstraining of the cable sheath might 
be avoided in many cases by checking ex- 
perienced judgment against a precalcu- 
lated value of maximum recommended 
load or cable length by means of the pro- 
posed formulas. 

Calculation of the maximum permis- 
sible load to which a cable should be sub- 
jected is of questionable value for mar- 
ginal cases, unless some practical device 
is available that will indicate continu- 
ously the actual load to which the cable is 
subjected or limit the load at the chosen 
maximum permissible value during in- 
stallation. If such facilities are not avail- 
able, there is no way of telling whether 
the cable sheath may have been over- 
stressed during installation. 

The use of woven-wire pulling grips 
can be justified with practically any size 
or type of cable where there is adequate 
duct room and the safe maximum stress 
on the sheath is not exceeded. 

When deciding upon the type of con- 
nection to be used on the pulling end of 
the cable in marginal cases, consideration 
should be given to the value of the cable 
per foot that may be lost through damage 
from excessive stretching of the sheath 
and the potential saving in reducing man- 
hole slack allowances if pulling eyes are 
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used. In case of doubt: as with border- // 


line cases, it is always safer to require 
the attachment of pulling eyes. 

Factual fieldinformation gathered from 
installation experience through the use 
of the simple device of placing ten-inch 
bench marks along the pulling end of the 
cable would prove valuable in establish- 
ing some limit of elongation of sheath be- 
yond which it could be considered quite 
definitely that the quality of the cable 
had been impaired. 

Samples of cable can be prestressed by 
the use of pulling grips to a point where 
the sheath has been stretched excessively. 
These samples could be subjected to cyclic 
loading tests to determine what effect the 
disturbance of mechanical uniformity 
caused by excessive stretching of the 
sheath has on the performance in com- 
parison to that of an adjacent nonpre- 
stressed sample of the same cable. 

In the case of small conductors where 
the permissible load would be limited by 
the formula 0.008 X conductor circular 
mils, the permissible load on the lead 
sheath may be added to that permitted 
on the conductor if the conductor and lead 
sheath are joined securely to a pulling eye. 

It is hoped that a study of the data pre- 
sented will stimulate discussion of an old 
subject and lead to the development of 
more adequate control facilities for field 
use and to the adoption of a few practical 
rules for the guidance of men in the field, 
who, after all, carry the responsibility for 
the proper handling of cable installations. 

If, as a result of this work, there is any 
contribution that will make it possible for 
cable engineers of the utilities and the 
manufacturers to discriminate as to when 
pulling eyes or socketing of conductors 
into the end seals should be specified in 
preference to the conventional type of end 
seal, the expense and effort will have been 
justified. 


Appendix |. Excerpts From 
Literature 


The National Electric Light Association’s 
underground systems committee reports on 
cable installation records current practice 
among utilities as of 1925.1 The 1926 re- 
port? summarizes opinion as to the effect of 


“stress upon the cable and states the means 


of judging damage as follows: 


“Information obtained—principally from the 
cable manufacturers—leads to the conclusion that 


the electrical characteristics will not be effected if 


the cable physical characteristics be not disturbed. 


“In summarizing the reports from the manufac- 
turers and from the operating companies, it would 
appear that in the ordinary installations of cable no 
serious harm can be done the cable unless there be 
visible mechanical injury, which has led one of our 
members to inject the thought that it is ‘highly un- 
desirable to install such long lengths of cable as 
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would overstress the lead sheath either in installa- 
tion or removal, having in mind the fact that in 
many cases it is necessary to take extra hitches on 
the cable in order to secure sufficient slack in the 
manhole into which the cable is pulled.” 


There is available extensive information 
relative to stresses on cables fitted with pull- 
ing eyes as a result of the field experiments 
conducted by Carroll H. Shaw.? 

Factors influencing the coefficient of fric- 
tion'\found in connection with cable pulls 
are presented in the NELA underground sys- 
tems report on ‘Cable Installation for 
1930.4 The committee’s conclusion as to 
available material relative to coefficient of 
friction range to be considered in the pulling 
of cable is quoted from NELA underground 
systems Reference Book.® 


“A conservative rule of thumb that has been 
used allows a pulling tension of 0.75 times the total 
weight of cable being pulled. If this limit is greatly 
exceeded, it would appear advisable to look for 
possible damage to the cable sheath such as scoring, 
gouging, or deformation. Certainly under no con- 
ditions should the stress be large enough to produce 
permanent elongation of the copper. The factor 
0.75 mentioned above is the coefficient of friction 
between cable and duct. This varies widely de- 
pending upon conditions. 


“For well-lubricated well-constructed straight ducts 
with ample clearance between cable and duct the 
coefficient of friction will average about 0.40.” 


The NELA underground systems com- 
mittee, in its 1930 report on cable installa- 
tion,4 summarized its conclusions on this 
phase of their report as follows: 


“The problem has been considered by the subcom- 
mittee this year on the basis that: 


“1. No limit to the pulling stress has been set by 
the manufacturers or users of power cable, and it is 
therefore one of the duties of the committee to 
render a decision on this point. 


“2. The maximum stress to which the cable is 
subjected is the only figure of value in determining 
whether 


“(a). The cable has been injured during installation, 


“(b). A value for the safe maximum stress to which 
a cable may be subjected. 


“In discussion of the possibility of setting a safe 
value for the maximum pulling stress, it wil] be 
found in all cases that the injury to the cable is 
evident on the sheath of the leading end, except in 
those cases where, through oversight, the cable has 
jammed at the entrance to the duct. In the latter 
circumstance the dynamometer reading will not 
indicate necessarily that damage has been done. 


If, however, the cable has been overstressed me- 
chanically, the leading end is the only portion of the 
cable which has sustained the maximum stress, 
and this is the stress recorded by the dynamometer. 
The stresses which exist in the cable behind the 
leading end are unknown and indeterminate by any 
practical measuring device but of a lower magni- 
tude than the stress on the leading end which has 
already been determined. The leading end, how- 
ever, is brought out for visual inspection at the end 
of the pull, and, if the conductors are not pulled 
away from the sheath, and the lead is not damaged, 
there is no possibility that dynamometer readings 
could indicate other damage. 


“This accessory is important, however, for improv- 
ing installation methods and devices, especially in 
connection with new or unusual cable types, and a 
great deal of experimental work has been done by 
the larger companies along this line." 


Appendix Il. Short-Time Tensile 
Strength of Lead Sheath 


The apparent stress values obtained from 
the samples of cable tested and shown in 
Table II are appreciably higher than re- 
ported tensile-strength values for com- 
mercial lead cable sheath. 
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Short-time tensile test results reported by 
Moore and Allerman® on sections taken from 
samples of cable sheath in both longitudinal 
and transverse directions to the axis of the 
sheath and tested at a head speed of 0.02 
inch per minute are given in Table VI. 

Results of short-time tests on circumferen- 
tial strips of lead sheath reported in connec- 
tion with the joint Association of Edison 
Illuminating Companies and Insulated 
Power Cable Engineers Association re- 
search technical report’ show for commercial 
cable sheath without reference to quality 
of lead: 


Weighted average of 
all... 


minimum value. . .1,569 psi 


average value..... 2,362 psi 
maximum value . . 2,660 psi 


These results cover tests made at 11 dif- 
ferent laboratories on samples taken from 
the same sheath lengths. Testing speeds 
varied from 0.2 to 1.25 inches per minute. 


Appendix Ill. Physical Test Re- 

sults from Lead Sheath After 

Being Subjected to a Loading 
Test 


It was thought desirable to get some indi- 
cation of the effect of stretching on thick- 
ness and physical characteristics of the 
sheath throughout the length of a sample, 
as indicated by the IPCEA and the Simplex 
equipments and procedures for bend tests. 
(See Tables VII and VIII.) 

One of the samples used for preliminary 
tests in setting up the test procedure was 
ringed at the ends and at one-foot intervals. 
One two-inch ring and four one-half-inch 
rings taken at each location gave the results 
shown in Table VII. 

Figure 8 shows the location and number- 
ing of test rings in the immediate proximity 
of the failure of preliminary sample 1. 

A one-half-inch ring was taken for stand- 
ard bend test as close as possible to the 
sheath fracture (1B), one above (17), and 
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Figure 8., Diagram showing the location and 
numbering of test rings adjacent to failure 


| 
T—Top end during pulling strain test 
B—Bottom end during pulling strain test 


Table IX 
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* All knife edges. 
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the other below (1B). Adjacent to the 
lower ring 1B, successive rings 2B, 3B, and 
4B were examined with the results indicated 
in Table IX. 

The fractures follow the helices of the 
paper tape directly under the sheath. The 
lead thins down in a long taper to a knife 
edge at the fracture as expected. Stretching 
of the sheath apparently did not change the 
bending-test results seriously. 


Appendix IV. Bending Tests on 
Samples of Lead Sheath 


The standard bend-test procedure and 
equipment required under the Specification 
for Impregnated Paper Insulated Cable, 
Solid Type (sixth edition, November 1937), 
high tension cable committee, Association of 
Edison Illuminating Companies, and an 
alternate* known as the Simplex method 
were used. The latter has been under con- 
sideration as a possible standard for pro- 
cedure in manufacturing control work. It is 
made quickly and involves the entire cir- 
cumference of the sheath in a single test. 

The rings for test were taken about four 
inches back of the seals from each end of the 
test length. Adjacent rings from each end 
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were used for the respective tests. The 
sheath had not been abraded because of the 
protection by the pulling grip reinforcement. 
The arithmetical averages of the number 
of 90-degree bends and the range of values 
under the standard method are as follows: 


Maximum 69.3 with spread 57-83 
Minimum 47.1 with spread 31-61 
Average 57.7 with spread 48-67 
Over-all range 31 to 83 bends 


The arithmetical average of the perform- 
ance tests made on the Simplex tester 
showed for two sets of samples, each set con- 
sisting of a ring from the top end and from 
the bottom end of the cable length, the re- 
sults shown in Table XA. 

If tests of all top samples and tests of all 
bottom samples are averaged, they show 
the results given in Table XB. 
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Synopsis: The paper presents a method of 
determining approximately the maximum 
continuous current-carrying capacity of con- 
ductors in overhead lines, as fixed by certain 
operating limits of temperature and time, 
beyond which it is expected that the physi- 
cal characteristics of copper conductors 
might be materially impaired. The paper 
deals illustratively with conditions in the 
Philadelphia area, but the method is equally 
adaptable to any situation. 

The design limits of ampere ratings deter- 
mined herein, are from 10 to 35 per cent 
higher for bare conductors, and from 10 to 
20 per cent higher for covered conductors, 
than those previously used in the Phila- 
delphia area. Operation at load equal to 
the design limit will, during 99.93 per cent 
of the hours in the average year, maintain 
copper temperatures below 100 degrees 
centigrade in normal operations and below 
135 degrees centigrade in emergency opera- 
tions. 


NDER ordinary conditions and par- 
ticularly in the design of new single- 
purpose lines, there is little doubt that 
some sort of cost balance akin to Kelvin’s 
law favors conductor sizes sufficiently 
large to give operating-temperature limi- 
tations a place of rather remote interest. 
Considerations of voltage variation and 
the advance provision for expected load 
growth in general-purpose distribution 
lines also favor the initial installation of 
conductor sizes considerably larger than 
the minimum that could be used if neces- 
sary. 
The present emergency naturally com- 
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pels a reconsideration of the design limits 
of conductor size, but not without a pos- 
sibility of substantial future advantage 
to those -central-station systems which 
will utilize the information thus gained 
to make the maximum use of an installed 
line-conductor size, rather than to aban- 
don it in favor of an avoidable change to 
a larger conductor size. In the authors’ 
experience there has been no instance 
where the natural cost balance that nor- 
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Figure 1. Principal effect of conductor diame- 
ter on ampere capacity of overhead lines 
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mally favors oversize conductors in new 
lines has been sufficient to offset the 
large expense that must be accepted 
when an otherwise adequate line con- 
ductor size must be abandoned in order 
to provide a.larger size. 

Line accessories such as conductor 
clamps and disconnects can have limita- 
tions that will become critical. Likewise, 
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it is always possible that conductor clear- ’’ 


ances will need to be reconsidered at criti- 
cal points, along lines which possibly 
might be required to operate at abnor- 
mally high conductor temperatures. 
Such limitations may “be removed by 


thoroughly normal procedure and, usu-_ 


ally, at much lower cost than to increase 
the conductor size. The working limits 
of the conductor material in its cooling 
medium must be known, however, before 
the other factors can be considered ap- 
propriately. This paper, therefore, cen- 
ters its attention upon an approximate 
appraisal of present knowledge about the 
physical limitations of copper and a recon- 
sideration of the natural heat-dissipating 
properties of conductors in overhead lines, 
as related to their effect upon the practi- 
cal design limits of ampere loading for 
overhead lines. 


Mechanical Limitations of Bare 
and Covered Copper 


To the extent that copper may be said 
to have elasticity, then elasticity is the 
property of overhead line conductors 
which is most affected by temperature 
and time. Soft-drawn copper has very 
little and hard-drawn copper has the most 
but whatever elasticity is possessed by 
any conductor will be impaired to the 
extent that temperature and time may 
anneal the copper. The natural drawing 
effect which accompanies the mechanical 
stretching of copper imparts some meas- 
ure of elasticity to it which it did not pos- 
sess previously. Hence, mechanical tests 
of copper conductors, after partial anneal- 
ing without mechanical stress may not be 
directly comparable to similar tests of 
identical conductors similarly heated, 
while kept under normal stringing tension. 
All of these factors contribute to a natural 
uncertainty that makes the mechanical 
characteristics of copper at comparatively 
low temperatures appear to be almost 
akin to the mechanical characteristics of 
alloy steels at much higher temperatures. 

There appears to be considerable un- 


certainty, for instance, whether copper 


begins to anneal at 100 degrees centi- 
grade or at 130 degrees centigrade. The 
range of uncertainty suggests, however, a 
probability that operating temperatures 
may be permitted to exceed 100 degrees 
centigrade on occasion, without material 


effect upon the mechanical properties — 


of overhead conductors, provided the 

temperature will seldom exceed, say, 130 

degrees centigrade. ; 
There dre occasions, happily very in- 


frequent in well-managed distribution- — 


system operations, however, when the 
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rare coincidence of heavy loads with the 
failure of supply plant places the operator 
ina dilemma. His alternatives in such a 
circumstance are to mistreat certain sur- 
viving supply plants, to cut off certain 
customers, or to delay restoration of in- 
terrupted service. His choice naturally 
favors the customer, up to the point 
where the imminence of surviving plant 
failure seriously threatens inconvenience 
to other customers aswell, The customer 
is pretty reasonable about a service in- 
terruption, so long as he knows that the 
interruption was unavoidable. If he were 
a metallurgist, however, he probably 
would be reluctant to agree that literal 
observance of a 130 degree centigrade 
line-conductor temperature limit was 
sufficient reason for a service interruption. 
He might have some reason to suspect 
that temperatures as high as 175 degrees 
centigrade to 200 degrees centigrade 
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might be accepted for an hour or two 
without material impairment to the line 
conductor, because that is the range in 
which the annealing time is known to be 
in the order of days rather than weeks or 
years. 

A test was made, therefore, to deter- 
mine approximately what damage the 
conductor and its automatic line splices 
might sustain during operation for a few 
hours at 175 degrees centigrade to 200 de- 
grees centigrade, The test was made in 
a 12-foot frame, in which four short sec- 
tions of bare medium hard-drawn, number 
00 stranded copper conductors and three 
automatic line splices were connected 
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in series and stressed to a constant tension 
of 1,000 pounds—the approximate string- 
ing tension. Thermocouples were placed 
on two sections of the conductors and in 
each of the line splices. A temperature 
of 200 degrees centigrade was maintained 
essentially constant at a control point on 
onesection of the conductor for about eight 
hours a day on six successive days for an 
aggregate of 44 hours. During the test, 
the other section of conductor maintained 
an essentially constant temperature of 
180 degrees centigrade. The line splices 
were about 20 degrees cooler than the 
conductors and gave no evidence of any 
change in their contact resistance. 

After the temperature tests were com- 
pleted, approximate (eight-inch exten- 
someter) stress-strain tests were made 
on each of the test samples and also on 
an.unheated sample of the original con- 
ductor from which the test samples had 
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rare occasions, but that 200 degrees cen- 
tigrade may cause serious annealing of 
the copper. The region between 175 de- 
grees centigrade and 200 degrees centi- 
grade appears to be a very critical one. 
Therefore, 175 degrees centigrade was ac- 
cepted as the reasonable operating tem- 
perature ceiling for overhead copper con- 
ductors during the very rare emergencies 
in the life of a line when there might be a 
one- or two-hour coincidence of plant 
failure, maximum load, high ambient 
temperature, and low wind velocity. 
The condition of the cover is a sub- 
ordinate consideration. Hence the tem- 
perature of the cover, if present, should 
be correlated with the copper-tempera- 
ture limits. Approximate calculations 
had indicated that 175 degrees centi- 
grade copper would make about a 130 de- 
grees centigrade maximum outside surface 
temperature for triple-braid weather- 
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been cut. The unheated sample of num- 
ber 00 conductor broke at 5,500 pounds 
tensionafter about 0.9 per cent elongation. 
The 180 degrees centigrade sample broke 
at 4,600 pounds tension after 1.7 per cent 
elongation, whereas the 200 degrees cen- 
tigrade sample had 30 per cent elongation 
without breaking at 3,600 pounds ten- 
sion, In each test, the strength of the 
splices was superior to that of the con- 
ductor. 

Thus, it was concluded that the physi- 
cal characteristics of the copper conduc- 
tor and its automatic line splices would 
not be altered appreciably by short-time 
operations up to 175 degrees centigrade on 
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where 

ts =temperature of conductor surface—80 de- 
grees centigrade 

A=ambient temperature of air—degrees centi- 
grade - 

v= wind velocity—feet per second 


proof covering. This limit is severe but 
is still well below the 182 degrees centi- 
grade (360 degrees Fahrenheit) minimum 
impregnating temperature recommended 
in the Purdue University Engineering 
Bulletin 43, November 1932. <A drip test 
made on six standard samples of number 
6 triple-braid weatherproof wire, oven- 
heated to 82 degrees centigrade for one 
hour, then to 130 degrees centigrade for 
two hours, developed bubbles on four 
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samples after the first half-hour at 130 . 


degrees centigrade. Two samples showed 
no ill effects, and no compound dripped 
from any of the samples so tested. Time 
is a factor, hence the over-all effect of 
temperature and time is expected to be 
slight during a few nonconsecutive hours 
in the life of the cover, when there might 
be a rare coincidence of critical atmo- 
spheric conditions and emergency load. 
With 100 degrees centigrade copper, the 
outside-cover-surface temperature is esti- 
mated to be 80 degrees centigrade, or just 
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Figure 4. Minimum value of K in any hour for 
Philadelphia by days in June, July, and 
August, 1936-39 


100 degrees centigrade surface 

K= W(ts— AV 

where 

t,=temperature of conductor surface—100 
degrees centigrade 

A=ambient temperature of 
centigrade 

V=wind velocity—feet per second 


air—degrees 


below the 82 degrees centigrade standard 
acceptance specification for triple-braid 
weatherproof wire. With the design 
limits of conductor temperature thus ap- 
proximately determined, it becomes ap- 
propriate to review the effects of ampere 
loading upon temperature. 


Conductor Heating 


The conductor heating effects are three 
and need little elaboration. At a given 
ampere loading, the power losses in- 
crease as the conductor resistance in- 
creases with temperature. Part of the 
power losses is dissipated by radiation 
according to the Stefan and Boltzman 
law. The remainder of the losses in out- 
door conductors is dissipated by forced 
convection, for which an approximate 
formula has been developed by Schurig 
and Frick,! who have also shown that the 
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effect of sunshine becomes very small in 
heavily loaded conductors. The natural 
heat balance is quite simple. The com- 
plete algebraic expression for the relation 
between amperes load and temperature is 
somewhat unwieldy because of the dissimi- 
larity between the separate effects that 
must be correlated. By the method de- 
tailed in the appendix, however, it will be 
seen that the principal effects of con- 
ductor diameter, conductor-surface tem- 
perature rise above ambient, and wind 
velocity, may be factored out so as to give 
the following convenient expression for 
ampere carrying capacity: 


T=CKdWd+2s 


where d is the conductor diameter, s is the 
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cover thickness, K is the atmospheric fac- 
tor, and C is a slow-moving residual co- 
efficient which is essentially a constant 
for any given set of design limitations. 
The principal effect of the conductor 
diameter and its cover, if present, may be 
seen in Figure 1, for the illustrative con- 
dition (CK=1,500). The position of the 
curve for covered wire above that for bare 
wire, is not particularly significant. In 
Philadelphia, for instance, the apparent 
advantage of covered wire in Figure 1, is 
offset by an 11 per cent lower design 
limit of CK. 
~The atmospheric factor (K= 
V/(t,—A)%v) may be evaluated directly 
from United States Weather Bureau data 
by the use of the chart in Figure 2 for bare 
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conductors, or that of Figure 3 for covered 
ones, as the case may be. The results of 
such a survey may then be summarized, as 
in Figures 4 and 5. Maximum ambient 
temperature is not coincident with mini- 
mum. wind velocity in the Philadelphia 
area. The 15-year maximum ambient 
of 40 degrees centigrade was accom- 
panied by an 11-miles-per-hour wind. 
Other maximum ambients ranged from 35 


degrees centigrade at five miles per hour: 


to 39 degrees centigrade at 13 miles per- 
hour. The most critical coincidence, 23 
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Figure 5. Minimum value of K in any hour for 
Philadelphia by days in June, July, and 
August, 1936-39 


80 degrees centigrade surface 

K=W(ts—AYV 

where 

t,=temperature of conductor surface—80 de- 
grees centigrade 

A=ambient temperature of 
centigrade 

V=wind velocity—feet per second 


air—degrees 


degrees centigrade at one mile per hour, 
made the lowest values of K shown in 
Figures 4 and 5. The condition did not 
persist for more than one clock hour in 


any day and occurred on less than six 


days in the average year. - 

It was considered reasonable therefore 
to permit copper temperatures to reach 
values in the neighborhood of 130 degrees 
centigrade with normal load or 175 de- 
grees centigrade for any emergency load 
that might on a few rare occasions be co- 
incident with so critical an atmospheric 
condition. The design values of K that 
are indicated in Figures 4 and 5 were se- 
lected so as to observe 130 degrees cen- 
tigrade as the approximate ceiling for 
normal operations and 175 degrees centi- 
grade as the ceiling for emergency opera- 
tions. A summary of the resulting ap- 
proximate maximum hour conductor tem- 
peratures during the three hottest months 
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of the year is given in Figure 6, which was 
developed by using arbitrarily the value 
of C that would give the maximum esti- 
mate of copper temperature. 

As should be expected, the residual 
factor C does not vary through nearly the 
range of values that is characteristic of K. 
For. normal design-limiting conditions 
in the Philadelphia area, the value is 
within 4.5 per cent of C=126 for bare- 
stranded, within three per cent of C= 142 
for bare-solid, and within 5 per cent of 
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Figure 6. Approximate maximum-hour con- 
ductor temperature at ampere load limits in 
Philadelphia by days in June, July, and August 


C=148 for covered conductors. For 
emergency operations in Philadelphia the 
most critical values occur in the smallest 
conductor size and are respectively: 
C=119 for bare-stranded, C=135 for 
bare-solid, and C=144 for covered wire. 


Ampere Design Limits in 
Philadelphia 


Table I summarizes the ampere design 
limits for overhead copper lines in Phila- 
delphia, as developed by the method de- 
scribed in this paper. 

Winter load limits will be somewhat 
higher than given in the table. Tentative 
indications are that normal ratings may 
be increased ten per cent and emergency 
limits five per cent from November 
through March. The limiting atmos- 
pheric conditions are not much less se- 
vere than in the warmer months. How- 
ever, about one half of the winter hours 
with critical ambient-temperature—wind 
combinations are accompanied by rain. 
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Conclusions 


1. The paper deals with the carrying capac- 
ity of conductors in overhead lines, as deter- 
mined by the effect of temperature and time 
upon the physical characteristics of the con- 
ductor. The paper does not deal with con- 
siderations of voltage variation, power loss, 
nor other factors that may favor larger con- 
ductors than are physically adequate for the 
immediate purpose. 


2. The common assumption that maximum 
ambient temperature and minimum wind 
velocity are coincident is not supported by a 
study of United States Weather Bureau 
records for the past 15 years in Philadelphia. 


3. The ampere load limits for overhead 
conductors in any situation can be evaluated 
directly from local records of critical am- 
bient temperature and wind by the method 
given in this paper. The cooling effect of 
rain is not included, because it is absent 
during otherwise critical hours in summer 
and during one half of such hours in winter. 


4. Coincidence of load-limit amperes with 
an hour of critical atmospheric conditions 
seems to be a contingency so remote that 
the resulting copper-temperature ceiling 
need be observed only as required in order 
to avoid weakening or oversagging the 
conductor. 


5. Conductor temperature ceilings of about 
130 degrees centigrade normal and 175 de- 
grees centigrade emergency maximum ap- 
pear permissible if of short duration and 
sufficiently infrequent. A 44-hour test has 
indicated that a few hours at 175 degrees 
centigrade should not change materially the 
physical characteristics of medium-hard- 
drawn copper wire or of automatic line 
splices, but that 200 degrees centigrade 
might cause serious annealing of the wire. 


6. To recognize for the present at least 
the need for caution in utilizing tempera- 
tures approaching a critical zone for copper 
wires, the ampere load limits for Philadel- 
phia are designed to keep copper tempera- 
tures regularly below 100 degrees centigrade 
normal or 135 degrees centigrade emergency. 
During the past 15 years, however, there 
has been an average of six nonconsecutive 
hours per year when a coincidence of load- 
limit amperes with critical atmospheric 
condition might make the copper tempera- 
ture in some part of the line approach a 
ceiling of about 130 degrees centigrade nor- 
mal or 175 degrees centigrade emergency 
maximum. 


Appendix. General Expression 
for Current Ratings of Overhead 
Conductors 


The current-carrying capacity of medium- 
hard-drawn copper conductors in outdoor 
overhead service was calculated for steady- 
state conditions. In the steady-state con- 
dition, the heat dissipation is equal to the 
I?R loss in the conductor, or 


P’R=WS watts (1) 


where 5S is the surface area of the conductor, 
W is the sum of the watts radiated W, and 
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the watts dissipated by convection W,, so 
that 


W=W,+W, watts per square inch (2) 


In surroundings of temperature 7, de- 
grees Kelvin, the heat dissipation by radia- 
tion from long horizontal cylinders, with 
surface of E relative emissivity and surface 
temperature of 7; degrees Kelvin, is 


= (T,4—T,,4) watts per square inch 


(3) 


The approximate formula of Schurig and 
Frick! for heat dissipated at sea level by 
forced convection in air moving v feet per 
second crosswise to horizontal cylinder with 
outside diameters (d+2s) ranging from 0.3 
to 5.0 inches is 


4 20128 | Oe ee, 

C— aoa Wo, (hs 4 o) Watts per 
atm Vas square inch (4) 

where 

T,=(T;+T,)/2 
d=copper diameter in inches 
s=thickness of conductor cover in inches 


Substituting equations 3 and 4 in equa- 
tion 2 


36.8E 0.0128 v 
W= Cielo) t- \ 


~ 101 T0128 Yd+2s 
(Fe Fo} (5) 
36.8E 
=(T;—T,) | 101 (Tea To) (Let *) 
0.0128 v 
ae ee (6) 
T9128 ¥ d-+-2s 
For convenience let 
36.8E 
C= 1012 (Ch UGS dere), 
and 
0.0128 
(Ch 
T0128 
then 


Uv 
W=(T;—T,) [o+ayz*,| 


watts per square inch (7) 


If it is assumed that about 75 per cent of 
the surface area of bare-stranded conductor 
is effective in heat dissipation, as is approxi- 
mately true for radiation, then the effective 
surface area S of stranded copper is equal to 
that of a smooth cylindrical envelope and 
the heat dissipated per foot of conductor is 


WS =12r(d+2s)(T,;—T) X 


Gere ha 
| te 12 watts (8) 


The approximate average resistance per 
foot of medium-hard-drawn (97.5 per cent 
conductivity) copper of diameter d at 7; 
degrees Kelvin is 


R=10-§T,,/26.7(rd)?, or 13.97 ohms per 
circular-mil foot at 100 degrees 
centigrade (9) 
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where r equals 1.00 for solid conductors, or 
approximately 0.87 for stranded conductor. 
Thus, from equations 1, 8, and 9 

WS 320n(rd)?(d+-2s) X 108 


8 = = T,-—T, 
Pa Tr, (T,—To) X 


[ota ts | (10) | 


820mr? X 10! 


ema ATE © (T, ~1,)d(d+25) x 


v d+2s 
f. Cz 
a+2s Bizz + | (11) 
pall ¢ #28 4.0, )x 


WV (T,—T,)8)0 (d2*/d+2s] (12) 


or 
I=CKdW/d4-2s amperes (13) 
where 


K=W(T,-T,)%=W(t,—A)® 
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Intrasystem Transmission Losses 


E. E. GEORGE 


FELLOW AIEE 


HIS paper describes a new method of 

éalculating transmission losses within 
power systems. Reasonable accuracy is 
obtained with longhand calculation, al- 
though the same general scheme with the 
load-flow determinations carried out on a 
d-c calculating board would provide 
greater accuracy with less work. The use 
of an a-c calculating board with separate 
tabulations of kilowatt and kilovar flows 
would be even more advantageous. The 
method is based on the principle of super- 
imposing the load distribution from each 
source, determining the current in each 
line as a sum of the individual load flows 
(with each in its proper direction), squar- 
ing this expression for current, and setting 
up an equation for losses in terms of mega- 
watt generation at the various plants and 
of megawatt flows (in or out) at each 
interchange point. An outwatd flow of 
power at an interchange point is consid- 
ered negative generation. 

The procedure consists chiefly in deriv- 
ing a special loss formula for a given’ power 
system. The formula is suitable for any 
condition of generation, load, and inter- 
change. The formula involves only multi- 
plication and addition, and it may, there- 
fore, be used by semiskilled office person- 
nel. Loss determinations for a large num- 
ber of operating conditions may be made 
in an hour, thus making practicable the 
determination of losses for hour-by-hour 
readings on a dispatching log. 

The loss formula may be used for deter- 
mination of losses, either total or incre- 
mental, for billing, forecasting, or system- 
planning purposes. It has been used by 
several power companies for hour-by-hour 
determination of incremental losses. Other 
power companies have used the formula 
to derive a typical or average per cent 
loss to use over a month or longer period 
of time. The average per cent loss has 
been derived by calculating the losses for 
Paper 43-20, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, Manuscript 
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10 to 50 or more representative hourly 
operating conditions and selecting an 
average value. Such determinations are 
reviewed monthly, or less often if system 
operating conditions are reasonably uni- 
form from month to month. 


Previous Methods 


Heretofore it has been necessary to de- 
termine losses by detailed calculation of 
each individual line or by detailed meas- 
urement of each individual line on an a-c 
calculating board (network analyzer). 

The determinination of losses by calcu- 
lating each line separately is slow, even if 
applied to past operations where the ac- 
tual load on each line has been measured. 
It is of little service for studies of future 
conditions in complicated networks where 
the load flows cannot be calculated easily. 
The longhand method of line-by-line cal- 
culation is too slow to use for hour-by- 
hour readings. 

The a-e calculating-board method is of 
great value for system planning or for 
other purposes where only a few represen- 
tative operating conditions are of interest. 
The time and cost of this method prevent 
its application to hour-by-hour readings. 


Procedure for Determining Loss 
Formula 


1. Secure estimated megawatt (three- 
phase) loads on primary substations for a 
heavy load hour (preferable annual maxi- 
mum hour, when system losses are pre- 
sumably the highest). Neglect transmis- 
sion losses for the time being. On most 
systems the load distribution on a per- 
centage | basis changes very little from 
peak to off-peak, and the effect of power- 
factor variation is unimportant (except at 
off-peak on systems with high charging 
current). Loads at small stations may be 
prorated at terminal stations in inverse 
ratio to line impedance, without much 
effect on accuracy of the loss calculations. 

2. Secure an impedance diagram of 
the high-voltage transmission system. In- 
termediate-voltage lines may be omitted 
without much effect on accuracy of the 
loss calculations. 

3. Total the loads in item 1 and pro- 
rate in per cent (of 100 megawatts). 

4. Determine Z for the R+JX line 
values in item 2. (Disregarding power 
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factor, the flow of current will divide 
inversely as Z in each circuit.) Con- 
vert Z to ohms at the major transmission 
voltage of the system. Draw a one-line 
diagram of the transmission system with 
the proper Z value (phase-to-neutral) 
marked on each line. (Use only the scalar 
value of Z, without regard to angle.) 


5. Determine the location of generat- 
ing sources and points of interconnection, 
existing or proposed, for the system. Very 
small plants may be netted with local 
loads before tabulating these loads in item 
1. Any heavy load concentrated at one 
point and not following closely the system 
daily load curve may be considered as an 
interconnection point and handled as a 
power source (negative). 

6. Draw up a hectograph or stencil 
one-line diagram with the lines in item 2 
(omitting impedance values), with the 
substation loads in item 3, and with the 
sources in item 5. Consider each inter- 
connection as a generating source (posi- 
tive or negative). Since these one-line 
diagrams are to be used as work sheets in 
making up flow diagrams on a cut-and-try 
basis, 25 or more copies may be needed 
(unless a calculating board is available 
for the operation in item 7). 

7. Make up a synthetic megawatt 
load-flow diagram for each separate source 
on a separate sheet, using the forms pre- 
pared in item 6. Consider each inter- 
connection as feeding into the system like 
a generator, regardless of the normal flow 
of power at the interconnection point. 
Observe the direction of flow carefully 
and consistently as between diagrams, so 
that the algebraic sum of the megawatt 
flows in any line will be the correct one. 
Unless a d-c or a-c calculating board is 
available, the synthetic load-flow dia- 
grams will have to be developed by a cut- 
and-try method, making the total of the 
products of impedance times proper flow 
around any loop equal to zero. Omit 
consideration of losses in making these 
flow diagrams, unless a calculating board 
is used. In any case the total output 
from any source should be 100 megawatts 
at the source. Omit consideration of 
load and generator power factor for the 
time being, unless an a-c calculating 
board is used, on the assumption that 
the proper load flow is secured when the 
sum of the zmw products around every 
loop in the system is equal to zero or 
approximately so. (Neglect fractions 
of megawatts.) 

8. Set up a tabulation listing in the 
first column each line by the names of the 
two terminals, followed in the second 
column by the resistance of the line in 
ohms at the major transmission voltage. 
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Power flowing from the first named ter- 
minal to the second should be considered 
as positive. It is convenient to choose 
the order of terminals so that most of the 
flows in each line will be positive. Hori- 
zontally opposite each line in separate 
columns set down the megawatt flows 
from item 7 for each source. In this dis- 
cussion the various megawatt generator 
and interconnection loadings will be des- 
ignated as G4, Gs, Ge, and so forth. 

9. Determine KV and PF, defined as 
follows: Let KV be the average phase- 
to-phase voltage (in kilovolts) for the 
heavily loaded portions of the transmis- 
sion system (usually near generating 
plants). Let PF be the average decimal 
power factor in the heavily loaded por- 
tions of the transmission system. 

10. Calculate H, which is a common 
constant factor to be applied to the square 
and product-flow totals to get three-phase 


kilowatt loss (see Appendix A for deriva- 
tion). 


Oe) 
~ (PFXkv)? 


11. Set up a tabulation of the square 
terms listing the lines as in item 8 and 
horizontally opposite the product of re- 
sistance times the square of power flow 
in megawatts (with each source in a sepa- 
rate vertical column). 

12. Set up a tabulation of product 
terms listing the lines as in item 8 and 
horizontally opposite the product of re- 
sistance times power flow from one plant 
times the flow from another plant. List 
separately each pair of sources, until each 
source has been used once with every 
other source. 

13. Total the columns in item 11 ver- 
tically, and multiply each of the totals by 
H, thus forming the square coefficients 
in the loss equation. These coefficients 
will always be positive. In this discus- 
sion, these coefficients will be designated 
as Kaa, Ks, Kec, and so forth. Each 
coefficient when multiplied by the square 
of the symbol denoting megawatt gener- 
ation at its respective plant becomes a 
term in the final complete loss equation 
(see Appendix A for derivation). 

14. Total the columns in item 12 
vertically, and multiply each of the totals 
by 2 H, thus forming the product coef- 
ficients in the loss equation. These coef- 


ficients may be either positive or nega- 
tive. In this discussion these coefficients 
will be designated as K4p, Kc, Kgo, and 
so forth. Each coefficient when multi- 
plied by the two symbols denoting mega- 
watt generation at its respective two 
plants becomes a term in the final com- 
plete loss equation. 

15. Set up the results of items 13 and 
14 as follows: 


Loss (in three-phase kilowatts) = 


GatK 4a t+Gp?K pp tGo?K oot and so forth 


+G4G eK 4p+GaGcK actG pGcK pot 
and so forth 


Use of Loss Formula 


16. The loss equation in item 15 con- 
sists of K values determined once for 
all and of plant and interconnection load- 
ings designated as G4, Gs, and so forth, 
selected for each case for which losses are 
desired. Use loadings in megawatts. 
The total loss will be in kilowatts. The 
algebraic sum of the loadings will equal 
the net system input. Net system input 
equals territorial load plus losses. Genera- 
tion and tie-line receipts are considered 
positive. Tie-line deliveries are consid- 
ered negative. The loss equation is now 
ready for use, unless it is desired to set up 
the results graphically, or to determine 
minimum loss conditions, or to derive a 
shorter approximate equation with only 
the major sources. After the coefficients 


* 


ve 


Table Il. Conversion of Load Flows Into Loss Coefficients 
Resistance B: we M: N: A? 
Line in Ohms at Burton Washington Madison Nelson Anderson xX x x x x 
Terminals 60 Ky WwW M N A Resistance Resistance Resistance Resistance Resistance 
+ 2 >t: at + 
A-B.. Bhi ko ERA Ns 2 IS 2 west LE DOES Sx Bi iehiee =O ies eek Bisons 3,060... 7 2/620 SOO ais 160..;., 650 
bs 2 ORS hee eee BSD. cee Coc eeee Bae Acatck EO moins =D. ietnas mb ial Eas ESBOK eo 960. 3,820..... $3820.) FRG 40 
FSS OE Pr Re ce 9.00 ae ee yee ae PO. ct = 26 seniors cs a= BO vias e,e ee Catt ae gic 7,050...... 5,680 6,080..... 6/080) :....5 220 
SoD fit GAT epee SOE 3.8ise foes SO0Saen as BO shen SOk te ate SW Sera SOS tic aie 3,420. 3,420. 8,420..... 18,620..... 3,420 
Cree oe ee 620. So eae a Bee a 26 .o> apie Ocha, tale = Bis cei 150 woe 490, S760. 32.0 3,750..... 7,850 
ee ete ect aay 8.6 See =9 Rechte at RE rr, 1S); ieee Le sidteor Bache aes 700... gnl Aas0r L240 orn 1,260 seer 550 
7 ; ee Soe Ser ah bead ree > AS. sane = 1832S ies 62. Gas ee. pair 2,700..... 3,880... BIO. wens $30 sosas 50 
Se Kors atoe sashes ne rae 2) P52 oe SBS ida Te see ee Wer ADs, ben kale G0. sare 0G ee LG LkO 1,110...., 54,500 
Safe aoe ia 4 be Pots Be 8.40468 OF cen LSehge trots te a AD arte 1,970.00, et DOU ens 80% sani 30.. 62,370 
a i ae ~21 Tagdene 805 sack SI Sees Seat Sey, are 2B vgntis ss SAO sie, LPO ae oO O eee 820. sean 1,180 
/ kyvjs-c 3 T7105 Ske — DB aia a 20% .otsste 228). ware ae = Bccshinss eat OIG LO.670...:..5 +6840ine.e 150. ets SO Ur ot. 20 
isan see woe eed aige win sid ereidia'e! win o's 6i0.5,2\9 Basniese/S)vus Sle ee etSTe SIRT RICA UI ete ee che $2,080... 20,480; 6.) -B0,5101 0 An 85,710.00 01 130,350 
aig ir Sede rece os cee wbine seen oe blued y alse walsh coum cin Sin averate S/o Ci RRStG ernie thera cor tte tht arena S208 Se O48 ere ee OO Lan save SRY BP eee 13,0385 
AiR ee ee ee oe eo Se oo he se ae 41.20.00... 1.01... . FO. 704....5 +1.22..... $4.47 
BxXW BXM BXN BXA WwxM WxNn WxaA MXN MXA NAS 
x x y x xX x x x ea x 
Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance Resistance 
se 18.1. 2,820. ... —710. =710 5.0 SLO Sa —650.... —650.... 1,800.... 160.... —3380.... —330 
ose ae Speed 1,150.. — 2,290 wre of —ROOE ose —280.... —1,910.... —1,910.... —190.... 93,820.... 380... 40° { 
se Bes oe 6,300. . —6,540.... —6,540.... 1,260.... —5,850.... —5,850.... 1,120.... 6,080.... —1,170.... —1,170 
age 3.8... 3,420... 3,420. . FS 7,9800.5 2. 3,420.... 3,420.... —7,980.... 3,420.... —7,980.... 38,420.... —7,980 
ir ee a G203- 270 —750 = 1D0 aden 1,050.... —1,350..... —21,350..:.. 1,890.... 3,750.... —5,250.... —5,250 
in Ba ont —=930>5 os9 =ASO5 a 5 —620.... —1)240.... —1,240:5.. —820.... 1,240.... 820.... 820 
age Pa aera oe 3,240. . —1,080..... 2 1060. —360.. —1,3800.... —1,800.... —480.... 43005, 140.... 2 140% 
we ane Pde —320.. —320.... 2220s —AB0 N.S =480.... 88400 = BHO e. —vaesaeeen —7,790 © 
Ao Betas ,220. —250.. 7250... =11,080.....  —280.55 =2805. -. 1947050 0 to 2802 see 0. ee 
Gu 134 ere ee — 1,200. 520. . 520.... —1,000.... —740.... 740. sin 1,420... < 320.... —620.... —620 
joes i cil 17.1.... —8,560.. 1,280. . 1,280. .%.< 430./.. —1,080.... —1,030.... —340.... L600.% = SO\Ner 50 
Gta) seep iano a 2 ne oc ks 10,730 —7,650....—19,050.... —8,450....—11,410....—22,810.... —1,760.... 9)110.... —8,960,..)—20i7 i 
Sacer eae ale ys PS ae 1,073 —7,765 » —1.905.... —0.845.... —1.141. 0... =2.281.... —OTL76... 5 © 10.912 e. =O. 80Gr as ba _ ; 
WEXULOBON otods. oes +0.734 —0.524 —1.31,... —0.236.... —0.783.... —1,56.... —0.121,...+-0,625....—0.615. 7 ieee 


154 TRANSACTIONS 


George—Intrasystem Transmission Losses 


at 


are determined, the loss equation can be 
solved for any given loading in a few 
minutes, even if five or six sources are in- 
volved. Certain simplifications are pos- 
sible in many cases, and the number of 
sources may be reduced without too great 
an effect on accuracy of the loss calcula- 
tions. However, it is preferable to start 
witha comprehensive and accurate loss 
equation, so that the effect and validity 
of approximations may be determined. 


Methods of Simplifying Loss 
Formula 


17. In most cases two or more sources 
(plants and/or tie lines) in a small area 
may be totalized as one. One scheme of 
pooling is to determine from the complete 
loss equation new coefficients for the 
pooled sources which will give the same 
total loss as the individual coefficients 
for the distribution at the annual maxi- 
mum hour. Errors at smaller system 
loads will be of little importance. 

18. If any plant is operated at a flat 
base load all the time (or whenever losses 
need to be calculated), a numerical value 
of megawatts can be substituted for the 
respective plant loading symbol, thus 
eliminating one variable and simplifying 
the loss formula for most purposes. 
Sometimes a tie line may be handled 
similarly. 

19. If any plant is either shut down 
or operated at full load, the above sub- 
stitution and one for zero load can be 
made, resulting in two loss equations 
with one less variable. One or the other 
may be used, depending on whether the 
plant in question is on or off. Sometimes 
a tie line may be handled similarly. 

20. The most effective and generally 
useful simplification of a loss formula is 
to make use of the fact that all power sys- 
tems have a planned order of loading 
plants, except for infrequent emergency 
situations. Sometimes this order changes 
seasonally or with hydro or fuel condi- 
tions. Even if three different loading 
schedules are used during the year, three 
loss formulas with variables for only the 
regulated plants are preferable to one 
formula with a variable for each plant. 

21. If losses must be determined fre- 
quently, tables are much superior to 
charts. 

22. Even though the loss equation is 
used only to derive loss tables or monthly 
_ average loss percentages, any type of loss 
chart conveys so much information that 
it seems desirable to construct a loss chart, 
even if it is based on an approximate loss 
equation obtained by reducing the system 
to two or three major source areas. 
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23. Total loss varies as the square of 
the total system load for any given fixed 
ratio of loading between plants. There- 
fore, it is possible to take loss values from 
general charts plotted in percentage or 
decimal distribution and to secure total 
loss by multiplying the chart valtie by the 
square of the system load. The most con- 
venient form of chart is one based on 100 
megawatts total load, with the plant and 
tie loadings in megawatts (or per cent). 
The total system loss is then equal to the 
chart value multiplied by the square of 
the system load in hundreds of mega- 
watts. 

24. In those few cases where there are 
only two sources, or where the system 
can be approximated by only two major 
source areas, a rectangular co-ordinate 
chart of system loss can be drawn up. 
The co-ordinates may be “‘total net sys- 
tem input” and “source A”; or,.“‘source 
A” and “source B.”” The loci of constant 
loss will be concentric ellipses in either 
case. 

25. In systems involving three source 
areas with one source always base loaded, 
the loss equation contains only two vari- 
ables and the above type of rectangular 
chart can be used. This chart has the 
further advantage that it is direct reading 
(instead of being on a 100-megawatt 
basis, as described in item 27). 

26. In all cases where the loading of 
three plants or ties is of major interest, 
the use of triangular co-ordinate paper is 
the most feasible means of plotting loss 
curves. 

27. In using triangular co-ordinate 
paper, the three plant loadings, in per 
cent (totaling 100) or in megawatts for 
100 megawatts system load, are measured 
perpendicularly to each side of an equi- 
lateral triangle. (AK and & triangular co- 
ordinate paper 359-32 or 344-4 is con- 
venient for this purpose.) The sum of 
any three such altitudes always equals 
the height of the triangle or 100 per cent. 
The same relation holds for points out- 
side the basic triangle, if altitudes wholly 
outside the triangle are considered nega- 
tive. This permits the plotting of de- 
liveries to tie lines as negative generation. 

28. For four or more sources with 
variable loading, no means of graphic 
representation seems to be possible. 
Nomographic charts cannot be used with 
this type of equations. 


Procedure for Determining Loading 
for Minimum Loss 


29. While plant capabilities and rela- 
tive power costs usually prevent alloca- 
tion of plant and tie loading on a mini- 
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mum transmission-loss basis, the deter- 
mination of this optimum condition is 
frequently of value. Inspection of mini- 
mum loss loadings conveys a great deal of 
information on the adequacy of trans- 
mission planning in the past and offers 
a needed guide to adequate transmission 
planning in the future. It provides a 
means by which the load dispatcher can 
compare the delivered costs of power from 
sources of equal or nearly equal cost (at 
the source). It provides a starting point 
for empirical charts or formulas of trans- 
mission losses in those cases where the 
general loss formula after all possible 
rational simplification still contains too 
many terms for ready use. 

30. The general equation for loss can- 
not be solved for minimum loss loadings 
until use is made of the fact that the sum 
of the loadings is equal to unity, if each 
is on a percentage basis. (Otherwise the 
partial-derivative equations are homo- 
geneous, giving a determinant equal to 
zero.) 

31. Take the partial derivative of 
equations in item 15 with respect to each 
one of the sources in that equation, giving 
as many partial-derivative equations as 
there are sources initem 15, Equate each 
derivative equation to 2x. 

32. Assumptions as to system operation 
must be inserted into the equations tn tem 
15 before taking partial derivatives in ttem 
31. 

33. Rearrange the terms in the equa- 
tions in item 32 with like sources in the 
same columns and with the columns and 
rows in the same order. Place the 2x 
terms on the right-hand side of the equal- 
ity sign. 

34. Subtract from the first partial- 
derivative equation in item 34 each of the 
other partial-derivative equations in turn. 
This will reduce the right-hand side of 
each new equation to zero, by eliminating 
the 2x term. 

35. . Divide each of the new equations 
in item 35 by the unknown in the first 
term. This makes the first term numeri- 
cal, changes the unknowns to ratios, and 
reduces the number of unknowns to 
equality with the number of equations. 
The equations can now be solved simul- 
taneously for the unknown ratios (see 
pages 35-7 of “Determinants” by Weld). 

36. Solve the simultaneous equations 
in item 37, preferably by means of deter- 
minants. The results will be the loading 
ratios for minimum loss with the loading 
of each source variable. 

37. If the simultaneous equations in 
item 36 are more than three in number, 
and if they are solved by addition and 
subtraction instead of by determinants, 
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care should be taken to eliminate between 
the first equation and each of the others 
in systematic order, so that each of the 
derived equations will be independent of 
the others. 

38. Total the ratios in item 36, add 
unity for the ratio of the source in the de- 
nominator of each unknown, and prorate 
so that the new total of all source loadings 
equals unity. These decimal fractions 
totaling unity constitute the simultaneous 
loadings for minimum total loss, with the 
loading of each source variable. 

39. While the preceding use of partial 
first derivatives is in general a necessary 
but not a sufficient condition of a mini- 
mum, it can be shown that the loss loci 
are concentric ellipses in any component 
plane and have a minimum at the center. 
Therefore, there can be no ambiguity 
about the point of minimum loss, and 
there is no need of taking second deriva- 
tives to determine sufficiency (see pages 
484-6 of “Calculus” by Granville, 
Smith, and Longley). 


Procedure for Constructing 
Rectangular Loss Charts 


40. If only one source loading is vari- 
able, the loss equation can be represented 
by a parabola. 

41. If only two variable sources are 
involved, a rectangular type of loss chart 
may be constructed from the loss equa- 
tion derived in item 15. The general form 
of such an equation is as follows: 


Kw loss= K 4sA*+K 3 pB?+K 4pAB 


42. If the equation in two variables 
has been derived by base loading one or 
more sources, there will be three addi- 
tional terms as shown below: 


Kw loss=LasA?+LppB?2+LapA B+ 
LaA+LepB+Le 


43. Either form of equation 41 or 42 
may be represented graphically by an 
ellipse. (See page 66 of ‘Handbook of 
Engineering Fundamentals” by Eshbach. 
This reference shows that the loss equa- 
tion in item 15 is a conic section in the 
plane of any two variables and that this 
section meets the test for an ellipse.) 

44. The construction of ellipses repre- 
senting loci of constant loss requires a sys- 
tematic procedure if speed and accuracy 
are to be realized. 

45, The major and minor axes of the 
ellipses are seldom parallel to the co-or- 
dinate axes. The angle of one axis of the 
ellipses with respect to the B co-ordinate 
may be determined by the following ex- 
pression (but the sign of the angle and 
determination of whether major or minor 
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Table Il. Loss Formulas 


I. Transmission Losses—Using Two Source 
Areas—Overton-Madison Line and Anderson- 
Wilson Line Not in Service 


S = megawatts generated at Washington plus Burton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

Kilowatt loss = +0.71S?+1.22N?2—1.43SN 


II. Transmission losses—Using Three Source 
Areas—Overton-Madison Line Not in Service 


S=megawatts generated at Washington plus Bur- 
ton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

Kilowatt loss = +-0.71S?2+1.22 N2+0.70M?— 
1.43S N —0.65SM +0.62 NM 


Ill. Transmission Losses—Using Four 
Areas 


S=megawatts generated at Washington plus Bur- 
ton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M =megawatts supplied by Overton line at Madison 
(negative if feeding out) Z 

A=megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +0.71S?41.22N2+0.70M?2+4.47 A? 

— 1.435 N —0.65SM —0,185A +0,62 NM —1.42NA 

—0.62MA 


Source 


Source 


IV. Transmission Losses—Using Five 
Areas 


B=megawatts generated at Burton 

W=megawatts generated at Washington 

N=megawatts generated at Nelson plus mega- 
watts supplied by Riverton line at Nelson (nega- 
tive if feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

A =megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +1.10 B?+1.01W2+1,.22 N2+ 
0.70M2+4.47 A2+-0,73 BW —1.31 BN — 
0,52 BM —0,24 BA —1.56WN —0.783WM — 
0.12WA+0.62 NM —142 NA—0.62MA 


axis should be checked by calculation of a 
few points from the loss equation): 


tan=0.5 tan7![Las+(Lesa—Laa)] 


L should be replaced by K if the first 
form of equation is used. 

46, Another important determination 
is the location of the center of the loss 
ellipses. This center is also the point of 
minimum loss, unless the center is at the 
origin of co-ordinates—in which case the 
minimum loss must be determined by 
other means. The co-ordinates of the 
center are as follows: 


_ 2LaLee—LeLap 


Ar= 
4LaaLpe—Lap? 


BpweBss— Lalas 
4LaaLps—Lap? 

47, In the first form of equation (con- 
sisting of K terms instead of L terms, the 
loss ellipses are concentric about the origin 
of co-ordinates, and Ap and Br are each 
equal to zero. 

48. The next items to be determined 
are the major and minor radii. There 
will be a pair of these for every value 
of loss locus to be plotted. To determine 
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ft 
these radii, make the following substitu- ;, 


tions: 


F=La?Lpe+Lp*Lsa—LaLeLas 
G=4LaaLpp—Las? » : 


49. Minimum loss occurs when: 
Kw loss=Le—(F+G) 


In item 31, x equals minimum loss (then 
unknown). 

50. Continue the substitutions begun 
in item 48: 


P=Laa+Lasa—V (Laa—Les)?+Lap? 
Q=Laat+Lest+V (Laa—Les)?+Lap 


Rz?= (major radius)? 
(F+G) + (kw loss) —Le 
= 0.5P 
R,?= (minor radius)? 
_ (F+G)+ (kw loss) —Le 
. 0.5 


51. An ellipse can be constructed 
most easily and with adequate accuracy 
by using three radii (see pages 2-51 of 
“Handbook of Engineering Fundamen- 
tals” by Eshbach). These radii have 
been determined analytically by substi- 
tution of the standard formula for radius 
of curvature of an ellipse (see page 152 of 
“Calculus” by Granville, Smith, and 
Longley). 

52. For each locus of constant loss, 
determine the following (in addition to 
R,and Rs): 

At the ends of the major axis (center on 
the major axis) 


Ro=R2+Ryz 


At the ends of the minor axis: (center 
on the minor axis), 


Rco=R,2+R; 


At some intermediate arc (length and 
center to be determined by trial) 


Re=V RiP; 


See Figure 1 for a typical loss diagram 
on rectangular co-ordinates. The ellipses 
are loci of constant loss, with all sources 
except two base-loaded. Instead of using 
the two sources as co-ordinates, the total _ 
territorial load of the system is used as 
one co-ordinate, and one source as the 
other. 

53. Minimum-loss co-ordinates as ob- 
tained in item 46 should be checked by 
the results of item 36. 

54. Minimum loss in kilowatts as ob- 
tained in item 49 should be checked by 
substituting the co-ordinates in item 36 
in the loss equations of item 15. 

55. Loss values at several diverse 
points on a chart constructed as per items 
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Figure 1. Typical loss chart 


System load, tie-line load, and 


loss figures are in megawatts. 
Minimum loss is 5.2, at center 
of ellipses 


LOAD 


TOTAL SYSTEM 


41 to 52 should be checked by comparing 
values computed from the loss equation of 
item 15, 


Application of New Method to A-C 
Calculating-Board Studies 


56. The superposition method has 
been used to date for operating purposes, 
where the use of the a-c calculating board 
(except for determining load division) 
would be impractical. There has been 
no opportunity as yet to apply the super- 
position method in a-c board studies. 
If kilowatt and kilovar load flows were 
read and totalled separately, the loss 
equation would take account of generator 
excitation, charging current, synchronous 
condensers, different load power factors, 
different R/X ratios, and so forth. True 
vector relations would be maintained, 
and it would be possible to determine 
definitely the accuracy and limitations 
of the longhand scalar method. This 
proposed combination of a-c calculating- 
board analysis with the superposition 
method is largely an unexplored field. 


Time Requirements of New Method 


57. Power systems differ widely in the 
time required to calculate loss formulas, 
as well as in the time required to use 
them. Ona system involving five sources 
(plants and tie lines) but with only a few 
loops, a loss formula was calculated com- 
pletely and checked by two men in two 
days. Other systems with eight to ten 
sources and complicated networks have 
required two or three weeks work by two 
men to calculate the loss formula. If a 
d-e or a-c calculating board is available 
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for load division, the balance of the work 
in determining the loss formula can easily 
be done in NV? man-hours where JV is the 
number of sources. 

58. The use of the loss formula for a 
given set of operating conditions may re- 
quire one minute or 15 minutes, depend- 
ing on the number of variable sources, 
A large number of operating conditions 
can be calculated very quickly, if the data 
are set up in tabular form and carried out 
systematically. 

59. In general, a loss formula can be 
worked out in less time than data could be 
calculated and tabulated for an a-c board 
study. Losses for a number of conditions 
can then be calculated in a small fraction 
of the time required to read losses on the 
calculating board, not to mention the 
time to change board setups. 


Accuracy of New Method 


60. The accuracy of loss calculations 
by the superposition method outlined 
herein is estimated to be better than ten 
per cent plus or minus on single readings 
and better than five per cent plus or minus 
on daily totals—even under difficult 
conditions. Since losses are only 2 per 
cent to 15 per cent of power transfer, 
errors in determining transmission losses 
are comparable with errors customarily 
tolerated in metering input and output 
to the transmission system. 

61. The use of the scalar value of Z 
in determining load division without re- 
gard to the R/X angle has a negligible 
effect on accuracy, as may be seen by 
calculating a few typical cases (determine 
1 in loop branches with Z constant and 
R/X variable). 
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62. Loss data on typical transmission 
systems show that incremental losses can- 
not be approximated satisfactorily by 
taking total losses as proportional to the 
square of the system load. Prior to the 
development of the superposition method, 
this was attempted, using a peak loss de- 
termined from the annual load factor 
and the annual kilowatt hour loss (as de- 
termined from monthly generation, tie- 
line, and primary-substation meter read- 
ings), following the procedure described 
on page 1159 of the seventh edition of the 
“Standard Handbook of Electrical Engi- 
neers.” This square law relation for total 
loss applies only to systems with one 
power source or with several sources all 
loaded uniformly (on the same percentage 
basis). 

63. On the usual transmission system, 
the curve of total losses against total sys- 
tem load may change direction abruptly 
whenever load is placed on a new plant. 
Each change in regulating plant means a 
change in the shape of the loss curve. 
The total loss curve usually consists of 
segments of parabolas (one regulating 
source) or ellipses (more than one regulat- 
ing source) with a discontinuity at each 
junction. 

64. Incremental intrasystem  trans- 
mission loss may be either positive or nega- 
tive. 

65. The possible sources of error in 
this method are: 


A. The product of voltage and power factor 
may not equal the assumed average value. 
However, most of the line loss occurs near 
the sources, and the average voltage and 


Table IV. Summary of Minimum-Loss De- 
terminations 


|. Minimum-Loss Loadings (in Per Cent of 
Net System Input) 


8 

to 8 8 
77} 
er (ee, oP ae ee 
4 3 = 3 us} 

3 o 
a B z | 
Ssourcesn. Linens Bo detstacive a alatatats itevonetens 8 
4 sources. .19...... CH Sha SOn jeu. ZOneets ets * 
4 sources. .20...... BOBS eee es ae MO ae i 9 
5 sources. .23...:.. CS a NPS CS can hperen eee * 


Il. Megawatts Loss for 100 Megawatts Net 


System Input With Above Minimum-Loss 
Distribution** 
Megawatt Loss 
DISOMEORG ieteralg ae wialccitc ates ei cicleraralateteiela at 0.38 
ALSOULCESE Ts eiNct heel ercaie chalhyevele ls) erekettie( ee. efates 0.67 
SOURED ya lather .a at aiceinieiaisinie shceihiecces > 0.61 
SOME COD et tetmita tal dete eee des Gyerets a Staph sec? 1,00 


* Supply at this source equals zero. 


** Total loss varies as the square of the net system 
input. 
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line power-factor conditions should be deter- 
minable with fair accuracy. 


B. The product of voltage and power-factor 
changes with substation loads, interconnec- 
tion transfers, generator kilowatt loading, 
and generator reactive loading. On systems 
with large charging current, the uncorrected 
calculated losses will be too high at times of 
light generation and low interchange. An 
estimated correction is desirable in such 
cases. 


C. The principle of superposition applies to 
a-c load flows only if the line power factor 
is uniform -and constant. Short-circuit 
determination on the d-c calculating board 
and other data indicate that the error due 
to arithmetic addition of currents from vari- 
ous sources is not important on systems with 
reasonably uniform R/X ratios on major tie 
lines and with reasonably uniform power 
factors on major plants. 

D. Losses are neglected in determining the 
synthetic load-flow diagrams. Analysis 
indicates that losses do not greatly change 
the load division near power sources—where 
the losses are important. Furthermore, the 
calculated currents near the sources would 
not be reduced much if line losses were sub- 
tracted. 


E. The percentage distribution of kilowatt 
load between substations changes hourly 
and seasonally, but the net effect is ordi- 
narily small, as may be seen by comparing 
peak and off-peak board studies of typical 
systems. 


F. The prorating of small substation loads 
at terminal substations causes the calculated 
losses to be too small, but this error can be 
reduced by using a more complete transmis- 
sion diagram. 


G. Line loss is calculated on the basis of 
uniform current throughout. 


66. Errors listed under A, C, D, and 
G are eliminated if an a-c calculating 
board is used to determine the load flows 
from each source (provided kilowatt and 
kilovar flows are tabulated separately). 
The use of an a-c calculating board will 
facilitate determination of loss equations 
for two or more conditions, such as peak 
and off-peak, reducing the errors listed 
under B and E, 

67. Even when using longhand calcu- 
lation, losses under the most important 
operating conditions can be determined 
with reasonable accuracy, using a single 
loss equation (with three to six variables, 
depending upon the number of major 
source areas), 


Appendix A. Derivation of 
Loss Formula 


Each megawatt flow in a given line 
in item 8 for a given source multiplied by the 
ratio of actual generation at that source to 
100 megawatts would give the actual mega- 
watts in the line. The total megawatt flow 
in each line is as follows designating the 
various megawatt generator and intercon- 
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nection loadings as G4, Gg, Go, and so forth, 
and the flows—on a 100-megawatt or per 
cent basis—as F'4, Fs, Fe, and so forth: 


Total flow in megawatts=(G4F4+GsaFa+ 
GceFe+ and so forth) divided by 100 
per cent 


At a given transmission voltage and given 
power factor, amperes are linearly propor- 
tional to megawatts, and a common con- 
stant factor H may be applied to the flow 
totals to get three-phase kilowatt loss. Let 
kv be the average phase-to-phase voltage 
(in kilovolts) for the heavily loaded portions 
of the transmission system (usually near 
generating plants). Let PF be the average 
decimal power factor in the heavily loaded 
portions of the transmission system. 


Three-phase transmission loss in kilowatts 
in any line =(3)(Z?R)(0.001) = (0.003) (Z2R) 


(0.003) (kva)*(R) 

Loss in any line = — 
(1.73)*(kv)? 

s, (0.001) (kw) *(R) By (1,000) (mw)?(R) 


(PFXkv)? (PFXkv)? 


Loss in any line 
(1,000)(G4F4+GeFe+ and so forth)*(R) 
J (PFXkv)2(100 per cent)? 
_ (0. 1)(G4F4+GeFs+ and so forth)?(R) 
(PFXkv)? 


wpe (Ost) 
- (PFXkv)? 


Loss in any line= 
A(G4F4+GeFsg+and so forth)?(R) 


Intrasystem loss in kilowatts 

= HY((G4F4+GeFs-+ and so forth)*(R) | 

=HAZ((G42F 2+Ge°F +26 4F 4Ga Fat 
and so forth) (R) J 

= HG 4°2(F42R)+HGs*2(Fp?R)+ and so 
forth+2HG 4Gpt(F4FeR)+ and so 
forth 


Kaa=H3(F4?R) 
K 4p =2H2(F4F5R) 


Making the above types of substitutions 
gives the general loss formula in item 15. 

The square terms will always be positive, 
regardless of the direction of flow in the line, 
and regardless of whether the plant or inter- 
connection is delivering or receiving power. 
The product terms will be either positive or 
negative, depending upon whether the basic 
flows from the two sources are in the same 
direction or not, and upon whether power is 
being delivered or received at each of the two 
sources. 

If NV is the number of sources, the number 
of square terms will be N. The number of 
product terms will be (N?—N)+2 (see 
Table I). ; 


Appendix B. Procedure for 
Constructing Triangular Loss Charts 


If only three variable sources are in- 
volved, a triangular co-ordinate type of loss 
chart may be constructed from the loss 
equation derived in item 15. 
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Kwloss=K 444?+-K pp B°K ooC*+ 
K 4nAB+K 4cA C+KnoBC 


Assume a fixed total-system net input. 
This permits elimination of one variable 
source (preferably the largest one). Sub- 
stitute: 


J=total-system net input 

C=J—A-—B 

C?= J2+A2+B*—2JA 
After completing the substitution for J, 


let J=100 megawatts. This results in an 
alternative form of loss equation with one 


—2/B+2AB 


source eliminated. 


Kw loss= _M444?+MppB?+M,A+ 
MpB+M ,pAB+Mo 
Mo=10,000 Kee 


The preceding equation would be an el- 
lipse if A and B were measured along rec- 
tangular axes. To make a graph of the 
preceding equation on triangular co-ordinate 
paper, it is necessary to measure the preced- 
ing values of A and B from triangular axes. 
The shape of the resulting figure is to be 
determined from a new equation derived 
by transforming co-ordinates, The usual 
geometrical methods of constructing curved 
figures representing second-degree equations 
assume the use of rectangular co-ordinates. 
Denoting by subscripts whether triangular 
(T) or rectangular (R) co-ordinates are used: 


M44Ar?+MapBr?+M Art MpBot+ 


M 4rA 7 Bo +Moe—kw loss =0 
Substitute 
Ap=0.866B rp —0.500A x 
Bp=Ap 


This substitution results in another ellipse, 
referred to rectangular co-ordinates, and 
therefore easy to construct when the major 
and minor radii, location of center, and slope 
of major axis are known. The last two items 
are the same for all values of assumed loss. 


NgaArn?+NeaBr?+NaArntNsBrt+ 
NapA rBrt+No—kw loss=0 


From this point on, the construction of 
elliptical loci on triangular co-ordinates is 
the same as outlined for the L type of equa- 
tion in item 41, except that the N values 
are used. Minimum-loss co-ordinates on 
triangular co-ordinate paper will be at the 
center of the loss ellipses. These co-ordi- 
nates may be checked as follows: 


ol 
OF 2M An MypBrt+ Mao 
Sar. 
Oo loss 
= M gpAr+2MppBr+My=0 
fa) Br 


Solution of the above equations will give 
the minimum-loss co-ordinates and check 
the center of the loss ellipses on the tri- 
angular-co-ordinate diagram. 

The slope of the ellipse axes is best re- 


ferred to the Bz axis by using the V equation, , 
In general, quantities derived by the con- 


ventional formulas of analytic geometry re- 
quire the use of the NV equation and rectan- 
gular co-ordinates, while quantities plotted 
as triangular co-ordinates require the use of 
the M equation. 
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OWER consumers often are supplied 

from high-voltage distribution or sub- 
transmission circuits through transformer 
banks. When such consumers are to be 
charged on the basis of high-voltage or 
primary supply, some way of including 
the transformer losses is desirable with- 
out resorting to the difficulties and ex- 
pense of direct primary-circuit metering. 

Where metering is applied on the low- 
voltage side of the power transformers, 
errors introduced in the high-voltage in- 
put values are due to the losses in the 
transformers, and are of two kinds: 


1. Corelosses: These are very closely pro- 
portional to the square of the voltage and 
independent of load. The core losses con- 
sist of hysteresis and eddy-current losses in 
the iron. These losses are also affected by 
frequency, but the variations in frequency 
on modern systems are so small that the ef- 
fect is negligible. Changes in temperature 
likewise have too small an effect to be con- 
sidered. 


2. Copper losses: These are proportional 
to the square of the current. Copper losses 
may be divided into two parts; namely, the 
ordinary J?R losses, such as would be caused 
by resistance R, and the eddy-current losses. 
The temperature coefficient of the former is 
positive, while that of the latter is negative. 
Since the J?R loss is the larger, the net ef- 
fect is that losses increase with temperature. 
A temperature rise of 50 degrees centigrade 
increases the losses by about ten per cent, 
whereas the resistance of copper changes by 
roughly 20 per cent over this range. Actu- 
ally, the effect of temperature changes can 
be disregarded in the present discussion, 
since it is a small percentage of the power 
being measured. Some of the methods to 
be given can be made to compensate easily 
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for temperature changes, but this is more of 
a theoretical advantage than a practical one. 


Transformers of the size used in serv- 
ing consumers from medium-voltage lines 
may be about 99 per cent efficient at full 
load, with roughly equal division of the 
losses, or one-half per cent core loss and 
one-half per cent copper loss. In some 
cases, however, the copper loss at full 
load may be almost twice as high as the 
core loss. 

There are two different metering ar- 
rangements in common use: 


1. Current transformers on the high side 
and potential transformers on the low side. 


2. All instrument transformers on the low 
side. 


Arrangement 1 will measure the core 
loss but not the copper loss. Arrange- 
ment 2 does not include any transformer 
losses. 

Various! methods may be used to in- 
clude the effect of the transformer losses. 
Some are: 


1. Estimation of losses from the meter read- 
ings. 


2. Loss or compensating meters may be 
added to measure voltage squared and cur- 
rent squated, which, by proper calibration, 
will read core loss and copper loss, respec- 
tively. 


3. Line-drop compensators may be used to 
correct for transformer resistance drop and 
so include copper loss. 


4. Dummy loads may be added to instru- 
ment transformer secondary windings to cor- 
rect for core loss. 


5. Methods 3 and 4 may be combined, us- 
ing compensators for copper loss and dummy 
loads for core loss. 


6. Light-load and full-load meter adjust- 
ments may be altered to shape the load curve 
to the reciprocal of the transformer effi- 
ciency curve. 


7. Methods 3 and 6 may be combined, by 
using compensators for copper loss and 
light-load adjustment for core loss. 
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These methods will be taken up in order 
foratypicalcase. The following assump- 
tions are made: 


1. The installation is three 200-kva single- 
phase transformers fed from 13,200 volts. 


2. Core Joss is 1.1 kw per transformer at 
rated voltage. 


3. Copper loss is 1.9 kw per transformer at 
rated load. 


4. Consumption is 150,000 kilowatt-hours 
per month. The month is assumed to con- 
sist of 730 hours. 


From the above information, the core 
loss at rated voltage is seen to be: 


3X1.1X730=2,409 kilowatt-hours 


If the average voltage differs from 
rated voltage, the core loss will be ap- 
proximately 2,409 x (average voltage+ 
rated voltage)?. 

The copper losses can only be approxi- 
mated. The 150,000 kilowatt-hours 
could be 206 kw for 730 hours, or 600 kw 
for 250 hours, or many other combina- 
tions of load and time between these 
limits. The figure of 600 kw is set as the 
probable upper limit of the load, since any 
higher load might damage the transfor- 
mers. 


206 kw for 730 hours, the lowest possible loss 
for this registration, gives 3X1.9X730X 
(206/600)? = 490 kilowatt-hours 


600 kw for 250 hours, the highest probable 
loss, gives 3X1.9X250=1,424 kilowatt- 
hours 


The customer ordinarily would not in- 
stall an excessively large transformer 
bank, nor would he dangerously overload 
it. Consequently, the loss limits are set, 
the former condition giving a lower loss 
limit (core loss plus continuous-load cop- 
per loss), and the latter giving the upper 
loss limit. 

The various methods will now be dis- 
cussed in detail. 


1. Estimation of Losses From the 
Meter Readings 


The increase in the energy rate to 
cover losses should be such that the total 
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energy per month, multiplied by the in- 
crease in rate, will equal the total trans- 
former losses over the month multiplied 
by the usual energy rate. Expressing 
this as an equation, let 


E=energy metered on secondary winding 
side per month 
L=transformer losses per month 
R=usual energy rate 
AR=rate increase 


Then = 
ARXE=LXR 
or 

AR=RXL/E 


The percentage increase is evidently 
L/E which in most cases will be perhaps 
two per cent as a maximum. Two per 
cent would be too great at full load, but 
this compensates for the fact that no en- 
ergy is being registered at no load, al- 
though core loss is still being supplied. 
The approximation is quite close, as will 
be seen. 

The demand rate should be increased 
by about one per cent to cover losses at 
full load (expected demand). 

The previous reasoning also makes it 
plain that discounts may be reduced by 
the same percentages in order to com- 
pensate for the losses; namely, two per 
cent for energy and one per cent for de- 
mand. The estimation below shows how 
this will work out. 

The losses might also be estimated and 
billed separately at the usual rate. 

The estimation in any event would be 
as follows: 


Energy metered = 150,000 kilowatt-hours 
Core loss (one-half per cent of transformer 
rating for 730 hours) is 730X1X3=2,190 
kilowatt-hours 

Copper loss (assume one-half per cent of 
kilowatt-hours) =750 kilowatt-hours 
Estimated total losses=2,940 kilowatt- 
hours 


Total energy billed = 152,940 kilowatt-hours 


As previously mentioned, there are two 
limiting conditions: 


(a). A steady load all month which gives 
minimum losses. 


In this case, the steady load which would de- 


liver the given energy in one month would be 
(150,000/730) =206 kw. 


Copper losses would be 490 kilowatt-hours, 
as calculated previously. Total losses 
would be 2,680 kilowatt-hours. Total 
energy supplied would be 152,680 kilowatt- 
hours. 


(b). Rated load on for a length of time 
which delivers the given energy, and no load 
the remainder of the time. 
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Thus, 600 kw for 250 hours would give 
150,000 kilowatt-hours. The copper losses 
under these conditions would be 1,424 kilo- 
watt-hours as calculated previously. Total 
losses would be 3,614 kilowatt-hours, and 
total energy supplied 153,614 kilowatt- 
hours. ; 


The estimate is 2,940 kilowatt-hours, 
whereas the average of the two limiting 
cases is 3,147 kilowatt-hours. The billing 
based on the estimation would be within 
0.15 per cent of the billing based on the 
average of the two limiting conditions. 
Actually, this error is less than those 
encountered in meter calibration. 

The total losses are seen to be just 
about two per cent of the measured power 
in either case, which is the justification 


for the two per cent figure used above. 

Even the limiting conditions above 
give errors of only 0.2 per cent and 0.45 
per cent, and these conditions are very 
improbable. For case 6b (maximum 
losses), the estimate would be. within 674 
kilowatt-hours of the actual losses. At 1.5 
cent per kilowatt-hour, this would mean a 
loss of revenue of $10 a month or $120 a 
year. A metering outfit for use on the 
high side would cost over.$1,000. Inter- 
est, taxes, and depreciation would take 
most of the revenue collected, showing 
little justification for the use of a metering 
outfit on this size of load. 

Another billing method, not quite so 
simple as the first given but slightly more 
accurate, is to add a fixed number of 
kilowatt-hours, plus a percentage of the 
energy registered. The fixed number of 
kilowatt-hours would equal the core loss 
as previously estimated. The percent- 
age of registered energy would be (copper 
loss/registered energy) also as previously 
estimated. This method is obviously the 
same as estimating the losses and billing 
at the usual rate. - 

Also, in general, it is true, that, the 
higher the registration for a given trans- 
former rating, the more accurate the es- 
timate can be made. 


2. Loss or Compensating Meters 


Since core loss varies as the square of 
the voltage, a voltage-squared hour meter 
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Figure 1 (left). Line-drop com- 
pensator—single-phase circuit 


Figure 2 (right). Line-drop com- 
pensator—single-phase circuit with 
alternative connections 


“ 
7) 


consisting of one element for each phase // 


of the transformer will register the core 
loss if the correct multiplier is used. 
Similarly, copper loss may be measured 
by a current-squared meter with the cor- 
rect multiplier. The error in loss meas- 
urement can be reduced to a very small 
amount, but accurate transformer data 
are required, and these are not always 
available or obtainable. Transformer 
data can be estimated, but design varia- 
tions are such that the error may be as 
much as 0.3 per cent of the total power, 
and the accuracy is not much better than 
the estimating methods given. When the 
data are accurately known, the errors 
generally will be no greater than those 
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involved in metering directly on the high- 
voltage side and, as will be seen later, 
may be less. 

Compensating meters may be indi- 
vidual current-squared and _ voltage- 
squared hour meters, or they may be com- 
bined in one meter. Although three ele- 
ments of each type theoretically would be 
required, the accuracy is almost as good 
using one voltage and two current ele- 
ments.? If the load is normally well bal- 
anced, one current element is sufficient. 

Loss meters also may be used to form 
the basis for an estimating method, That 
is, a compensating meter may be installed 
for a representative period of time, and 
the losses compared to the registration 
of the watt-hour meter during that period. 
This may be used then as a basis for 
changing the rate. For example, if the 
losses were 1.75 per cent of the registra- 
tion during this period, the energy rate 
evidently should be increased, or the dis- 
count reduced, by 1.75 per cent. Loss 
meters of the current-squared type only 
would be sufficient in cases where the 
voltage is known fairly accurately. 
Most installations probably will fall into 
this category. A five per cent change in 
voltage will change core loss by about ten 
per cent. 
mally be about one per cent of the regis- 
tration, so that the net error would be 
only about 0.1 per cent, if the average 
voltage differed by five per cent from that 
estimated. 
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However, core loss will nor- 


3. Line-Drop Compensator 


‘ 


Impedances may be used in the sec- 
ondary windings of current transformers 
to produce a drop equivalent to that of the 
transformer bank. This drop may be 
added to the secondary potential trans- 
former voltage to make a sum propor- 
tional to the primary voltage. Since a 
reactance drop would be at right angles 
to the current, the added voltage from a 
reactance-drop compensator would pro- 
duce no registration on a watt-hour me- 
ter. Therefore, only resistance compen- 
sation is needed in power metering. 

The type of transformer bank deter- 
mines the number of compensators re- 
quired; two for open delta, three for star 
or delta. 

Figure 1 illustrates the principle of the 
line-drop compensator. The current 
transformer circulates the current J, in 
the direction indicated, while I, propor- 
tional to it flows in the main circuit. The 
voltage between B and A must be in- 
creased by the resistance drop in the 
transformer T to obtain the equivalent 
high-side voltage. The resistor R is ad- 
justed so that the secondary current pro- 
duces a drop equivalent to the transfor- 
mer drop. It is seen that 7, and I, both 
flow toward B, so that the polarity is such 
as to add the voltage drop. 

Another way of looking at this is to say 
that voltage BA would normally be ap- 
plied to the potential coil, B being at 
higher potential than A when the current 
flow is as indicated. The point C, how- 
ever, is at higher potential than B by the 
amount of the resistance drop in R. 
Therefore, if the potential coil is con- 
nected from C to A, the potential across 
it will be greater than BA by the drop in 
R. The drop in R, in turn, is equivalent 
to the drop in 7, so that the equivalent 
of the high-side voltage is applied to the 


' meter. 


Figure 2 shows the same method, re- 
arranged to permit grounding of instru- 
ment transformer secondary windings. 
The difference from Figure 1 is in the 
order in which the transformer secondary 
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Line-drop compensator used in 
three-phase three-wire circuit 


Figure 3. 
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Figure 5. 
dummy loads to measure 
core loss 


TO CURRENT > 
TRANSFORMER 


TO POTENTIAL 
TRANSFORMER 


Figure 4. Polarity require- 


ments for line-drop com- 
pensators 


compensating resistor and meter coil are 
connected in series. 

In Figure 2 the current flows through 
the compensator and then through the 
meter. The potential coil is connected 
across DF. The voltage DE, which 
normally is applied to the meter, is in- 
creased by the drop EF and the total 
DF, applied to the coil. E is at a lower 
potential than D, and the drop in EF 
places F at a still lower potential than E. 

Figure 1 is the clearest for single-phase, 
whereas Figure 2 is simpler in a three- 
phase circuit, in which a third resistor is 
needed to compensate for the third phase 
current as shown in Figure 3. 

Note that although only two elements 
are used, the drops in the three trans- 
formers are taken care of by the wye- 
connected compensator. In Figure 3 the 
voltage Ey, for example, =Ey+En= 
E\jo—L. The drops which are added 
vectorially to this voltage before apply- 
ing it to the potential coil are the ones 
caused by the currents J; and —I;. (7+ 
Iz=—Iz.) The addition of these drops 
gives the equivalent high-side voltages 
Exo and —Exn, which equals Exe. 

Although the transformers are shown 
connected delta-wye, the secondary of 
course, could be delta-connected, and the 
meter and compensator connections 
would not be changed. 

The polarity of the connections on a 
line-drop compensating scheme is impor- 
tant. To add a voltage to correct for 
IR drop, a drop —/R is needed. This is 
obtained by connecting the voltage leads 
so that the currents of the voltage and 
current circuits are opposite in the com- 
pensator (see Figure 4), 

Sometimes the wiring may be used to 
provide the resistance required. For ex- 
ample, with one-half per cent drop, or 
0.6 volt on 120-volt basis, the value of R 


would be about 0.12 ohm at five amperes - 


or say 75 feet of number 12 American 
wire gauge wire. Where common return 
wires are used for both current and volt- 
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Connection of 


Figure 6. Combination of 
line-drop compensator with 
dummy loads using an addi- 
tional current transformer, 
single-phase circuit 


age, a compensating effect occurs. With 
the usual connection, it results in low 
readings, since the currents of the voltage 
and current circuits are in the same direc- 
tion. When properly. connected, how- 
ever, compensation may be obtained this 
way without other equipment. 


4. Dummy Loads 


Dummy loads may be used to correct 
for core loss. The saturation curve of the 
core is not a straight line, with the result 
that the correction will be slightly low 
on higher than normal voltage, and 
slightly high on lower than normal volt- 
age. 

Figure 5 shows core-loss compensation 
by means of a dummy load (the resistance 
R), which allows a current to circulate 
through the current coil in such a direc- 
tion as to add the core loss. The value of 


_R usually will be around 5,000 ohms. 


The saturation curve could be approxi- 
mated by an iron-cored impedance Z, but 
adjustment difficulties make this imprac- 
tical. 


5. Line-Drop Compensators and 
Dummy Loads Combined 


Methods 3 and 4 may be combined to 
correct for copper loss and core loss, 
but it will be found that the voltage and 
current connections required are not con- 
sistent with each other if both the trans- 
formers are to be grounded. 

Four alternatives exist: 

(a). Use additional current transformers 


to reverse the current for the resistor com- 
pensating for copper loss (Figure 6). 
(b). Use additional voltage transformers to 


reverse the voltage for the resistor compen- 
sating for core loss (Figure 7). 


(c). Add an extra current winding on the 
meter to provide the equivalent of 5 (Fig- 
ure 8). 


(d). 


former secondary windings. 


Use grounds on only the current trans- 
The voltage 


TRANSACTIONS 161 


Figure 7. Combination of 
line-drop compensator with 
dummy loads using an addi- 
tional potential transformer, 
single-phase circuit 


tional 


transformer secondary windings will then 
be grounded through the current circuit® 
(Figure 9). 


6. Meter Adjustments 


This method consists of setting the 
meter about five per cent fast at ten per 
cent load, one per cent fast at full load, 
and two per cent fast on 50 per cent 
power factor. Since the effect of the ad- 
justments practically will offset the trans- 
former losses, the over-all result will be 
quite close over the ranges of load nor- 
mally encountered. 

From the transformer efficiency curve, 
the full-load and light-load settings can 
be determined. In the example shown in 
Figure 11, these values are found to be 1.5 
per cent at 100 per cent load and 5.5 per 
cent at 10 per cent load. In this case, 
the resultant curve is fairly good over the 
whole range. If the transformers are 
under no load a fairly large portion of the 
time, it may be advisable to use a meter 
without anticreep holes or slots in the 
disk so that it will creep with voltage 
only applied. 

If the disk has no irregularities of any 
sort, the core loss will be measured with 
very good accuracy, since the light-load 
adjustment provides a torque which 
varies as the square of the voltage, as 
does the core loss. 

Note, however, that the same uniform- 
ity of the disk would be required of a 
meter on the high side, if the core loss 
were to be measured during periods of no 
load. Therefore, metering on the high 
side may be less accurate than some of 
the methods described here. 

The method of determining the de- 
sired curve is as follows: 

Take the reciprocal of the transformer 
efficiency curve. This is the curve which 
the watt-hour-meter registration should 
match. The standard watt-hour-meter 
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Figure 8. Combination of 
line-drop compensator with 
dummy foads using an addi- 
series 
single-phase circuit 


Figure 9. Combination of 
line-drop compensator with 
dummy loads, grounding 
cas the potential transformer 
winding, 


single-phase circuit 


then changed by three ad- 
justments. Full-load adjustment changes 
all points equally. Lagging adjust- 
ment changes all points at any given 
power factor (say 50 per cent) equally, 
and intermediate power factors are af- 
fected almost proportionally. For ex- 
ample, calibrating 100 per cent load 
to 101 per cent at unity power fac- 
tor and 102 per cent at 50 per cent lag- 
ging power factor would cause all loads at 
unity power factor to register one per 
cent faster than the standard curve. All 
loads at 50 per cent power factor would 
register two per cent faster than the 
standard curve for 50 per cent power fac- 
tor. At 75 per cent lagging power factor 
the change would be about 1.5 per cent. 
The light-load adjuster supplies a torque 
independent of load, and therefore the 
effect on registration varies inversely 
with the speed. A change of five per cent 
at ten per cent load would change 50 per 
cent load by one per cent. Note that 50 
per cent power factor will be affected 
twice as much on a percentage basis as 
unity power factor at the same current. 
By means of these adjustments, the in- 
verse of the transformer efficiency curve 
usually may be approximated rather 
closely.- In this method, as well as any 
of the others, the transformer data are 


curves are 


Figure 10. Combination of line-drop com- 

pensator with dummy loads, grounding the 

potential transformer through the current circuit, 
three-phase circuit 
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through the current circuit,’ 


helpful in increasing the accuracy. If A} 


they are not obtainable, an average char- 
acteristic must be assumed. 


7. Combination of Meter Adjust- 
ment and Line-Drop Com- 
pensators 


Line-drop compensators may be used 
for copper-loss compensation, and fast 
light-load adjustment for core-loss com- 
pensation. This would be more accurate 
on unbalanced loads, such as are furnaces, 
than method 6, although the advantage 
is not great. 


Reactive Power Measurements 


The foregoing applies to power meas- 
urement. However, the same methods 
may be applied to the measurement of re- 
active power. 


The errors introduced are, in general, : 


the same as those involved in power meas- 
urement as previously discussed. 

The reactive power losses again may 
be divided into two classes: 


1. Excitation losses (corresponding to core 
loss)—dependent on voltage, but varying 
much more rapidly than the square. 


2. Leakage reactance loss (corresponding 
to copper loss)—proportional to the square 
of the current, 


Transformers of the type in question 
will have reactive power losses ranging 
from two per cent to ten per cent, de- 
pending on the transformer design. 


The methods which were used for power 


metering may also be used to include re- 
active losses. The following points, how- 
ever, should be noted. p 

When using line-drop compensators, 


PER CENT REGISTRATION 


0 1020 50 100 150 
PER CENT LOAD 


Figure 11. Curves illustrating the use of meter 
adjustments to approximate the reciprocal of 
transformer efficiency 


A—Meter curve calibrated 1.5 per cent fast 


at 100 per cent load, 5.5 per cent fast at 10 
per cent load 
B—Meter curve at normal calibration | 
C—Meter registration in terms of transformer 
input 
D—Transformer efficiency curve 
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Figure 12. Line-drop compensation used on 
three-phase reactive meter circuit 


reactance only is needed, for the same 
reason that resistance only is required to 
measure conductor loss. That is, a resist- 
ance drop added to the potential of the 
reactive meter would produce no rotation. 
Note, however, that when the reactive 
meter consists of a watt-hour meter and 
phase-shifting transformer, the above 
statements apply only when the compen- 
sation is applied on the primary side of 
the phase-shifting transformer. On the 
secondary side, resistance compensation 
could be used, but difficulties in making 
the proper connections made this unde- 
sirable. The best method is probably 
that shown in Figure 12 which used mu- 
tualinductors. This allows more freedom 
in making connections, since the two 
windings are not tied together. 

It will be observed that the current 
transformer in line 1 feeds current through 
mutual inductance V, which is in the po- 
tential circuit 6-7. This voltage lags 3-2 
by 90 degrees and is applied to the ele- 
ment in which the current from the trans- 
former in line 3 is used. The connections 
of the other inductance are similar. 

The use of dummy loads to measure 
kilovar-hour excitation loss gives some- 
what less accuracy than the use of 

» dummy loads for core loss. 

If compensating meters of the voltage- 
squared and current-squared type are used 
to measure power losses, no additional 
equipment is necessary to measure reac- 
tive power losses. Multiplying the read- 
ings of these meters by the correct factors 
will give the reactive power losses. 

Reactive power measurements are sub- 
ject to errors, because the magnetizing 
current varies widely with fluctuations 
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in voltage. For this reason, the most ac- 
curate method is the use of compen- 
sating meters of the voltage-squared type. 
The kilovar-hours can then be computed 
from the readings obtained. This method 
probably is justified only on transformers 
with high magnetizing current. If the 
reactive power measurement is used only 
to determine demand, the errors in any 
method will be rather small. 


Summary 


The foregoing will make it plain that 
several methods of including transformer 
losses in the billing are available. Both 
estimating and measuring methods may 
be used with reasonable accuracy. There 
is no best method for all installations. 
Each must be considered individually. 
The most desirable method is deter- 
mined by the various factors involved in 
each installation. These factors will in- 
clude expense, customer relations, com- 
mission requirements, and importance 
of maintaining laboratory routine, to 
mention a few of the more important. 


Appendix 


The fact that the line-drop compensa- 
tion shown in Figure 3 is correct is proved 
as follows: 

In any delta transformer bank with 
balanced impedances (Figure 13) 


h=Ih- 
Ih=I,—Ig (1) 
Is=I,—TIp 


(Since the impedances ‘are balanced) 


Iagtlh+l,=0 (2) 


From equation 1 we find 
T2+J2+ Is? = 2(1q?+Iy?+J 2) pa 

2 ely thle +1la) (3) 
The actual copper loss= (Jg2 +Jy)°+J2)R 
where R is the a-c resistance of each phase 
of the transformer. In the meter (see 
Figure 3)|the element with current J; has a 
voltage (J:—Js)R, added to its potential 
coil, and similarly the element with current 
JI; has a voltage (Js—Jz)R, added to its po- 
tential coil, so the loss measured, 


Pal (h—I)ket+hl—l) PR: 
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Figure 13. 
secondary winding of a delta transformer bank 


Line and phase currents of the 


where R, is the resistance of each leg of 
the compensator. 
Combining terms 


= {T,2+-Js2*—Io( +s) 1R, 

= (2+J2+]3)R, since (i+Js) = —Ty 

Using equation 3 

= [2a +h?+12)— 

2(Talyt TyI-+I La) IR, 

Now we add and subtract 
(Iq?+-Ty?+1,2) Re 
which gives 


=[8Tat + Ie? +12) — 2a tIole+ 
Tq) — (Ug? +l t+) Re (4) 
However 
UotIotI.)*= (Ie?+1o+12) + 
2elot+Tolet+Lela) 


From equation 2 this equals 0 so the last 
two terms in equation 4 drop out. The 
measured loss is therefore 


3k +h*+-1,3) 
lf 
R.= (R/3) 


the measured loss will therefore equal the 
actual loss 


RIP +o? +I") 


References 


1. MsrTHops OF METERING HIGH-VOLTAGE CrIR- 
curts, L. J. Lunas. Electric Journal, April 1929. 


2. COMPENSATING METERING IN THEORY AND 
Practices, George B. Schleicher. AIEE Transac- 
TIONS, volume 52, 1933, September section, page 816, 


3. United States patent 1,942,193. 


4. United States patents 1,218,538; 
1,957,233. 


5. ApyuSTING SECONDARY METERING TO INCLUDE 
Hicx-Sipe Losses, Walter C. Wagner, George B. 
Schleicher. Electrical World, February 25, 1938. 


6. CoMPENSATING METERING Saves, Walter C. 
Wagner. Elecirical World, September 14, 1935. 


1,957,232; 


TRANSACTIONS 163 


The Effect of Current- Transformer 


Residual Magnetism on Balanced-Current 


or Differential Relays 


H. T. SEELEY 


ASSOCIATE AIEE 


Synopsis: High-speed current-balance re 
laying has been subject to occasional false 
(ripping that has not been explained satis 
factorily, Vield and factory tests now show 
that this is probably due to differences in 
residual fluxes in the current-transformer 
cores, The limiting value of these fluxes 
ean be calculated approximately, and they 
can be measured with portable instruments 
connected to the secondary winding. They 
may cause a deficiency in secondary current, 
especially during the first half-cycle of fault 
eurrent, which will cause current-balance or 
differential-overcurrent relays to operate 
falsely, ‘This false operation can be avoided 
by the addition of a short inherent or ex- 
ternal time delay with relays having a high 
dropout, or by the use of special current 
transformers 


ALANCED-CURRENT relaying has 

been favored widely in system pro 
tection, because, in principle, its com 
plete lack of sensitivity to faults outside 
the protected line makes time delays 
unnecessary and avoids all problems of 
co-ordination with the settings of relays 
further from the source, 

Experience with induction-disk relays 
applied in this form of protection was 
entirely satisfactory until requirements of 
system stability or of uninterrupted 
operation of industrial motors caused a 
demand for reduction in the fault dura 
tion even below the minimum of a few 
cycles obtained with such relays, High 
speed current-balance relays operating in 
less than a half-cycle were then applied 
and experience with them also has been 
satisfactory, generally, However, there 
has been a very small percentage of false 
operations resulting in the tripping of a 
breaker on a sound line, and, if the fault 
causing this tripping is on the only other 
line between the two terminals, such false 
operation naturally causes loss of the tie 
or interruption of supply, The purpose 
of this paper is to report an investigation 
which has shown the probable cause of 


Paper 43-28, recommended by the ATEE committee 
on protective devices for presentation at the ALE 
national technical, meeting, New York, N, Yu 
January 25-20, 1943, Manuscript submitted 
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most, if not all, of the false operations not 
otherwise accounted for and provided 
against, 

The clew that provided the basis for the 
investigation was obtained from tests 
made by G. S. Whitlow, then of the 
General Electric Company, and C. FE. 
Asbury of the Ilinois-Iowa Power Com- 
pany. They were conducting primary 
tests with a low-voltage source to deter- 
mine the reason for one of the false opera- 
tions mentioned above and found that 
the only way to cause false tripping with 
equal primary currents was to reverse the 
direction of current through the primary 
winding of one current transformer with 
respect to the other. The sudden first 
application of current after a reversal 
would usually result in operation of one 


Figure 1. Oscillogram from field tests, show- 

ing difference between secondary currents of 

two similar 38-turn current transformers with 

similar burdens and 2,540 amperes primary 
current 


2,540/38 =67 
A—Secondary current of current transformer 
with residual flux 
B—Secondary current of current transformer 
with less Cor opposite) residual Aux 
C—Relay contacts open 
D—Relay contacts closed 
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or the other element of the current-bal-”” 
ance relay. Since this relay had been 
tested without current transformers pre- 
viously with suddenly applied current, 
they diagnosed the false tripping as being 
due to residual magnetism in the current- 
transformer cores. Fortunately, oscillo- 
grams were taken during these tests, so 


the offending element had left some evi- » 


dence. Figure 1 is a tracing from a typical 
one of those oscillograms showing the 
currents which caused false tripping by 
providing insufficient restraint. The 
traces show the two secondary currents, 
and, since the primary conductors of the 
two current transformers were in series, 
it is obvious that the deficiency of 
secondary current in one of the current 
transformers in the first half-cycle was 
due to some phenomenon within the cur- 
rent transformer. This phenomenon has 
been analyzed and will be described 
briefly at the outset as a basis for an 
understanding of the test methods and 
test results described later. 


Hypothesis to Explain the Observed 
Phenomenon 


The following hypothesis appears to 
be in accordance with the results of the 
field tests and the factory tests: 


1. A significant amount of residual flux is 
left in the core of only one of the two current 
transformers which supply one balanced- 
current relay. 


2. This residual flux remains in the current- 
transformer core practically undiminished 
unless the circuit is loaded, in which case it 
is decreased gradually but not usually re- 
moved entirely, 


3. Asubsequent fault beyond (or near) the 
end of the pair of protected lines with both 
lines in service will draw equal (or nearly 
equal) currents through the primary wind- 
ings of the pair of current transformers as 
shown in Figure 2. The direction of pri- 
mary current during the first half-cycle is 
random and may be such as to require an 
increase in.current-transformer core flux in 
the same direction as the existing residual 
flux, 


4. The sum of these fluxes is likely to ex- 
ceed saturation value, in which case there 
will be a deficiency of secondary current 
from this current transformer equal to the 
magnetizing current necessary to produce 
enough flux to generate the voltage required 
for the actual secondary current. ; 


! 
5. This deficiency of secondary current 
will be smaller, possibly even negligible, in 
the other current transformer because of its 
lack of residual flux. s y 


6. The greater secondary current from the 
current transformer without residual flux 
may operate the balanced-current relay in 
one direction, 


7. Since the location of residual flux (in one . 


ELECTRICAL ENGINEERING 


1 


current transformer or the other) is unre- 
lated to the location of the subsequent fault, 
and the currents are practically equal except 
for the transient error, an element may oper- 
ate falsely for an external fault; or an ele- 
ment on the sound one of a pair of lines may 
operate for a fault in the other line, near its 
further end. 


With the preceding brief outline to 
show ‘the relation between the various 
ideas involved, we can profitably cover 
the first two of the points in more detail. 

1. The residual flux may be left by a 
half-cycle impulse such as a fault current 
cleared by an expulsion gap or a fuse, or 
such as a power-frequency current follow- 
ing a lightning arrester discharge; or by 
a fault current cleared after an odd num- 


- L 


Bick 


Figure 2. Schematic connections for balanced- 

current relaying of two parallel lines, showing 

equal currents in the two lines for a fault at the 

end of one of them (length of arrows indicates 
current magnitude) 


a= Auxiliary switch, closed when C is closed 
C=Circuit breaker 
CT = Current transformer 
R=Current-balance relay 
TC=Trip coil 
X=Fault 


ber of half-cycles; or by a fault current 
that is offset because it started in an in- 
ductive circuit near the zero point of the 
voltage wave; or by a power-transformer 
magnetizing-inrush current which is offset 
because of the presence of residual flux 
in the power-transformer core prior to its 
energization. Residual flux may be left 
in only one of the pair of current trans- 
formers because the primary conductor 
of its mate is out of circuit at the time of 
the transient; or because the fault causing 
the transient was on the primary circuit 
of one current transformer and so near by 
that the currents in the two current trans- 
formers were greatly different in magni- 
tude. ' 

In earlier days of the industry it was 
considered a serious offense to open-cir- 
cuit a current-transformer secondary 
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winding partly because of the resulting 
high voltage, but also because of the 
danger of magnetizing the core. It is 
now known that any of the conditions 
previously mentioned can run the flux 
density in the current-transformer core 
up to saturation value if the primary cur- 
rent or secondary burden is high enough, 
or with smaller currents or burdens if 
the transient is applied twice or a few 
times with the same direction of initial 
half-cycle; and therefore the residual 
flux introduced by unavoidable circum- 
stances may be practically as great as the 
value formerly supposed to result only 
from careless testing or faulty wiring or 
devices. 


Secondary turns = 38 
Core area=6.4 
square inches 
Frequency=60 cy- 
cles per second 
Time constant = 
0.013 second 
A—Secondary cur- 


2. The fact that normal operation fails 
to remove the residual flux completely is 
in accordance with the known character- 
istics of permanent magnet materials, 
which differ from transformer iron only 
in degree even though the degree is 
extreme. If a large magnetizing force is 
applied to either of these materials it 
produces saturation, as indicated in 
Figure 4, and, if it is reduced to zero 
without reversal, a residual flux is left, 
often of just as great a percentage of its 
own saturation value for high-quality 
annealed iron as for high-quality per- 
manent magnet steel; the main differ- 
ence between these steels is in the coercive 
force necessary to bring the flux to zero. 


KILOLINES 


rent g D 
B—Required flux § 
density 4 ‘5 
C—D-c component CYCLES 
(a). Wave started at 90+ of A (6b). Wave started at (tan —! 
(tan~1X/R) degrees after instant D—Component of B X/R) degrees after instant of 
of zero voltage, where X and caused by C zero voltage; this gives a 


R constitute the impedance 

limiting the current in the 

primary circuit; this gives a 
fully offset wave 


Figure 3a shows a fully offset primary- 
current wave and the corresponding wave 
of required flux applying to the current 
transformer and burden used in the error- 
current tests. This fully offset wave 
requires more flux than any other current 
of the same symmetrical value having a 
smaller degree of offset. The fluxes re- 
quired for larger or smaller currents are 
in direct proportion to the current. 
Figure 3b shows a symmetrical current 
wave and the corresponding wave of 
required fiux; this symmetrical wave 
requires less flux than any other current 
of equal magnitude with this burden. A 
purely reactive burden of the same total 
impedance would require a flux wave of 
the same amplitude, but this flux wave 
would be symmetrical, and therefore its 
peak value would be much less. A reduc- 
tion in secondary resistance may be even 
more beneficial with an offset wave, 
because it decreases the unidirectional 
component of flux caused by the d-c com- 
ponent of current. These flux waves were 
calculated from the formula 


108 


=F (RS stipdt +Liy) (1) 
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symmetrical wave 


Figure 3. Secondary currents in burden of 
0.77+-j1.06 ohms, and current-transformer- 
core flux densities required for these currents 


Then, if a pulsating or alternating mag- 
netomotive force is imposed, and this 
magnetomotive force is small compared 
with the coercive force of the particular 
material, the operation will stabilize on 
what is known in permanent-magnet 
theory as a minor loop, and this loop will 
be far removed from the zero axis of flux, 
one end coinciding with the residual-flux 
trace of the high-density hysteresis loop 
unless the small alternating magnetomo- 
tive force has been reduced from the 
maximum value attained since satura- 
tion. A phenomenon of this sort is 
characteristic of current-transformer 
operation at normal loads, because they 
require’ only a small flux density and 
therefore a fairly small magnetomotive 
force even when displaced from the zero 
axis of flux. Figure 4 is a sketch of half 
of the usual major loop B resulting from 
the application of fault current, within it 
a minor loop C resulting from the subse- 
quent application of full load current, 
and also a smaller minor loop D obtained 
by finally reducing the load current to 
half rated value; these minor loops are 
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not test results, but are intended only to 
convey an understanding of the phenome- 
Hom. 


Oxtline of Tests 


In an efiort to duplicate in the factory 
the false operation obtained in field test, 
a ties of tests was laid out using a simi- 
ler burden on current transformers of 

neatly the same sze as those used in the 
field tests;-and with secondary tums 
chosen to require the same flux density 
as those current transformers for the 
same secondary current. A method was 


quantity in the investigation. Also, it 
was felt that a method of residual-fiux 
measurement using only portable meters 
and readily obtainable test power would 
be useful for field work. Another require- 
ment for the investigation at hand was 
that the method should not decrease the 
residual flux very much in the process 
of measurement, since it was desired to 
produce a residual flux by applying a 
typical transient, measure this flux, and 
then use the flux after measurement to 
cause an error current which could be 
measured, or checked for its effect on a 
relay. 

For the above reasons a method was 


in residual flux by by this mag 


devised, and checked, for measuring 5 : : 
residual flux without decreasing it greatly devised which consists of applying tothe connected during the instant when 
7 imi fe | Ei Figure 4 (left). Resid- Dims 
/ i] TTTTiTTT ye] ol Sex of perme gigs 
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aoa C=Minor loop in ATC 
- ingot iron ey polboP all iba 
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MAGNETIZING FORCE, AMPERE- TURNS PER NCH 


and measurements were made by this 
method of the residual flux left by various 
transients. Tests were made to deter- 
mine whether the passage of time or of 
rated current would cause a decrease in 
the residual flux left in the core. Os- 
cillograms were taken showing primary 
current, secondary current, and etror 
current with and without residual flux, 
and others were taken showing primary 
and secondary current and relay opera- 
tion with and nonoperation without 
residual flux. 

Table I lists for reference the dimen- 
sions and other pertinent data on the 
current transformers and burden used in 
the tests. 


Nondestructive Test for Residual 
Flux 


It was apparent at the outset that 
ballistic measurements of residual flux 
left by typical primary-current transients 
would not be feasible, since the zero-flux 
reference point would be obliterated by 
the transient; and also because splitting 
the core, even though the joint surfaces 
were ground, would introduce an un- 
avoidable gap which would decrease the 
residual that was the most important 
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A—A-c saturation curve, 38 secondary t 
secondary winding a very small measured  8—D-c magnetization curve, 38 secondary 
60-cycle magnetizing current and measur- 
ing the voltage necessary to circulate this 
current through the winding; this 
method will hereinafter be described as the 
impedance method of residual-flux meas- 
urement. By trial of this method it was 
found that the voltage decreased as the 
residual flux increased, and the relation 
between the volts per turn per square 
inch and the residual-flux density was 
determined experimentally by the use of 
a portable flux meter (which is equivalent 
to a ballistic galvanometer). This rela- 
tion is shown in Figure 6 for a magneto- 


measuring force was fist applied; 
6 shows also this relation. == 


Table |. Characteristics of Current Trans- ; 
formers and Burden Used in Test flux density up to saturation, a 
results are shown in Figure 


Core material...... 2.75 per cent silicon steel ; tted aracteri 

Core construction... Spiral strip sults as plo aS ee E a 
Core treatment..._. Annealed after welding ends exe: of ieoal nthe: Toms 
Core diameters... ._ ier ics ors Sh es merely a characteristic of this 

Core height........ 1i/siachecs : 


Active core area... .6.4 square inches (space factor 
0. 


33) 
Mean flux path... .24.4 inches oe er 
Windings.........- Two, of 0.12 : 
ee pop 5S (eae ne This information enables « 1e 
Burden at 5A......0.65+71.06=1.16 ohms in 
Burden at 50A_.. 2.0.72 ohm 


Size constant (2)... .491 
Saturation curves... Figure 5 
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Table Il. Measured Flux Density Left in 
Current-Transformer Core by Various Transients 


Flux Density, Kilo- 
lines Per Square 


Inch 
Resid- 
ual 
\\ wa 
\ rr © 
. eefe 
| 3B &3/| 5 
s © pels vo 
S s | & fale E 
a} a 3 
= 5 re a a s sé ae 
= a Sec a Cee eo tre 
a Stee a oO gp aes 3 
a 8A Bae eT Oriel 40, .24..39 
2 eaumer an S250. 6.5., «2.00 2.162075... 58 
3 S..50..6.5....45...162..75..58 
4 S..50..6.5....50...162..75..60 
5 8B 0b NOs. Otc GoLe5e. 82 
6 ICT RS Pe GS 7 Ba 
7 20. (55... 84820, 65.. 752.67 
8 S..20..5.5....59... 65..75..70 
9 0..50..6.0.... 0...380..75. .35 
10 0. 00..6.0.. 27...380..75..67 
11 O..50..6.0.:..60...380..75. .67 
Roeser...) O..50... /2...- O., .295..75..65 
* S = Symmetrical. 


O=Completely Offset. 


he knows the initial density, core dimen- 
sions, turns, and voltage required by the 
burden for this particular transient; it is 
necessary only to determine from the 
usual transformer relation the peak flux 
density corresponding to the required 
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Figure 6. Relation between induced voltage and previous 


(Left) A=Maximum flux 

density during last half- 

cycle before applying 
test current 

B=Residual flux density 
before applying test 
current 

C=Residual flux density 
after applying test 
current 


ones predicted from Figure 6, partly 
because the maximum density is less than 
the calculated value by reason of satura- 
tion of the burden and partly because the 
d-c component of error current partially 
restores the core flux to symmetry if the 
transient continues more than one cycle, 
thus further reducing the maximum den- 
sity reached during the last half-cycle. 
A test was made showing how residual 
flux can accumulate as a result of succes- 
sive transients which happen to have the 
same polarity of initial half-cycle. The 
results are the second, third, and fourth 
trials listed in Table II; also the fifth to 
eighth, and the ninth to eleventh. 


Permanence of Residual Flux 


The core was magnetized and the 
residual-flux density, measured by the 
impedance method, was found to be 
75,000 lines per square inch. The core 
was left undisturbed for about 40 hours, 
after which a check measurement gave 
the same readings. 

A current of five amperes at 60 cycles 
was then applied to the primary, requiring 
a secondary voltage of 5.8 and a calcu- 
lated peak-to-peak flux density of 18,000 
and was left flowing for about 24 hours, 
after which another check measurement 


A=Ammeter 

B=Burden 

C=Synchronous switch 

R=Reactor with air gap 

Sp, Sp, Ss =Shunts with oscil- 

lograph elements; difference 

current, primary current, and 

secondary current respectively 

T=Current transformer under 
test 


flux values, at 0.258 ampere turns per inch of core length, 


60 cycles 


voltage, add it to the initial density, and 
read from the curve the maximum resid- 
ual-flux density that can be left in the 
core. 

Measurements were made by the im- 
pedance method to determine the resid- 
ual-flux density left by various transients 
such as are likely to be caused by lightning 
discharges or other insulation failure. 
To permit direct comparison of the results 
with various types of transients, the tests 
were all made at the same steady-state 
value of secondary current, approximately 
50 amperes, with a burden of 1.16 ohms. 
The results are given in Table II. The 
measured values are usually less than the 
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Figure 7. Circuit for oscillo- 

graphic measurement of error 
) current 

] 

showed that the residual-flux density de- 
creased to 23,000. Lower currents 
would cause smaller decreases, but no 
investigation was made of this relation, 
or of the relation between time and resid- 
ual flux, at five amperes load. 


Oscillograms of Error Current 


The concept of error current or exciting 
current in a current transformer has 
sometimes seemed elusive, and it was 
thought that the nature of the phenome- 
non being investigated would be made 
clearer if we could get a direct measure- 
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ment of this current in a form which 
would permit visualizing its relation, to 
the primary and secondary currents. 

An oscillogram provides the best means 
for visualizing an electrical quantity, 
especially a transient one, and so the 
apparatus was arranged to provide a 
portion of the circuit where error current 
could be measured directly. Referring 
to Figure 7, the primary and secondary 
windings, having an equal number of 
turns, were connected in series with os- 
cillograph shunts. From the junction of 
these two shunts a third one was con- 
nected to receive the difference between 
the primary and -secondary current; 
this difference is the error current, when 
the turn ratio is 1/1. When the current 
transformer transforms perfectly, there 
is no voltage drop across the error-current 
shunt and no current in it, but, when the 
ratio breaks down, the error current 
flows in this shunt. This method is sub- 
ject to a slight inaccuracy, because, when 
this shunt carries current, there is a 
voltage drop across its terminals which 
helps the secondary induced-voltage drive 
current through the burden impedance, so 
that the error current obtained is some- 
what less than it would be if the secondary 
circuit were closed directly on itself, and 
therefore the results are slightly optimis- 
tic. The maximum instantaneous drop 
across this shunt was 13 volts as com- 
pared with an instantaneous value (cal- 
culated from the oscillogram) at the same 
instant, of 23 volts induced in the second- 
ary winding, but the inaccuracy of results 
seemed slight enough to be tolerated for 
the sake of obtaining a direct record of 
error current. 

Typical oscillograms obtained with 
this circuit are reproduced in Figure 8. 
Oscillograms (A) and (B) show the differ- 
ence in behavior, with symmetrical waves 
of primary current, depending on the ab- 
sence or presence of residual flux; (C) 
and (D) show the corresponding compari- 
son with fully offset waves. The residual- 
flux measurements show how the succeed- 
ing cycles of fault current in (C) removed 
a large part of the flux put in by the first 
half-cycle, which was similar to (£). 


Effect on Relay 


The final test of the hypothesis was an 
experiment to determine whether the 
increase in error current, already shown 
to result from the presence of residual 
flux in the core, would permit picking up 
arelay which would be restrained success- 
fully in the absence of the residual core 
flux. 

The burden ‘or this test consisted of a 


TRANSACTIONS 167 


. 


current-balance relay plus enough arti- 
ficial burden to bring the total external 
burden up to 0.57+70.82=1.01 ohms. 
Including the internal resistance, the total 
resistance was 0.69 ohm, giving a size 
constant of 550. 

In the course of this experiment it was 
found that 
1. The normal transient error current with 
out residual flux was sufficient to permit 
operation of a current-balance relay ener 
gized from the primary and secondary cur- 
rents of the Same 1/1 current transformer. 
2. The difference between the transient 
error currents of similar current transformers 
without residual flux and with equal pri 
mary currents but with different burdens 


was sufficient to permit 


operation of a 


relay balancing the two secondary currents. 


After these difficulties were overcome, 


it was found that 


3. With similar current transformers, no 
residual flux, equal burdens, and equal pri 
mary currents, the relay would not operate. 
4. With similar current transformers, equal 
burdens, and equal primary currents, but 
with residual flux in only one current trans- 
former, the relay would operate 


The oscillograms of tests 3 and 4 are re 


produced in Figure 9. 


Effect on Generator Differential 
Protection 


This phenomenon need have no effect 
on generator-differential protection using 
only two sets of current transformers, 
since they can be demagnetized before 
being put in service if it is suspected that 
they are magnetized, and their subse- 
It should 


if three sets of 


quent histories are identical. 
be considered, however 


current transformers are 


used, as is 
sometimes with double-bus 
arrangements or with station-auxiliary 
tapped off between the 
generator and its circuit breaker. The 


reason is that the currents during a given 


necessary 


transformers 
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fault, and therefore the residual fluxes 
resulting from it, are necessarily unequal 
in the three sets of current transformers; 
and a subsequent fault involving the 
opposite one of the two sets of current 
transformers in the line side of the gen- 
erator winding will encounter different 
residual fluxes in the two sets involved 
this time and may cause false operation 
of the differential protection if its delay 
is inadequate. 


Effect on Bus Differential Protection 


This phenomenon affects differential- 
overcurrent relays used for bus protection 


Figure 8. Typical os- 

cillograms of error cur- 

rent (see Table II for 
identification) 


D=Error current 
P=Primary current 
S=Secondary current 


just as much as it affects balanced-cur 
rent relaying. However, as has pre 
viously been pointed out,! this effect is 
unimportant in comparison with core 
saturation caused by the d-c component 
of an offset current, and so it need be 


considered only in marginal cases, if at all. 


Effect on Instantaneous Residual- 
Current Relays 


Residual-current relays are often con- 
sidered advantageous, because their set- 
tings are independent of load current. 


In some cases, such as a single line ter- 


Figure 9. Oscillograms of relay 
operation with, and nonoperation 


without, residual flux <A HERS 


9A=With residual flux in only 
one current transformer 

OB=Without residual flux in 
either current transformer 

P=Primary current 

R=Secondary current in re- 
straining coil 

C=Current in contact circuit 
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minating in an ungrounded winding of a’ 
machine or a transformer bank, no selec- 
tivity is required, and therefore instan- 
taneous relays have been used. Such 
relays are liable to false operation because 
of error currents resulting from different 
residual fluxes in the current transformers 
of different phases. Such inequality of 
residual fluxes in the event of a phase-to- 
phase fault can result from a previous 
ground fault, or from a previous phase-to- 


phase fault involving a different pair of 
Such false operation of an in- 
stantaneous ground-overcurrent relay has 
been recorded in service, although it has 
not been determined whether the major 


phases. 


cause was the residual core flux or the 
inherent difference in d-c component of 
the transient currents in the three phases. 


Conclusions 


While the phenomenon described is 
reproducible at will under controlled con- 
ditions, reported field experience indi- 
cates that the percentage of false opera- 
tions that might be traced to it is small, 
and undoubtedly there are many locations 
where these improbable operations can be 
tolerated. However, some locations re- 
quire the greatest obtainable reliability, 
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Effect of Radio Frequencies of a Power 


System on Radio-Receiving Systems 
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N the last few years considerable work 

has been done, in this country by the 
Joint Co-ordination Committee on Radio 
Reception of Edison Electric Institute, 
National Electrical Manufacturers’ Asso- 
ciation, and Radio Manufacturers’ Asso- 
ciation, and in Canada by the Depart- 
ment of Transport, to develop radio-noise 
measuring circuits and instruments.!? 
The methods? of measuring radio noise 
and the instruments have reached the 
point in their development where the 
data obtained with these standard in- 
struments can be correlated and the radio- 
influence characteristics of electric ap- 
paratus and power systems can be de- 
termined. 

Radio co-ordination of electric appara- 
tus is conveniently divided into two 
classes—low-voltage and high-voltage. 
The low-voltage class consists of appara- 
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tus used below 1,200 volts and frequently 
operated by and on the premises of the 
radio listener. | Considerable co-ordina- 
tion work has been done on this class of 
apparatus, and values of radio-influence 
voltage have been established for certain 
appliances and small motors. The high- 
voltage class includes apparatus used in 
this generation, transmission, and dis- 
tribution of electric power. The problem 
of co-ordination of radio reception with 
this class of apparatus is more complex 
than it is for the low-voltage equipment 
and has not been completed. 

This paper is concerned with high- 
voltage apparatus and describes tests and 
method for calculating the over-all effects 
on radio reception resulting from the 
radio-frequency voltages produced in- 
cidentally by power apparatus. The cal- 
culations depend upon a number of fac- 
tors for some of which the range and 
probable values have not been deter- 
mined. One of these factors for which 
information is required is the coupling 
factor of antenna to power lines and is 
defined as the ratio of field intensity at 
the radio listener’s antenna to the field 
intensity under or near the transmission 
line. To determine this coupling factor, 
field tests were made at radio frequencies 
in a city receiving power from 25-kv 
transmission lines and 4-kv distribution 
circuits. A radio-frequency generator 


was connected to the 25-ky bus at the_ 


and for them it seems necessary to seek a 
means of avoiding false tripping. 

One means, but not a very practical 
one, is to demagnetize both sets of current 
transformers after each external fault 
when only one circuit is in service, and 
after each internal fault. 

Another means is to use only relays 
with sufficient delay to permit the error 
current to reduce the residual flux and 
thus prevent completion of their false 
operation. This delay may be inherent, 
or it may be incorporated in an external 
definite time relay if the balanced-current 
relay has a dropout high enough to per- 
mit it to reset when the secondary cur- 
rents again approach equality. 

In cases where high-speed relaying is 
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essential, the best solution lies in the use 
of current transformers with small or 
large air gaps in the cores.?_ Ironless 
couplers? could be used, but would pro- 
vide a smaller output and require a more 
sensitive relay. 
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substation, and field-intensity measure- 
ments were made near the power lines 
and at 29 receiver antennas located at 
various distances from the 25-kv lines. 
The coupling factors to the nearest 
power circuit and to the 25-ky line were 
thus obtained for all the antennas tested. 
Various other data useful in radio co- 
ordination were obtained. These include 
equivalent effective height of outdoor 
antennas used by radio listeners, types of 
grounds and distances from antenna to 
high-voltage and low-voltage lines. 


Radio Co-ordination—High-Voltage 
Apparatus 


In order to obtain a basis for evaluating 
the various factors in the radio co- 
ordination problem, it is necessary to 
provide a method of calculating the effect 
on radio reception of the radio-frequency 
voltages which may be generated by line 
and station apparatus. It can be shown 
that the following factors must be con- 
sidered: 


(a). Broadcast-station field 
microvolts per meter. 


(6). Signal to noise ratio acceptable to 
radio listener. 


intensity in 


(c). Ratio of interference field intensity at 
antenna to value at high-voltage line. 


(d). Ratio of radio-influence voltage on line 
to field intensity under or near the line. 


(e). Ratio of radio-influence voltage meas- 
ured with standard laboratory-test circuit 
to voltage which will appear on line when 
apparatus is connected. 


(f). 


Effect of service conditions. 


Discussion of Co-ordination Factors 


(a). Broadcast station field intensities de- 
pend on the locality and can be measured 
with the standard radio-noise meter. The 
magnitudes of the field intensities available 
as a function of the percentage of radio 
listeners is beyond the scope of this paper. 


(6). The signal to noise ratio acceptable to 
radio listeners is probably in the range of 
30 to 40 decibels. What the ratio should be 
depends on the type of radio program and 
the environment of the listener. Some back- 
ground noise can be tolerated in most cases 
if the program is quite understandable with- 
out undue concentration provoked by the 
background noise. 


(c). The coupling of antenna to high-volt- 
age line determines the effect on the radio 
receiver of radio-frequency fields under or 
near the power circuits. Because the coup- 
ling factor varies over a wide range, it is 
necessary to use distribution curves for the 
data and to use values of the factor which are 
significant for the case or area considered. 
The tests described in this paper were out- 
lined and made with the purpose of obtain- 
ing more information on this antenna-power- 
line coupling factor. 
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4 KV DISTRIBUTION NETWORKS 


Outline of city in which radio co- 
ordination tests were made 


Figure 1. 


Twenty-five-kilovolt lines to substation shown 

—four-kilovolt distribution spreads over area 

along with necessary street lighting, d-c feeder 
and telephone circuits 


Twenty-five-kilovolt lines, four-kilovolt dis- 
tribution, telephone on same poles along lines. 
D-c feeders also on two lower line sections 


(d). This factor varies with the line height. 
Values from 55 to 90, average of 70, were 
measured 30 feet from the line, and under 
the line wires the values averaged only six 
per cent lower. In these cases there are 
25-kv, 4-kv, and street-light circuits on the 
same poles, and the field under the line does 
not decrease with distance from the line so 
rapidly as it does with single-circuit lines. 


(e). It is necessary to consider the effect 
of loading on radio-interference generators. 
Most generators connected to high-voltage 
circuits have several times the impedance 
(600 ohms) used in the standard high-volt- 
age test circuit to load the apparatus. Be- 
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antennas tested with ratio (coupling factor) 
greater than ordinate 
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Table 1. Antenna Characteristics 
he 
Feet to 
Equivalent Nearest 
Effective High- Feet 
Length Height Height Voltage to Low- Coupling 

Type (Feet) (Feet) Ground (Meters) Line Voltage Line Ratio** 
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* Where no ground was available, measurements were made by using neutral wire of 110-volt circuit as 


ground connection. 


** This is ratio of field intensity at the antenna to the field intensity 30 feet from the nearest high-voltage 


line. 


cause of the relatively high internal imped- 
ance the radio-frequency voltage which will 
exist when the apparatus is put in service 
on a transmission line is directly propor- 
tioned to the line impedance. For a line 
without reflections the load will be one-half 
the characteristic impedance which varies 
from 370 to 630 ohms, with an average of 
494 ohms as obtained from measurements on 
several lines made at carrier-current and 
broadcast frequencies. The average is 494 
ohms giving a value of 600/247=2.42 for 
(e). 


(f). The effect of service conditions is not 
known. Electric apparatus is usually oper- 
ated near its rating, and no large changes in 
the radio noise level will occur if ratings are 


not exceeded. In some cases the location, 
mounting, and proximity to ungrounded or 
grounded metal may be such as to change 
appreciably the electric field in the apparatus 
and outside of it in such a manner as to 
change the radio noise level. 


The above factors can be expressed in 
the form of an equation: 


@ 


where RIV is the radio-influence voltage 
referred to the standard high-voltage 
test circuit . 5 

If we use 31.6 (30 decibels) for 6, 70 for 


Figure 3. Coupling 


from high - voltage 


line to antenna as a 
function of distance 
from the line 


(A). With distribu- 


tion circuits over the 


RATIO OF FIELD INTENSITY AT LISTENERS ANTENNA 
TO FIELD INTENSITY 30 FT FROM 25 KV LINE 


area 
: 0.010 
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a 0,008} — 
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all transmission 0.005, 


through space 
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Figure 4. Ratio of line-to-line and line-to- 
ground voltages on 110-volt circuit to field 
intensity 30 feet from nearest high-voltage line 


d, 2.42 for e, and 1 for f—all of which are - 


reasonable values—and change nomen- 
clature for broadcast field intensity from 
a to E, equation 1 may be written 


RIV= 


microvolts (2) 


In this equation the factor ¢ was con- 
sidered as one requiring field investigation 
in order that numerical values of RIV 
for satisfactory radio reception could be 
obtained. Field tests were made there- 
fore in an area as shown by Figure 1. 
This area has 16,000 people with 4-kv 
distribution, street-light circuits, street- 
railway network, and 25-kv lines located 
as shown. 


Test Procedure 


A slowly keyed signal of one frequency 
(980,000 cycles) was applied by means 
of capacitors to one phase of the 25-kv 
line at the substation. The location of 
this substation and 25-kv lines relative to 
the area inhabited by radio listeners is 
shown in Figure 1. The signal was of 
such a magnitude that it could be re- 
ceived, without interference, anywhere in 
the test region and along all transmission 
lines including the 132-kv lines feeding 
the 132-kv to 25-kv substation which is 
_ several miles from the test area. 
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Two standard? radio-noise meters and 
a standard signal generator were used as 
the measuring equipment. Test loca- 
tions, that is, listeners’ antennas, were 
selected at random along the 25-kv lines 
and at points several thousand feet and 
on both sides of the 25-kv lines. At each 
listener’s antenna, the following 980- 
kilocycle (test signal) measurements or 
records were made: 


1. Field intensity directly under and 30 
feet from 25-kvy or distribution lines which- 
ever was nearest. (Thirty feet has been 
tentatively considered as a standard dis- 
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Figure 5. Variation in radio-influence field 
along same section of line at three frequencies 


tance. In most cases it is not necessary to 
leave the roadway to take readings.) 


2. Field intensity at the antenna. 


3. Voltage across listener’s radio receiver 
with antenna connected. 


4. Voltage across 1,000 ohms resistance— 
used in place of radio receiver. (This value 
of load resistance has been used by Depart- 
ment of Transport in Canada, as it makes 
possible comparison of antennas on a com- 
mon load basis.) 


5. Line-to-line and line-to-ground volt- 


_ ages were measured at the 110-volt 60- 


cycle outlet near listener’s radio receiver. 
The network (Figure 6 of reference 2) was 
used for these measurements. 


6. Distances from antennas to 25-kv line, 
to nearest distribution line, and to 110-volt 
line to house. 


7. Several other measurements were made 
such as field intensity under 132-kv line 
connected to the same system as the 25-kv 
line to which test signal was impressed; 
readings of field intensity at three fre- 
quencies along the same section of 25-kv 
line; field intensity along and at the end of 
a short length of street light circuit. 


Results of Tests 


ANTENNA CHARACTERISTICS 


The data given in Table I are for 29 
antennas—all of which are of reasonably 
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good dimensions and good construction. 
It was found that 45 per cent used water 
pipe for ground, 28 per cent had no con- 
nections to ground, and the rest used 
ground rods which measured in some 
cases several hundred ohms with direct 
current. The average characteristics for 
the antennas tested are as follows: 


Length: 53 feet for LZ types. 

Height: 22.3 feet. 

Equivalent effective height: 2.83 meters 
(this was determined by measuring the 
voltage across 1,000 ohms resistance con- 
nected from antenna to ground and the 
field intensity near the center of the an- 
tenna). 

Distance to nearest high-voltage line: 73 
feet (25 kv and 4 ky). 

Distance to low-voltage line: 
(110-volt circuits). 
Average, coupling ratio: 0.93 (ratio of field 


20.7 feet 
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Figure 6. Radio-influence field increase at 
the end of a circuit 


intensity at the antenna to the field intensity 
30 feet from the nearest high-voltage line). 


COUPLING RATIO—ANTENNA TO NEAREST 
25-Kv AND 4-Kv LINES 


The ratio of field intensity at the 
antenna to the field intensity 30 feet from 
the nearest power line is shown on Figure 
2 as a percentage-distribution curve. 
These data indicate that the radio-in- 
fluence fields at the antenna are on the 
average almost the same as the radio- 
influence field intensities at the nearest 
power circuit. There is no simple cor- 
relation between these coupling ratios 
and the distances to either high-voltage 
or low-voltage circuits. 


EFFECT OF DISTRIBUTION CIRCUITS ON 
TRANSMISSION FROM 25-Kv LINES TO 
ANTENNA 


The field intensity was measured 30 
feet from the 25-kv line at several points, 
and the average of these readings was 
compared to field intensities measured at 
the antennas. Curve A of Figure 3 
shows tke attenuation across an area 
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having distribution circuits, and so forth. 
The loss is 0.0182 decibels average per 
foot taken from 100 feet to 1,000 feet 
from the 25-kv line. Curve B of Figure 
3 is for an area without any other circuits 
in the vicinity and gives, therefore, the 
attenuation for space transmission in the 
vicinity of a transmission line. The 
attenuation in this case is 0.024 decibels 
average per foot from 100 to 1,000 feet. 
Curve B was extrapolated after 300 feet, 
assuming that the field intensity varies 
inversely as the distance. The effect of 
distribution circuits is to imcrease the 
field intensity up to about twice that 
obtainable by space transmission alone. 


RADIO-FREQUENCY VOLTAGES ON THE 
110-Vo.tT Home Circuits 


The ratios of the line-to-line and line-to- 
ground voltages to the field intensity 30 
feet from nearest high-voltage circuit are 
given as percentage distribution curves 
in Figure 4. (This ratio has the dimen- 
sion of length with the unit being the 
meter.) The line-to-ground component 
is considerably greater than the line-to- 
line component. It was noted that meas- 
urements near antennas varied from home 
to home in a manner similar to variation of 
’ high-frequency voltages.on home circuits. 


CouPLING MEASURED BETWEEN CIRCUITS 
ON PowER SYSTEM 


(a). From 25-kv line to 132-ky line through 
a station. In this case the two lines came 
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‘conductors. 


to the station at about 90 degrees from each 
other, and the signal transfer was through 
the station. The field intensity measured 
under the 132-kv line was 18.5 per cent of 
that measured under the 25-ky line. 


(b). From 25-kv line to 4-kv line and to 
telephone line. . The four-wire four-kilovolt 
line is five to six feet away from and the 
telephone line 12 feet below the 25-kv line 
The voltage to ground on the 
four-kilovolt line was 8.2 per cent, and on 
the telephone line it was 2.4 per cent of 
the radio-frequency voltage on the 25-kv 
line. 


VARIATION OF RADIO-FREQUENCY FIELD 
ALONG THE 25-Kv LINE 


The curves of Figure 5 show the varia- 
tion in the field intensity which was ob- 
tained along a 1,000-foot section of 25-kv 
line. There is indication that the dis- 
tance between maxima depends on the 
wave length. The difference between 
average and maximum values is about 50 
per cent and is independent of the wave 
length. For the three frequencies the 
input voltage at the substation was the 
same, so that the curves represent 
the relative attenuation of signals over the 
network shown in Figure 1. 


RADIO-FREQUENCY FIELD MEASURED AT 
THE END oF A CIRCUIT 


It was observed during preliminary 
tests made with a receiver located in a car 
that the signal level increased whenever 
the end of a street-light circuit or of a 
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four-kilovolt line was approached. In 
order to obtain data as to the change in 
the field, measurements were made along 
and to the end of one of these street-light 
circuits. The variation obtained in the 
field intensity is shown in Figure 6. 
There is a change from minimum to 
maximum of 5 to 1 and a quarter wave 
length occurs at approximately four- 
fifths the wave length corresponding to 
the velocity of light. 


Conclusions 


1, The radio-co-ordination problem has 
been resolved into the essential factors which 
can be determined independently. These 
factors can be combined to estimate the ef- 
fect on radio reception of a given radio- 
frequency source, the characteristics of 
which have been measured by means of a 
standard test circuit. 


2. Test data on the coupling factor c have 
been obtained, and it is believed that the 
distribution curve for the factor c, Figure 2, 
is representative for cities which have similar 
high-voltage and distribution lines. 
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I. Introduction 


NDER present wartime conditions 

the need for conserving critical 
materials has been impressed upon the 
electrical industry with emphasis. It is 
for this reason that the lightning arrester 
subcommittee of the protective devices 
committee undertook a review of light- 
ning protective devices and practices and 
their application to uncover and present 
any worth-while savings which it seems 
possible, practical, and reasonable to 
obtain. Within the short time since this 
project became active, it has not been 
possible to obtain committee agreement 
on all the various considerations involved. 
Therefore, rather than withhold from the 
industry the value of constructive study 
and suggestions already available, this 
paper is being presented without the 
sponsorship or any commitment by the 
lightning arrester subcommittee. It is 
hoped that its presentation and the dis- 
cussions it will initiate will be helpful to 
the committee in continuing its work on 
this project to a conclusion, It is the 
purpose of the paper to give some results 
of a study on this problem up to the time 
the paper was prepared. 

It should be pointed out clearly, how- 
ever, that it is not the intent of this paper 
to imply that the suggested methods of 
protection and practices are suitable for 
universal application. Neither is it the 
intention to force the industry to use any 
of the suggested expedients where the 
particular conditions encountered are 
not suitable. 

It is solely the intent of this paper to 
cover from a broad point of view factors 
in lightning-arrester protection which, if 
applied on an engineering basis, should 
result in some worth-while savings, both 
direct and indirect, in critical materials 
without lowering appreciably past stand- 
ards of protection. In most cases, the 
protection should actually be improved. 


Il. Method of Approach 


In undertaking this study, it was felt 
at first that the savings possible would be 
of limited extent. However, a further 
consideration indicated that, while an 
actual saving of critical metals was 
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possible by applying lower-rated ar- 
resters where feasible, or by revamping 
old arresters, or reducing the length of 
connections and substituting other ma- 
terials, there were extensive savings pos- 
sible in the equipment to which the pro- 
tective device was applied. 

Carrying the analysis somewhat fur- 
ther, it was believed that a careful study 
of the protective problems of individual 


application would result in savings of © 


both material and man hours for old 
installations already in service as well 
as for new installations being planned. 
At first thought, it might be assumed that 
the use of substitute materials for those 
now considered critical and the suggested 
reduction in arrester ratings in certain 
applications. might introduce a greater 
hazard to the system as a whole. A more 
careful analysis of the situation, however, 
seemed to indicate that, in most cases, the 
over-all hazard to the system would be 
considerably reduced, although it might 
be expected that occasional failures of 
the protective devices themselves might 
result from the rebuilding of old equip- 
ment and the use of smaller arresters 
(line-type instead of station-type) and 
reduction of arrester rating. 

The reports of some companies who had 
already put into use some of the methods 
discussed here indicated that satisfactory 
results were obtained. In many cases 
such changes from old practices had been 


made prior to the necessity for conserving . 


scarce materials, The author, therefore, 
decided at this time to present and dis- 
cuss, the various proposed methods of 
conserving scarce materials and saving 
in man hours which are outlined below, 
sincé experience, limited in some cases, 
has been obtained already on some of the 
methods under service conditions. It is 
hoped that this paper will stimulate 
further interest and activity in the appli- 
cation of surge protective devices in a way 
that will save valuable critical material 
and man hours for the war effort. 


III. Discussion of Proposed 
Methods of Protection 


The work in recent years in getting a 
clearer picture of insulation strength of 
equipment and the protection afforded by 
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protective devices has been presented and 
discussed quite thoroughly in the past 
and therefore will not be presented here. 
The lightning arrester and similar circuit- 
clearing devices have a very definite 
maximum voltage (60-cycle) rating which 
must not be exceeded in service without 
the possibility of failure of the device. 
In the past, many arresters have been 
applied to a system merely by matching 
the arrester rating with the system volt- 
age without giving consideration to the 
actual voltage which might appear across 
the arrester in service. This is particu- 
larly true of solidly grounded neutral 
systems. 


1. RepuCED-RATED ARRESTERS 


The first consideration, therefore, is 
that of applying arresters on the basis of 
the highest system, or 60-cycle, voltage 
expected across their terminals in service. 
If this principle is adhered to, it is possible 
on many grounded neutral systems, at 
least, to use an arrester having a rating 
somewhat below, and in some cases con- 
siderably below, the line-to-line rating 
of the system. In the past, the entire 
field was covered by the general rule that 
on a grounded neutral system, the ar- 
rester would have a 60-cycle rating of 
approximately 80 per cent of line-to-line 
voltage. While this rule seemed to work 
out satisfactorily in most cases from an 
operating point of view, many cases 
exist today where an arrester of lower 
rating than one selected by this rule can 
be and has been used successfully. Ona 
132-kv nominal system, for example, the 
preferred rating for apparatus is 5 per 
cent higher or 138 kv, and the rating for 
arresters is 5 per cent above this value, or 
144ky. Ifthe system neutral is grounded 
however, the industry recommendation 
for the arrester is 80 per cent of 144 or— 
the nearest standard arrester—121 kv. 
Thus, the use of the so-called grounded 
neutral arrester, instead of the full-rated 
arrester, on a system the neutral of which 
is grounded, results in a saving of ap- 
proximately 20 per cent of the arrester 
material and cost, with considerably better 
protection provided. In carrying the 
analysis a step further, a calculation of the 
system overvoltage for each arrester 
application is made by our company, 
which showed in practically all cases that 
the overvoltage to ground does not ex- 
ceed 109 kv. This results in a further 
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decrease of 10 per cent in the materials 
and cost of the arrester. Three large 
companies have reported that they have 
been adopting this general practice of 
using the so-called reduced-rated ar- 
resters for grounded neutral systems for 
a considerable period of time with com- 
pletely satisfactory results. The practice 
can be applied to both new installations 
and revamped old installations with 
direct savings of material in both cases. 
This application of so-called ‘‘reduced- 
rating” arresters on solidly grounded 
neutral systems on the basis of the cal- 
culated 60-cycle system voltage under 
fault conditions instead of on the cus- 
tomary 80 per cent rule has resulted in 
savings other than in the arrester alone. 
It has been found possible in some cases 
to use equipment in the next lower volt- 
age class, thereby using less critical 
material in the equipment itself. 
2. Line-Type IN PLACE OF STATION- 
TYPE ARRESTERS 


A second consideration relates to the 
use of line-type arresters in the place of 
station-type in certain locations and 
under some conditions. Several savings 
are possible here: 


1. In the amount of material required for 
the smaller line-type arresters. 


2. Inthe possibility of less structural work 
for supporting the arrester. 


It should be appreciated, of course, 
that the line-type arrester has a higher 
voltage level of protection than a station- 
type, and for this reason this application 
may not be desirable in some cases. On 
the other hand, where new equipment is 
involved, it is often possible to use the 
line-type arrester instead of the station- 
type and still obtain adequate protection. 
Four large users of arresters have reported 
the successful application of line-type 
arresters in place of station-type under 
some conditions. 


3. PRoTectiING EguipmMent Nort AL- 
READY PROTECTED 


It might seem at first that the recom- 
mendation to add an arrester or similar 
protective device to equipment not now 
so protected is a “‘spending”’ of critical 
materials rather than a “‘saving.’’ The 
broad point of view, however, is that the 
protection of equipment, subject to 
frequent hazards of overvoltage, may 
save that equipment from failure. It 
thus obviates the necessity of using criti- 
cal materials for replacement of the 
damaged apparatus and further saves 
the man hours involved in building new 
replacement equipment or repairing the 
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damage, as well as the man hours in- 
volved in replacement in the field. 

It is not intended to imply that ex- 
tensive and elaborate protective schemes 
be added to many pieces of equipment or 
in many situations where it is felt that 
past experience has given satisfactory per- 
formance, but a careful analysis of many 
situations in most companies will reveal 
cases where it is believed a thorough study 
and application of protective devices will 
yield considerable over-all benefits. 

Cables, for example, subject to light- 
ning require a large amount of critical 
material which well might be saved by 
suitable protection. Likewise, the pro- 
tection of rotating equipment such as 
generators and large motors, subject to 
transient overvoltages, well may be given 
careful study, since the failure of such a 
piece of equipment may result in con- 
sequences more important than.even the 
saving of critical materials. For example, 
the loss of generating capacity over a 
period of time or interruption to service 
to important war industry loads, al- 
though not ‘‘critical materials,” is in a 
sense as important, if not more so. 


4. REBUILDING AND REVAMPING OLD 
ARRESTERS 


A fourth factor to be considered is the 
savings of materials made possible by 
rebuilding or revamping old-type ar- 
resters. Several companies have re- 
ported that they have been doing work 
along these lines for some time. In the 
case of oxide film arresters which were 
extensively used in the past, it is general 
practice in a number of companies to 
reduce the number of cells in existing 
arresters, which, in effect, means reducing 
the arrester rating to match more nearly 
overvoltage conditions of the circuit 
where they are used. The principle in- 
volved has been discussed in the pre- 
ceding paragraphs. Likewise, the chang- 
ing of four-leg oxide film arresters to the 
three-leg type has been an accepted 
practice in our own company for some 
time, with complete success from ‘the 
viewpoint of added protection and ab- 
sence of arrester failure. Of course, in 
such cases the 60-cycle maximum rating 
of the remaining three legs must be 
checked against the system overvoltage 
under fault conditions. In some cases 
where the three-leg 60 cycle rating was too 
low, part of the fourth leg was left in 
service to supply the deficiency. 

Successful rebuilding of mica-spaced 
and open-gap autovaive arresters has 
also been reported. The rebuilding of old 
arresters supplies added protection to 
equipment, where they are installed by 
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lowering the protecting level, and also 
may make available some of the material 
removed for other arrester locations or 
spare parts. The rebuilding of even 
obsolete arresters may be warranted in 
some cases, if new arresters are not avail- 
able. The added protection of rebuilding 
obsolete arresters may be justified in 
some cases, although the protective level 
may be higher than would be desired 
ordinarily. 


5. PROTECTIVE DEVICES OTHER THAN 
ARRESTERS 


While the lightning arrester has been 
mentioned here quite extensively, it is 
recognized that there are other protective 
devices such as the protector tube, open- 
air gap, and control gap which also take 
their place in the matter of conserving 
materials. The decision as to which de- 
vice to select is one of individual appli- 
cation and protection desired. It is 
believed that the characteristics of all of 
these devices are available or can be ob- 
tained with sufficient accuracy for pur- 
poses of application. All of these devices 
have been reported as having been used 
with satisfactory results. Whether to 
use one device in preference to the other 
in an attempt to save critical materials 
will probably depend in most cases on 
the immediate protective problem at 
hand and the availability of the device. 


6. CONNECTING LEADS BETWEEN 
ARRESTER AND EQUIPMENT 


A sixth consideration is the conducting 
material, usually copper, which can be 
saved by eliminating the ground leads 
from the ground end of arresters to ground. 
Where arresters such as station type or 
arresters mounted on the well-grounded 
structural steel of stations or steel poles 
are involved, the elimination in new de- 
signs or the removal in old designs of di- 
rect ground-wire leads can be accom- 


plished without impairing the protective 


value of the atrester. The removal of 
such existing ground leads may not be 
highly practical, but in new installations 
it most certainly seems justified as a 
wartime expedient. 


7. CRITICAL MATERIALS IN ARRESTER 
MANUFACTURE 


Inherently, an arrester or other pro- 
tective device of this type has a relatively 
small amount of critical material, that is, 
copper, iron, and aluminum. In one case 
at least, aluminum supporting castings 
have been replaced by galvanized iron. 
It has been suggested that the internal 
mechanism of the sealed gap element in 
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arresters could be made in whole or in 
part of iron in the place of brass, but since 
both materials are so-called ‘‘critical,” 
the change in arrester design would be 
predicated probably on which may become 
most critical and in the arc-interrupting 
characteristics of a design using iron. 
In the design of devices, therefore, it does 
n t appear that there is room for any 
appreciable saving in critical metals, and 
probably the manufacturers have gone 
about as far as they reasonably can under 
present conditions. 


8. PRoOxIMITY OF ARRESTER TO 
EQUIPMENT 


An eighth consideration relates to the 
location of the arrester or protective de- 
vice close to the equipment to be pro- 
tected. This is now recognized as 
fundamental in applying overvoltage 
protective devices. By locating arresters 
this way and even relocating those now 
in service in the field, it is possible in some 
cases to save copper conductor at the 
ground and line leads and, at the same 
time, improve protection to the equip- 
ment. It is well known that under some 
conditions long leads in the arrester cir- 
cuit permit the protective level at the 
equipment to rise appreciably above the 
level at the arrester terminals. 

Cases where this proposal can be ap- 
plied are at cable terminals where the 
arrester should be located directly across 
the pothead terminal rather than have a 
separate ground lead extending to ground, 
provided, of course, that the cable sheath 
is well grounded at the arrester location. 
Another case involves the location of 
distribution arresters one pole distant 
from isolated transformers or transformer 
banks. Such methods of attempted pro- 
tection are considered of limited value in 
exposed locations where a long arrester 
ground lead is used and there is in addi- 
tion a long line lead between the arrester 
and the transformer. In recent years the 
practice has been followed by several 
companies of locating arresters directly 
on equipment such as transformers, the 
transformer tank being provided with a 
supporting bracket on the tank. Ar- 
resters likewise have in some cases been 
mounted on the transformer covers. This 
suggestion can be applied both to new 
arrester installations and to many existing 
ones, 
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9. SHIELDING STATIONS 


Another consideration applies to pro- 
tection at stations where considerable 
electrical equipment is located and the 
equipment is built up of a large amount 
of critical material and will require re- 
placement or repair in kind, as well as 
requiring a large amount of man hours 
and possible loss of factory output, if it 
should fail in service. The adequate pro- 
tection of such stations seems almost a 
necessity. One way of greatly adding to 
the protection is by shielding the station 
as a whole, in addition to applying ar- 
rester protection. While shielding re- 
quires some critical materials such as 
steel, copper, or combinations thereof, 
it is suggested that careful consideration 
be given to such shielding in the light of 
relative importance of the equipment 
contained in the station. It is not rec- 
ommended that all stations be shielded, 
but there are undoubtedly some which can 
initially use critical materials such as 
shielding wires with considerable, overall 
saving from a long range point of view. 


10. Tests AND MAINTENANCE OF 
ARRESTERS 


The last subject considered here centers 
around the idea of keeping in the best 
possible operating condition equipment 
which we now have. This means, with 
the lightning arrester, a high degree of 
careful and planned maintenance. So 
far as the arrester is concerned, it is sug- 
gested that special consideration be given 
to testing arresters wherever possible and 
feasible, to insure that they are in the best 
of condition to perform their expected 
functions. Several years ago recom- 
mendations were made by the AIEE 
lightning arrester subcommittee on meth- 
ods of testing some types of arresters. 
Since that time, a large number of ar- 
resters have been tested, and other 
methods of test or refinements have been 
used. It cannot be urged too strongly 
that a special attempt should be made to 
keep the arresters in the best possible 
condition. 


IV. Summary of Benefits and Savings 


That there are possible savings in 
critical material and man hours in the 
more careful study and application of 
protective devices already installed on the 
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existing equipment and new applications 
seems evident from the preceding dis- 
cussion, 


A. The application of arresters on the 
basis of their rating, co-ordinated with the 
overvoltage of the system, will reduce to a 
slight degree the number of arrester units 
required on new work and make available 
some arrester units now in service for spares 
or new installations. 


B. By closer application of arresters on the 
basis of their voltage rating, better protec- 
tion will be provided to the protected equip- 
ment, and this should result in fewer equip- 
ment failures and, consequently, less need 
for critical materials and a saving in man 
hours used for renewal. 


C. The use of lower-rated arresters also 
will result in lower insulation requirements 
of equipment such as transformers, for ex- 
ample, with consequent saving in steel in 
the containing tanks and core and some 
copper in bushing studs and winding. 


D. The use of line-type arresters instead 
of station-type, where expedient, results in 
a direct savings of materials in the arresters 
themselves, as well as in possible savings in 
steel-mounting members and structures. 


E. Applying protection on equipment not 
already protected can result in indirect sav- 
ings in replacement of equipment which 
otherwise might become faulty if not pro- 
tected. 


F. Rebuilding of old arresters provides 
greater protection to existing equipment 
and eliminates the requirement of critical 
material for new modern arresters. 


G. The omission and removal of ground 
leads from arresters already connected to 
well-grounded metal structures provide 
critical material for scrap or other uses. 


H. A well-planned shielding system for 
exposed stations, although initially requiring _ 
critical material, may be more than com- 
pensated for by the prevention of equipment 
failure in such stations. 

I. Testing of existing equipment to keep 
it in first-class operating condition likewise 
may reduce to a large extent the require- 
ments for new equipment for replacement 
of protective devices and equipment which 
may become faulty in service. 


It should be kept in mind that, in 
applying some of these suggestions, the 
failure rate on the protective devices 
themselves may increase, but it is believed 
that, if the conditions of each situation 
are considered carefully, and action taken 
on an engineering basis, the net over-all 
effect will be of considerable benefit to the 
war effort. 
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The Auto-Blast Interrupter Switch 


E. A. WILLIAMS, JR. 


MEMBER AIEE 


Synopsis: An air interrupter switch may be 
defined as a nonautomatic air switch which 
combines the functions of a disconnecting 
switch with the ability to interrupt current 
up to a predetermined magnitude. It pri- 
marily differs in function from a circuit 
breaker in that it cannot interrupt overload 
or short-circuit currents. General speciti- 
cations for interrupter switches are proposed. 

The Auto-Blast interrupter switch is an 
air interrupter switch having each pole 
equipped with an are chute into which the 
are is driven by a blast of air generated 
automatically when the switch is opened. 
Interruption occurs within the chute by 
elongating and cooling the are. The con- 
struction and operation of this switch is 
described, and test data are presented to 
show compliance with the proposed general 
specifications. 


HILE power circuit breakers are 

preferred for switching unit-substa- 
tion and secondary-network transform- 
ers, it has been shown! that there is a defi- 
nite economic field for metal-enclosed 
interrupter switches for these applica- 
tions. The requirement for these switches 
exists because of the development of dis- 
tribution systems haying transformer 
capacity divided into a number of small 
banks and protected by a common-feeder 
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Figure 1. 
15 kv, 600 amperes continuous 


The Auto-Blast interrupter switch. 


Impulse insulation level 110 kv. Metal en- 
closure and operating handle removed 
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circuit breaker. Economical switching 
provisions are necessary to provide means 
for disconnecting an individual trans- 
former from a primary feeder without de- 
energizing the feeder. 

Since an interrupter switch cannot 
open short-circuit current and a short cir- 
cuit may occur at any time, there is al- 
ways a certain degree of hazard associated 
with the operation of such switches. The 
probability of the occurrence of a short 
circuit in the transformer at the instant a 
switch is opened is remote, but the failure 
of a switch to interrupt the arc, for any 


reason, will probably result in a short ’ 


circuit within the metal enclosure. Much 
can be done to minimize this possibility 
by giving due consideration to adequate 
design and tests. Good engineering judg- 
ment dictates the following general speci- 
fications for interrupter switches: 


1. Long operating life with a minimum of 
maintenance. 


2. Ability to interrupt current, within its 
interrupting rating, without arc or flame out- 
side of the interrupting element. 


3. A sufficient number of tests to demon- 
strate adequate safety factors in voltage, 
current, and operating life. 


4. Speed of opening independent of opera- 
tor. 


5. Positive operation to prevent failure 
caused by partial closing and reopening. 


6. An insulation level consistent with that 
of other apparatus in the circuit. 


Table A. Three-Phase Reactance Load Interrupting Tests 


Circuit Diagram Figure 6a 


*Line-to-Line **Test Arcing Time (Half-Cycles) 
Recovery Current ee 
Voltage (RMS Mini- Maxi- 
Tests (Kilovolts) Amperes) mum mum Average Muffler Remarks 
Dito 46 F Sic be eee en He eet oie ORG cc oek 1<O sehen 0.8 ) 
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§0:t0 92 os. GO en ce ed aes Li ER 1 .OvaR ae 0.7 
93 to 96.2... 6. {EcOet ee HIS eee 0.9... Ol Ocoee ODI. ee on 
OT to TSO cae LOSS oe aes R058) ee ere AO fee. LIGuiicstes, 1.0 
140 to:144. <1 .35. 10.039 Ane BOBS. osteo Dc Oe chek RG ee BO} 2 skal tat yee No disturbance— 
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187 t0199.,.2 mes 1G, 04s 40-60. one daw \! Va Fea ee 16) Lee 1.0 
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915199) ke O28nace 2:0. serene rst Seah: On 
165-172... 0.4. g UE Nye Oe ESO eae 1.3) 
aah e tee rur on 0.9 2:8 hee 1.5/ ) 
* Average three-phase voltage. 
** Two values indicate minimum and maximum current interrupted for each series of tests. 
Table B. Single-Phase Reactance Load Interrupting Tests 
Reactance Load—Circuit Diagram Figure 6b 
Line-to-Line Arcing Time (Half-Cycles) 
Recovery **Test Current ——#—— ——______—_ 
Voltage (RMS Mini- Maxi- 
Tests (Kilovolts) Amperes) mum mum Average Muffler Remarks 
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** Two values indicate minimum and maximum currents interrupted for each series of tests. 
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FRONT ARG (b—right). 
3 ER 


INTERLEAVED 
ARG CHUTE 


AUXILIARY 
BLADE 


MAIN CONTACT 
~ FINGERS 


Figure 2. Cutaway views of 
Auto-Blast interrupter switch 
showing operation 


(a—left). Main and auxiliary 
blades closed and piston at end 
of exhaust stroke 


Opening opera- 
tion. Main blade partially 
open, auxiliary blade closed 
and piston at end of intake 
stroke 


RUNN 


- LATCH ROLLER 
FRONT LATCHING 
NOTCH 


REAR LATCHING 
NOTCH — 


: 


_____ LATCH TOGGLE 


Main blade par- 
tially open, auxiliary blade closed, with latch 
tripped and piston starting exhaust stroke 


(c). Opening operation. 


The Auto-Blast interrupter switch de- 
scribed in this paper is a new device which 
is intended primarily for application in a 
metal enclosure on the high-voltage side 
of unit substations and secondary-net- 
work transformers. 


Construction and Operation 


The Auto-Blast interrupter switch, Fig- 
ure 1, is essentially a triple-pole group- 
operated device with three moving ele- 
ments carried on a common rotatable 
operating shaft. The switch is arranged 
for mounting in a metal enclosure and for 


Apri 1943, VoLUME 62 


a) 


Main and auxiliary 
blade partially open, latch reset and piston at 
end of exhaust stroke 


(d). Opening operation. 


operating by means of a handle (not 
shown), keyed to either end of the rotat- 
able shaft and located outside of the en- 
closure. In an opening operation the 
main switch blade opens first and, after a 
predetermined movement, trips a latch 
which releases the spring-actuated aux- 
iliary blade. The auxiliary blade then 
snaps open, and the resultant are is forced 
into the chute by a blast of air from a 
cylinder on the auxiliary blade. Figure 2 
shows the construction of the switch and 
the relationship of the parts during suc- 
cessive steps of operation. 

Each moving element of the switch 
has a pair of spaced main blades rigidly 
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(e). Closing operation. Main and auxiliary 
blade partially closed, toggle latch depressed 


fastened to the operating-shaft insulators. 
An auxiliary blade and latch assembly is 
carried between and pivoted on the main 
blades at a point near the operating shaft. 
An air cylinder and nozzle form an inte- 
gral part of the auxiliary blade, and a 
coacting air piston is attached to the main 
blades. A torsion spring normally main- 
tains a parallel relationship between the 
main and auxiliary blades in which posi- 
tion the piston is at the exhaust end of its 
stroke. 

Each stationary element of the switch 
consists of a contact and an are chute as- 
sembly mounted on a fixed insulator. 
The contact assembly is made up of two 
spaced main contacts outside of the chute 
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Figure 3, Interleaved are chute 


Side view with A side removed 


aud two are runners centrally located ine 
side the cliute, The are-chute assembly 
includes an interrupting clement, with or 
without a muller, and means for latching 
the auxiliary blade in the closed-circuit 
position during the first part of the open: 
ing stroke of the main blade, 

In the closed position, igure 2a, the 
main and auxiliary blades are in parallel, 
and the air piston is at the exhaust end 
ofits exhaust stroke, When the operating 
handle is moved from the closed po ition, 
the main blade starts the opening travel, 


Figure 4. Dimensions of metal-enclosed 
interrupter switch mounted on transformer 
Impulse A 8 ie 
Level Width Depth Height 
(Kilevelts) Caches) Cnehes) Caches) 
ears Geta Besta Vener 5 Ryne dar, 43 
LR SOOTe Lite Webserver 43 
Oe WAN CR oN CMR Te Le Ad 
AMOR SethY. | Sunde VER Seen 45 


60 GYGLE APPLIED VOLTAGE - KV 


Figure 5. Radio-influence voltage tests on the 
Auto-Blast interrupter switch 


~ Impulse Level 


(Kilovolts) 
A . 60 
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the auxiliary-blade latch engages the rear 
notch in the side plates of the chute as- 
sembly and holds the auxiliary blade in 
contact, As the main blade continues to 
move away from the fixed contact, the 
piston starts its intake stroke, and the 
auxiliary blade and air cylinder remain 
stationary until the switch reaches the 
position shown in Figure 2b. At this 
point the piston strikes and trips the 
toggle of the latch, Figure 2¢, and the tor- 
sion spring snaps the auxiliary blade back 
toward the main blade and drives the 
cylinder over the piston forcing a blast of 
air from the nozzle into the are chute, As 
the cylinder approaches the end of the ex- 
haust stroke, the latch resets, the piston 
diaphragm covers the nozzle opening and 
traps air in the end of the cylinder, 


Figure 6, Test circuit diagrams 
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(©. Single-phase capacitance load tests 
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full 90-degree open position. 
In a normal ae opera as the 


blades and the ‘oat latch acca a 
together until the latch is depressed, F: 
ure 2e, by the cam surfaces fo ned 
the are-chute side plates. Th is 
roller then successively engages th 
end and the rear latching notches 
switch is moved to the closed po 
Figure 2a. The location of the 
latching notch is such that it is engag 
the latch roller before an are can b 
tablished during a closing stroke. 
feature prevents the possibility of fa 
caused by partial closing and reope 
The interleaved are chute, Neel 
is similar to the chute of the Magne- 
Blast air circuit breaker.? It is formed 
tapered fins alternating from either 
chute wall. The material of the cheat 


of contacts, without distaste the 
justment of either the chute or thes 


parts, 


tween the auxiliary-blade tip and the 
are runner. As it is forced up the | 
ners and into the chute, it progressive 
lengthens and encounters an incre 


size of the are chute and of the 
and volume of the air blast 
interrupting relatively low cure 

as transformer exciting current, th 
and incandescent gases are entir 
fined within the short simple | 
Figure 3. With increased cut 
indicated i in the éccompeniane 


STATION 


STATION , 
ALTERNATOR Os , 


(a). Test 47 

A—Timing wave 

B—Voltage across switch—line 1 
C—Current through switch—line 1 
D—Voltage across switch—line 2 
E—Current through switch—line 2 
F—Voltage across switch—line 3 
G—Current through switch—line 3 


WV 
(td) 


(d). Test 296 

A—NV oltage across switch 
B—Current through switch 
C—Timing wave 


are gases through the short chute before 
adequate cooling can take place. The 
interruption of relatively high currents 
can be successfully accomplished in the 
same are chute by the addition of a suit- 
able muffler to cool further the are gases. 

The combination of a small basic arc 
chute for low current and an easily at- 
tachable muffler for higher current pro- 
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(78) 


(ob). Test 189 
A to G same as (a) 


me 


Pep 
eA | 


(te) 


(e). Test 299 

A—Current through switch 

B—Voltage across switch 
Figure 7. Typical oscillograms 


Refer to Tables A, B, and C for data 


vides the most economical arrangement 
for handling the complete range of cur- 
rent under consideration. It further 
provides a convenient means of increas- 
ing the interrupting ability of existing de- 
vices originally intended for the interrup- 
tion of transformer exciting current only. 

Since space is always at a premium, 
it is important that the dimensions of the 
switch and its enclosure be maintained 
at the minimum commensurate with 
adequate insulation levels. The required 
impulse-withstand test voltage is the 
major factor in determining the over-all 
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(c). Test 254 
A to G same as (a) 


Ceo ee 
WW WW 


Ni VAM 


(4) 


i 


(Ff). Test 399 
A—Current through switch 
B—Voltage across switch and capacitor 


dimensions of the Auto-Blast interrupter- 
switch enclosure shown in Iigure 4. Di- 
mensions of such magnitude must, of 
necessity, accompany the degree of insu- 
lation obtained. 


Tests 

The Auto-Blast interrupter switch, 
mounted in a metal enclosure, has been 
tested thoroughly to check its conform- 
ance with the design specifications. 

Radio-influence tests in both the open 
and closed positions of the switch with 
the metal enclosure grounded, Figure 5 
show that the radio-influence levels of the 
interrupter switch for all classes of insula- 


) 
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(a). After test 49 


“Se 


(d). After test 248 


Figure 8. Are chutes after three-phase inter- 
rupting tests 


tion meet the limits established in the 
National Electrical Manufacturers Asso- 
ciation Standards. 


(a). Before test 


(e). After nine cyles of arc Cf). 
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(6). Switch starts to open (c). 


After 17 cycles of arc 


(e). After test 255 


Figure 9 (below). Test 326 


Attempting to open short circuit of 30,000 
amperes initial, 16,400 amperes final at 14.5 kv. 
Arc duration 23 cycles 
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(g). After 19 cycles of arc 


(c). After test 199 


Dielectric tests, both 60-cycle and im- 
pulse, made on the switch in the open and 
in the closed positions with the metal en- 
closure grounded, determined the insula- 
tion required and the sizes of the metal 
enclosures, Figure 4. These tests were 
accordance with the AIEE 


Standard? for air switches. 


made in 


Interrupting tests were conducted over a 
two-year period to investigate a number 
of basic methods of interrupting trans- 
former exciting current and load current. 
More than 5,000 tests showed the Auto- 
Blast design to be by far the most out- 
standing. A few of the results are shown 
in Tables A, B, and C with typical mag- 
netic oscillograms in Figure 7. 

Various circuits were used to cover the 
complete range of current and voltage. 
To simulate in test the most severe 


service conditions, a value of 20 per cent 
power factor was established as the maxi- 
mum at which interrupting tests :hould 
However, all of the reactance- 


be made. 


(d). After four cycles of arc 


(h). After test 
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Table C. Single-Phase Capacitance Load Interrupting Tests 


Single-Phase Capacitance Load Tests—Circuit Diagram Figure 6c 


Line-to-Ground 


Line-to-Line Capacitance 
Recovery **Test Current (Microfarads) 
Voltage (RMS = 
Tests (Kilovolts) Amperes) C; C2 Muffler Remarks 

300 to 307....... SSO ere eke Cais ey aa 7 ty ee None 
308'ta S21.) dy PBS Osi es. ye ee eee Cy Sere 4.5 \ ofr 
B12 toroid: oe LS sO pear: coe 1S A ee ict Re sis ie ee None( 
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S16 t0:320.. ee. 15), Oi vieces-3 iy ee ene ts)eks Wane ee 8.4 O 
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Figure 10. Switch parts after test 326 


* Two values indicate minimum and maximum currents interrupted for each series of tests. 


current of 31,000 amperes. The switch 
parts were damaged, but all resulting 
disturbance was confined within the metal 


Table D. Single-Phase Short-Circuit Tests— 
Circuit Diagram Figure 6d 


enclosure. An opening test under ap- e 
: ' ’ proximately the same short-circuit cur- 8 ee as 
load interrupting tests were made with pent conditions produced a very severe Bie ok g g = 
i, ee . : 3 tsa 3 2 M4 
the current limited almost entirely DYE, “Wisturbance ae khiows by high-speed mo- z es g oa 4 rt 
actance, and the power factor in all cases tion pictures, selected frames of which & 88 a Ee & E 
* ey 7 VY 
i. .. seid ee 5 are reproduced as Figure 9. Flame, hot 
e entire series of three-phase react- 
; : - metal, and gas were blown through the — 325. 14.5. 31,000... Close. .. .No disturbance out- 
ance-load interrupting tests in Table A ventilating louvres and through the joint side of housing 
z except slight 
se made Groner set of are chutes and between the cover and the housing. The trace of smoke 
without maintenance of any kind on the = switch parts were badly damaged as 30,000 from louvres 
switch or chutes. After each group of shown in Figure 10, and most parts would 326. .14.5 saat Open....Loud report with 
tests, the switch was examined, the are pave required replacement before the final as ae 
zs ame, an fe) 


chutes removed, dismantled, and photo- 
graphed. The only evidence of change 
during the entire series of tests was a 


slight pitting of the arc runners and a dis- 


coloration of the arc chutes by a noncon- 
ducting oxide deposit, Figure 8. After 
tests the chutes were in excellent condi- 
tion and “were obviously suitable for at 
least 1,000 successful operations. 

The single-phase reactance-load inter- 
rupting tests, Table B, demonstrate that 
the 15-kv switch, without a muffler, 
performs successfully at voltages up to 22 
kv across a single pole to ground. The 
single-phase capacitance-load interrupt- 
ing tests in Table C, made with and with- 
out capacitance on the line side of the 
switch,* indicate the possibility of switch- 
ing capacitor banks with the Auto-Blast 
interrupter switch. 

Short-circutt tests at 14.5 kv, Table D, 
were made with the switch in the circuit 
near the generator terminals. The switch 
with manual mechanism was closed with 
a fast positive operation against a fault 
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switch could have been put back in serv- 
ice. 


Conclusions 


1. Interrupter switches in general should 
be liberally designed and rigorously tested, 
since any failure in normal operation prob- 
ably will result in a short circuit. 


2. The Auto-Blast interrupter switch fully 
meets all modern requirements for high insu- 
lation level, low radio-influence voltage, 
and adequate safety factor in interrupting 
ability for the service intended. 


3: The interrupting element of the switch 
is are resisting, essentially nongas producing 
and nonexpendable, thereby providing long 
operating life with minimum maintenance. 


4. The performance of the switch is con- 
sistently uniform with an arcing time in ‘the 


order of one to two half-cycles at all currents 
withia its interrupting rating. 


5. It has been demonstrated that the 
switch, when closed with a fast positive 
operation, has mechanical and thermal 
strength to withstand closing against short- 
circuit current not exceeding the short-time 
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metal from hous- 
ing. Several bolts 
from lower edge 
of cover blown 
off 


current rating of the switch with disturbance 
and damage confined within the metal 
enclosure. 
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Harmonics and Load Balance of 
Multiphase Rectifiers 


Considerations in the Selection of the Number of 


Rectifier Phases 


R. D. EVANS 


FELLOW AIEE 


Synopsis: This paper analyzes the operat- 
ing characteristics of multiphase power recti- 
fiers from the standpoint of harmonics, load 
balance, and their interrelation, and their 
effects on the apparatus and circuits to 
which they may be connected. These fac- 
tors are considered in connection with selec- 
tion of the number of rectifier phases, which 
varies from six (four for very small sizes) to 
combinations of six-phase units to form a 
much larger number, such as 36, 72, or even 
108 phases. More specifically, the problems 
of harmonics, load balance, and number of 
phases are considered from the standpoint 
of the effects on 


1. Apparatus, particularly turbine generators and 
capacitors. 


2. The wave-shape distortion on circuits that may 
be important in inductive co-ordination. 


3. The possibility of resonance being encountered 
in the supply system to amplify one or more of the 
rectifier harmonics. 


These problems have increased greatly be- 
cause of the great number and large size of 
rectifier installations made in connection 
with the war. 


Determination of Harmonics in the 
A-C Supply Circuits 


T is a well-known property of rectifiers 

and inverters that they produce dis- 
tortion of both voltage and current waves 
which appear on both the d-c load circuits 
and a-c supply circuits, even though the 
latter contains no generated harmonics. 
The important harmonics of rectifier in- 
stallations for all except traction appli- 
cation are restricted normally to those in 
the a-c supply and are the only ones here 
considered. 

The harmonics in the supply system 
resulting from the operation of balanced 
rectifiers or inverters include the series 
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(pn+1) and (pn—1), where p is the 
number of rectifier phases and 1 is a series 
of integers. For power applications the 
number of rectifier phases is usually lim- 
ited to six or multiples thereof. Thus, the 
harmonics of a six-phase rectifier are the 
5th, 7th, 11th, 13th, 17th, 19th, and so 
forth; the harmonics of a 36-phase 
rectifier are the 35th, 37th, 71st, 73d, and 
so forth. Actually, rectifier circuits are 
not perfectly symmetrical or balanced so 
that some harmonics, not characteristic 
of the total number of rectifier phases, 
may be present in reduced magnitude. 
Thus, if a rectifier of 36 phases is oper- 
ating with one six-phase unit out of serv- 
ice, the 5th, 7th, 11th, 13th, 17th, 19th, 
and so forth, harmonics will appear in the 
supply as well as the 35th, 37th, and so 
forth, harmonics which are character- 
istic of a balanced 36-phase installation. 

Methods are available for the calcu- 
lation of harmonics in the supply circuit 
to a rectifier.1—* The theoretical meth- 
ods? are based on Fourier analyses, 
assuming that the inductance of the d-c 
load circuit is very high and that the 
impedance of the supply circuit has a 
linear frequency-reactance characteristic. 
One method? takes into account the load- 
ing of the rectifier, the reactance of the 
supply, and the amount of voltage reduc- 
tion by phase control. This method 
gives excellent results when the assump- 
tions upon which it is based are ap- 
proached. Extensions of this method are 
also described* for application to cases 
where the supply circuit does not have a 
linear frequency-reactance characteristic. 
These extensions are based on finding an 
equivalent 60-cycle supply reactance 
corresponding to the actual harmonic 
reactance of the supply. 


Heating of Generators 


Generators supplying rectifiers are 
subjected to increased heating because of 
harmonics, particularly local heating in 
rotors. The heating problem is more 
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_ frequency or for harmonics. 


important for turbine generators than 
for salient-pole machines, being particu- 
larly less for machines provided with 
damper windings. The importance of 
this problem arises principally in con- 
nection with generators that are loaded 
fully with six-phase rectifiers and is of 
much less importance with 12-phase 
rectifiers. Conversely, the problem is of 
negligible importance for rectifiers of 
more than 12 phases and for conditions 
where the rectifiers are a small part of the 
total load. <A favorable circumstance in 


the generator heating problem arises from. 


the fact that usually the rectifier load is 


of higher power factor, 90 to 95 per cent, - 


than generator rating, 80 per cent power 
factor. This condition reduces excitation 
loss and thus provides a margin for in- 
creased loss from harmonic currents. 


Heating of Capacitors 


Commercial capacitors are designed to 
carry in addition to the rated kilovolt- 
amperes at fundamental frequency, 35 
per cent additional kilovolt-amperes to 
provide for overvoltage at fundamental 
The total 
kilovolt-amperes of 135 per cent of rating 
may be made up of fundamental and har- 
monic kilovolt-amperes added  arith- 
metically. Thus, a capacitor will with- 
stand 105 per cent voltage of funda- 
mental frequency and 112 per cent cur- 
rent of fifth-harmonic frequency. The 
designs further assume that the average 
fundamental-frequency voltage will not 
exceed 105 per cent normal and that the 
short-time magnitude will not exceed 110 
per cent. If capacitors are applied cor- 
rectly with respect to fundamental- 
frequency voltages, the heating limita- 
tions will rarely be encountered unless 
the supply is subjected to very abnormal 
harmonic conditions which arise princi- 
pally as a result of resonant conditions. 


Wave Shape 


Harmonics in supply circuits which 
parallel communication circuits may give 
rise to important noise-frequency co- 
ordination problems. These problems 
have been studied extensively by the 
Joint Co-ordination Committees of the 


Edison Electric Institute and the Bell — 


Telephone System. One result of this 
work has been to set up two factors 
which take into account the over-all in- 
fluence characteristic of a power-supply 
circuit from the standpoint of its tendency 
to produce noise in an adjacent tele- 
phone circuit. Because of the different 


effects of electric (electrostatic) and 
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magnetic induction, separate factors are 
required, one for current and the other for 
voltage. These factors as applied to 
balanced circuits supplying rectifiers are 
the balanced J-T and KV-T factors; 
where J represents the rms balanced cur- 
rent and KV, the rms voltage in kilo- 
volts between line terminals of the three- 
phase circuit, and 7, condensed from 
TIF (telephone influence factor), is a 
factor which gives the relative weighting 
of the various harmonic frequencies of a 
power system from the standpoint of their 
tendency to produce noise in an adjacent 
telephone circuit. Two different fre- 
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Figure 1. Effect of number of rectifier phases 
on relative current TIF 


Based on 60-cycle supply and 1935 frequency- 
weighting curve 

Actual current T/F=(relative current TIF)K’ 

where 


i! 

ind 

[=D-c load current per secondary phase 
group ; 

lac= Alternating current on primary side of 
transformer, rms value 

R=Transformer ratio, primary to secondary 
line-to-neutral voltages 

Insert: Replot of principal curves to smallerscale 


kK’ 


quency-weighting curves are commonly 
used in rectifier studies, namely, the 
19354 and the 1941 frequency-weighting 
curves.* The difference in weighting 


' results from different characteristics of 


the telephone circuit including terminal 


* In addition, there is the 1919 frequency-weight- 
ng curve that remains in use for machine wave- 
shape guarantees. The 1919 curve is associated 
with the term “‘telephone interference factor;’’ the 
1935 and the 1941 curves are associated with the 
term ‘“‘teleohone influence factor;’’ both terms 
“have the same abbreviation of TIF. 
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equipment. The principal change in the 
1941 weighting from the 1935 weighting 
results from the substantial elimination 
in the later telephone receivers of a 
resonant point in the vicinity of 1100 
cycles. At the present time both types 
of telephone receivers are in service and 
both types of frequency-weighting factors 
are used in co-ordination studies. While 
the 1941 frequency-weighting curve is 
expected to supersede the 1935 curve, 
time is required for the transition, and 
this has been delayed further because of 
the war. The shape of the 1941 frequency- 
weighting curve has been established, but 
its arbitrary scale has been delayed in 
order to determine for it a numerical 
value of the same importance as the 
1935 curve. For present purposes the 
comparisons, based on the relative shapes 
of these frequency-weighting curves, are 
sufficient. 

An investigation, which is reported in 
the present paper, was undertaken to 
determine the relative influence of the 
number of rectifier phases on the induc- 
tive co-ordination problem, particularly 
for a number of phases beyond 12. Ac- 
cordingly, calculations of the relative 
current 7/F and relative voltage 7/F 
for different numbers of rectifier phases 
from 6 to 72 were made by the method 
previously described. These calculations 
assume 


1. Both 60- and 25-cycle supply. 


2. Load and circuit conditions, represented 
by J the direct current per secondary phase 
group, X the commutating reactance in 
secondary terms, and E, the crest value of 
anode-to-neutral voltage of the transformer 
secondary winding, of such values as to give 
a ratio of 1X /E, equal to 0.081, correspond- 
ing to an angle of overlap of 25 degrees. 


In addition to the principal curves, 
which are based on no voltage reduction 
by phase control, that is, a phase-control 
ratio of one (PCR = 1.00), some results 
of calculations are given for a phase- 
control ratio of 0.85 (PCR = 0.85). The 
results of these calculations are plotted in 
the curves of Figures 1 through 6. Fig- 
ures 1 and 2 give the curves of relative 
current—TIF for 60-cycle supply based 
on the 1935 and 1941 frequency-weighting 
curves, respectively. Figures 3 and 4 
give the corresponding curves of relative 
voltage—TIF, respectively. Figures 5 
and 6 give the corresponding curves of 
relative current—T7/F for 25-cycle sup- 
ply. Examination of the curves of Fig- 
ures 1 through 6 shows important re- 
ductions in both the curves of relative 
current—7IF and voltage—TIF as the 
number of rectifier phases is increased. 
However, because of the high peak in 
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the 1935 frequency-weighting curve in 
the vicinity of 1,100 cycles, the 18- 
phase rectifier with a 60-cycle supply 
and a 36- or 42-phase rectifier on a 25- 
cycle supply are less favorable than the 
next smaller number of rectifier phases. 
Because of these circumstances, it has 
been considered generally undesirable to 
use 18-phase rectifiers on 60 cycles and 
36 or 42 phases on 25-cycle systems. 
However, the 1941 frequency-weighting 
curve does not have this sharp resonant 
point and there is a gain in increasing the 
number of phases throughout the prac- 
tical range of rectifier application. 


Effects of Supply-System Harmonics 
and Rectifier Load Balance and 
Their Interrelation 


Harmonics in the supply system may 
have important effects on rectifier opera- 


tion, particularly in producing un- 
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Figure 2. Effect of number of rectifier phases 
on relative-current TIF 


Based on 60-cycle supply and 1941 frequency- 
weighting curve 


Insert: Replot of principal curves to smallerscale 


balance in current between the various 
phase groups. Unbalancing load be- 
tween phase groups also has an important 
effect on supply-system harmonics. Be- 
cause of this interrelation between har- 
monics in the supply and load balance, 
it is convenient to consider the subject 
in three parts: 


1. An infinite source with load unbalance. 


2. An infinite source with harmonic volt- 
ages. 
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8. A finite source with two or more recti- 
fiers, stich that the harmonics from one af- 
fect the voltage applied to another. 


INFINITE SOURCE WiTH LOAD 
UNBALANCE 


If one six-phase unit of a multiphase 
rectifier* is removed from service, the 
harmonic currents in the supply are 
affected importantly, as pointed out 
previously. This unbalanced condition 
may be analyzed by the addition of 
ieee As fictitious six-phase load of such mag- 
nitude and phase relation when added to the 


actual loads as to provide a balanced multi- 
phase rectifier. 


2. A second fictitious load, the negative of 
the first. 
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Figure 3. Effect of number of rectifier phases 
on relative voltage TIF 


Based on 60-cycle supply and 1935 fre- 
quency-weighting curve T/F=(relative volt- 
age TIF)K” 

where 

Kr= (per cent X) 

Rize 

!=D-c load current per secondary phase 
group 

Per cent X=Transfer reactance in per cent, 
based on rated d-c kilowatts 

R=Transformer ratio, primary to secondary 
line-to-neutral voltages 

ac= Alternating current on primary side of 
transformer, rms value 


Thus, this combination can be analyzed as 


1. A multiphase rectifier of balanced posi- 
tive load corresponding to the original num- 
ber of phases. 


2. A six-phase rectifier of negative load. 


Both of the rectifier loads may be ana- 
lyzed by the aid of the method previously 
described. The curves of Figures 1, 2, 
5, and 6 also include some data giving the 
relative current telephone interference 
factor for a six-phase unit out of service 
in a multiphase rectifier. For conven- 
ience the curves have been plotted for a 
six-phase unit out of service with a cur- 


* The term multiphase rectifier is used in this paper 
to mean rectifiers of more than six phases. 
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rent magnitude equal to that proportion 
of the totalload. Actually, the harmonic 
currents should be increased because of 
the lower ratio of IX/E, that applies for 
such a condition.® 


INFINITE SOURCE WITH HARMONIC 
VOLTAGES 


The effect of harmonic voltages in a 
source, particularly at the lower-harmonic 
frequencies, is to increase or decrease 
during the conducting period the average 
voltage applied to the various phase 
groups. The practical result of this 
action is to unbalance the currents be- 
tween the various phase groups. The 
phase position of the harmonic with re- 
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on relative voltage TIF 


Based on 60-cycle supply and 1941 frequency- 
weighting curve 


spect to the fundamental is different for 
different phase groups derived by trans- 
formers from the same supply voltage. 
In considering the relative phase position 
of the harmonic voltage of a phase group 
with respect to its fundamental-frequency 
voltage, it is necessary to consider not 
only the higher frequency of the harmonic 
but also the difference in symmetrical- 
component phase sequence. It has been 
shown,® for the condition in which the 
crest of the harmonic voltage bears the 
same relation to the crest of the funda- 
mental in each phase, and the sequence 
of the fundamental is positive, that the 
harmonics of order (3m + 1) are of posi- 
tive sequence and of order (8m — 1) are 
negative sequence, where m is any in- 
teger. Thus, the 5th, 11th, and so forth, 
harmonics are of negative sequence, and 
the 7th, 13th, and so forth, harmonics are 
of positive sequence. The effect of har- 
monics on the average d-c voltage of a 
phase group can be understood more 
readily by reference to the diagram of 
Figure 7. If harmonics in the supply are 
such as to produce fifth-harmonic volt- 
age applied to one rectifier phase group, 
as shown by the solid line curve of Figure 
7, the effect is to decrease the average 
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value of voltage on that phase group dur- 
ing the conducting period. If a second 
phase group is displaced 30 electrical 
degrees at fundamental frequency from 
the first phase group, as in a 12-phase 
rectifier, the phase relation of the fifth 
harmonic to the fundamental in the 
second phase group is displaced 180 
degrees from the phase position of the 
fifth harmonic with respect to the funda- 
mental in the first phase group. This 
circumstance results from the fact that 
the phase relation of the fundamental is 
shifted 30 electrical degrees in one direc- 
tion while the fifth harmonic, being of 
negative sequence, is shifted five times 
30 electrical degrees in the opposite direc- 
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Figure 5. Effect of number of rectifier phases 
on relative current TIF 


Based on 25-cycle supply and 1935 fre- 
quency-weighting curve 
Actual current T/F=(relative current TIF)K’ 
(see Figure 1 for K’) 


tion. Thus, if the fifth-harmonic voltage 
in the supply tends to decrease the aver- 
age voltage of one phase group, it tends 
to increase the average voltage of the 
other phase group in the 12-phase recti- 
fier. ; 

If the harmonic voltage in the supply 
to a multiphase rectifier is shifted with 
respect to the fundamental, the harmonics 
in the secondary phase groups are shifted 
with respect to the fundamental, and the 
effects on load unbalance are altered. It 
is possible, therefore, that one trans- 
former connection will be better from the 
standpoint of current balance than an- 
other, if harmonics of definite phase posi- 
tion with respect to the fundamental 
exist in the supply. In general, however, 
the phase position of the harmonic with 
respect to the fundamental will change 
at the rectifier location, and as a conse- 
quence there is little practical advantage 
in one transformer connection over an- 
other from the standpoint of current 
balance. The maximum effect of un- 
balancing between phase groups may be 
encountered in a 12-phase rectifier if 


ELECTRICAL ENGINEERING 


ae 


/} 


on 


eee MCS as 


fifth harmonics of appropriate phase 
relation exist in the power source. If 
rectifiers of more than 12 phases are sup- 
plied from a source with a fifth-harmonic 
voltage, the various rectifier units will 


* carry loads between the two extremes 


for maximum load unbalance. 

The maximum unbalance between dis- 
placed rectifier phase groups that can 
result from a fifth harmonic in the supply 
can be estimated from the equation: 

20 (per cent £;) 


+ per cent I,,= : (1) 
per cent regulation 


where 


T,,,=the unbalance current per rectifier in 
per cent of normal current per phase 
group 
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on relative current TIF 


Based on 25-cycle supply and 1941 fre- 
quency-weighting curve 


per cent #;=the fifth harmonic voltage in 
supply in per cent of fundamental 


per cent regulation=the regulation of recti- 
fier and transformer but not of common 
supply to the various phase groups, in 
per cent 


Thus, the unbalanced current in per cent 
is two to five times the per cent fifth- 
harmonic voltage per cent in the source 
for the usual regulation conditions of from 
eight to four per cent. 

The effect of a seventh harmonic in the 
supply is quite similar to that of a fifth 
harmonic. However, the seventh har- 
monic is usually of smaller magnitude 
and, therefore, has smaller effect on load 
balance. Furthermore, a greater mag- 
nitude of the seventh harmonic is re- 
quired to produce the same amount of 
unbalance, because the uncompensated 
part of a shorter half-cycle of the har- 
monic must be averaged over the same 
conducting period. 

Several years ago an analysis was made 
of a case where load unbalance was ob- 
served on a 12-phase, 3,000-kw rectifier. 
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In this particular installation, four sepa- 
rate multianode tanks were supplied by a 
quadruple-zigzag 12-phase transformer 
connection. Harmonics in the supply 
voltage, both as to magnitude and phase 
position with respect to the fundamental, 
and the difference in regulation of the 
different phase groups were measured and 
the results compared with tests. The 
calculations based on the foregoing 
analysis indicated correctly which phase 
group should carry the heavier load. 
The magnitudes of the fifth-harmonic 
voltage and the unbalanced current are 
given in Table I. 

The calculations were made from har- 
monic analyses of polar oscillograms of 
the supply-voltage wave, which gave 


/'< CONDUCTING PERIOD 
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ANODE-| 


5TH HARMONIC VOLTAGES 


Figure 7. Diagram showing phase position of 

fifth harmonic to fundamental-frequency volt- 

ages for (A) maximum and (B) zero load un- 

balance of rectifier groups in 12-phase con- 
nection 


both magnitude and phase position of the 
fifth harmonic with respect to the funda- 
mental. For test 2, the phase position 
of the fifth-harmonic voltage was within 
four fundamental degrees of that posi- 
tion which theoretically should give the 
maximum unbalance for that magnitude 
of harmonic voltage. 


FINITE SOURCE WITH UNBALANCED REc- 
TIFIER LOADS AND HARMONICS 


When multiphase rectifiers are oper- 
ated from a supply system of negligible 
reactance, the unbalanced load resulting 
from the disconnection of one six-phase 
unit produces harmonic currents through 
the source corresponding to the fictitious 
negative six-phase load as previously 
pointed out. However, the outage of one 
six-phase unit does not affect the opera- 
tion of the other six-phase units for the 
case of an infinite source. Consider now 
the case with a finite source. The effect 
of the harmonic current from the fictitious 
negative six-phase load corresponding to 
one unit out of service produces a har- 
monic voltage drop impressed on the 
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other units which may be connected in 
parallel with the one that has been re- 
moved from service. Several effects 
may be noted. One effect of the har- 
monic impedance through the source is 
to divert part of the fictitious load cur- 
rent from the source to the other rectifier 
units. The effect may be viewed as 
being produced by the negative harmonic- 
voltage drops impressed on the remaining 
six-phase rectifier units as a consequence 
of the fictitious negative load. The re- 
sult in any case is to reduce the harmonic 
currents flowing through the source to an 
amount that is less than would be ex- 
pected from the greater equivalent re- 
actance of the rectifier and supply 
system.* 


~ 


Table |. Effects of Fifth-Harmonic Voltage 
on Rectifier Load Balance 
Unbalanced Current 
Fifth Per Phase Group—Per Cent 
Harmonic 

Test Voltage Calculated* Measured 

| Ree EA At aes Sader FO Or atehets. +(6.5to7.6) 

Nt ears £ Soy eagtaa SEO rnin eve +6.2 


* From harmonic analysis of voltage wave. 


From a practical standpoint the effect 
of these unbalances may be very impor- 
tant if they were allowed to exist. Thus, 
a 15 per cent fifth-harmonic voltage may 
produce sufficient unbalancing effect as 
to substantially remove the load from 
one six-phase unit and to nearly double 
the load on another. However, such 
conditions would normally not be allowed 
to remain because the voltage on the most 
heavily loaded six-phase unit would be 
reduced by phase control. This would 
have the effect of more nearly balancing 
the loads of the several six-phase units. 
The unbalancing effect, however, may be 
important if the momentary currents 
exceed breaker settings. 

The effect of a unit out of service on a 
multiphase rectifier is, of course, to in- 
crease the wave-shape distortion of the 
supply and to increase the load un- 
balances. The results vary for the 
particular systems depending upon 
the number of units and reactance of the 
individual units and the reactance of the 
supply system at the harmonic frequency. 
The range of conditions is so great that it 
is scarcely practicable to generalize on the 
results that may be obtained. Reference, 
however, may be made to Marti and 
Taylor’ and to the work of the Joint 
Subcommittee on Development and Re- 
search, Edison Electric Institute and 
Bell Telephone System, which has given 
considerable attention to this problem.’~® 
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They show that the increase in the J-T 
products for 30- and 60-phase rectifiers 
with a unit out of service varies from 
three to five times these factors for normal 
balanced conditions. Because of this, 
there is little advantage in using more 
than, say, 36 phases, unless the total 
rectifier load is large, or unless the possi- 
bility of resonance in the supply in the 
vicinity of 36th harmonic is anticipated. 


Resonance-in the Supply System 


The harmonics produced by rectifier 
operation are of much greater importance 
if the supply system is resonant for one of 
the rectifier harmonics, the lower fre- 
quencies being more likely to be impor- 


Frequently capacitors are used in con- 
junction with large industrial rectifiers 
supplied over long transmission lines for 
the purpose of increasing voltage level, 
thus increasing the load power factor and 
the amount of power that can be handled. 
These capacitors may increase the oppor- 
tunity for producing resonance, particu- 
larly at the time when a rectifier unit is 
out of service. Consequently, special 
attention should be paid to the harmonic 
problem for installations involving multi- 
phase rectifiers and capacitors. 


Capacitors 


In themselves capacitors generate no 
harmonic voltages, but they affect har- 


the capacitor of such value as to tune in 
series resonance for the desired frequency. 
Thus a reactance of four per cent at fun- 
damental frequency on the capacitor- 


bank rating is required for series reso-— 


nance with the entire bank at fifth-har- 
monic frequency. Such a reactor will 
increase by four per cent the fundamental- 
frequency voltage impressed across the 
capacitor, a circumstance that should re- 
ceive consideration in the design and 
application of the capacitor. To make 
the shunt capacitor operate as an open 
circuit to a particular harmonic fre- 
quency, the capacitor may be divided 
into two parts with a reactor of appro- 
priate value placed in series with one of 
them. Thus for a parallel-resonant com- 


Table III. Typical Preferred Minimum Kilowatt Rating for Multiphase 600-Volt Rectifiers* 


Table Il. Harmonics Present for Rectifiers of 
Various Phases 
Minimum Preferred Rating—(Kilowatts) 
Total Number of Phases 

Har- 6- 12- 18- 24- 
poet Phase Phase Phase Phase Rectifier Units 6 12 18 24 30 36 42 

ta cameeeane x 1,500 kw— 6anodes......... 1,500. ....3,000.. ......4,500.....6,000 .... 7,500.2. }9j000 Sipe mnmeerae 

Yerre cto. x 3,000 kw—12 anodes......... 3,000... .3,000**... .9,000. . . .6,000**. . . . 15,000... .9,000**. . . 21,000 


tant from the standpoint of effect on ap- 
paratus and higher frequencies from the 
standpoint of inductive co-ordination. 

The harmonics that may be impressed 
upon the supply system for 6-, 12-, 18-, 
and 24-phase rectifiers under balanced 
conditions are shown in Table II for har- 
monics as far as the 49th. The number 
of frequencies of 49th harmonic and 
below that may be present for balanced 
operation are 16 for 6-phase, 8 for 12- 
phase, 4 for 18-phase, and 4 for 24-phase 
rectifiers. Thus, there is much _ less 
chance of resonance for rectifiers of the 
larger number of phases. However, if 
a six-phase unit is out of service, the 
harmonics that may be present are the 
same as for the six-phase rectifier, al- 
though the magnitudes are lower than for 
full six-phase operation. From the stand- 
point of chance for resonance when one 
unit is out of service, there is a difference 
between two 24-phase rectifiers if one is 
made up of four six-phase units or two 
12-phase units. 
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* Based on 6-phase transformers and phase shifters for the larger number of phases. 


** Based on 12-phase transformers and phase shifters for the larger number of phases. 


monic voltages and currents from other 
sources only because of the relation of 
their harmonic reactance to that of the 
connected system. Large capacitors on 
the supply side of rectifier transformers 
tend to provide a short-circuit path for 
the higher harmonics incidental to recti- 
fier operation. For the lower-frequency 
rectifier harmonics, large capacitors may 
form a resonant path with the source 
which may result in larger harmonic cur- 
rents in the source and in the capacitor 
than in the rectifier transformers them- 
selves. Increasing capacitor kilovolt- 
amperes beyond a certain value at a rec- 
tifier location will decrease voltage tele- 
phone interference factor. This is an 
effect with capacitors and harmonics 
from rectifiers that is analogous to that 
pointed out by Feaster and Harder?® for 
the case of capacitors and harmonics from 
transformer magnetizing current. 

Depending upon conditions, it may be 
theoretically desirable to modify the har- 
monic-impedance characteristic of a shunt 
capacitor so as to make it 


1. Provide a short-circuit path for har- 
monics originating in the rectifier. 


2. Provide an open-circuit path to a par- 
ticular harmonic originating in the system. 


The short-circuit path can be obtained by 
adding a reactance in series relation with 
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bination at the fifth-harmonic frequency, 
a reactor of 16 per cent at fundamental 
frequency on the bank rating would be 
required for connection in series with one 
half of the capacitor bank. This reactor 
would increase the fundamental-fre- 
quency voltage applied to that section 
of the capacitor by eight per cent. 


Where large capacitors are connected 
in parallel with large multiphase recti- 
fiers supplied by transmission systems, 
it is particularly desirable to give careful 
consideration to the harmonic problem. 
The effects for the lower frequencies 
should be studied analytically, and by 
field tests which should give, if possible, 
the magnitude of the fifth-harmonic volt- 
age in the supply and the harmonic- 
frequency impedances. With this in- 
formation available, the capacitor ap- 
plication should be studied to determine 
what characteristic at harmonic fre- 
quency should be employed. It appears 
possible but unlikely that in a few in- 
stallations the subdividing of the capaci- 
tor into sections tuned for various fre- 
quencies will be found desirable. 


If the capacitor is supplied through a 


transformer (or autotransformer) and 
connected to the bus which supplies rec- 
tifier transformers, the effect is equiva- 


lent to putting a reactor in series with — 
the capacitor and thus to tune it for 
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some (not necessarily integral) harmonic 
frequency of the supply system. 


Available Number of Phases 


Standard ignitron rectifiers in the 600- 
700 volt class are available in ratings up 
to 10,000 amperes. Typical minimum 
preferred kilowatt ratings for a given 
number of rectifier phases for large loads, 
as in electrochemical service, are listed 
in Table III, which is based on the use of 
1,500-kw 6-anode and 3,000-kw 12-anode 
assemblies. The 3,000-kw unit is, of 
course, more economical than the smaller 
unit and should be used where total load, 
spare capacity, and similar considerations 
permit. 

In industrial applications using smaller 
ratings, fewer anodes are required, and 
it becomes correspondingly more expen- 
sive to provide many phases. The possi- 
ble combinations depend upon the load 
to be carried, the requirements for spare 
capacity, and the additional expense that 
may be justified for additional anodes. 
Table IV has been prepared to indicate 
the range and characteristics of combi- 
nations for various loads and number of 
phases. In some. cases combinations 
with different number of transformers 
are listed for a particular rating. Since 
the cost of the installation will increase 
with the number of transformers, Table 
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Table IV. Combinations for Various Loads 
and Number of Phases 


No. of Transformers 


Rectifier Rating (Kilowatts) 6- 12- 24- 
600-700 Volt Class Phase Phase Phase 
(BV te Coe PD 1 
W000 aanaseike cn 1 
1500s ae eee 1 
Di OOO cccnbeescrenteaN t eee 1* 
SOOO hee earns i aoe 1* 
S000 cahtacuce epee Tee 1*-2 Bet 
GLOOON Tn ee samen tec 1*-2 3** 


* 12-phase operation by the use of one quadruple- 
zigzag transformer. 


** 24-phase operation by the use of two quadruple- 
zigzag transformers and phase-shifting transformer. 


IV also gives an order of preference for 
the various combinations from the oper- 
ating point of view aside from wave 
shape. 


Summary 


The harmonic and load-balance char- 
acteristics of rectifiers and their com- 
plicated interrelations have been ana- 
lyzed. The effect of source harmonics 
on rectifier load balance has been shown. 
Curves giving the effect of a wide range 
of rectifier phases on wave-shape dis- 
tortion have been presented. The fac- 
tors which should receive consideration 
in the selection of the number of rectifier 
phases have been outlined. 
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A Vertical-Flow Compressed-Aiir Circuit 
Breaker and Its Application on a 132-Kv 


Power System 


H. A. P. LANGSTAFF 


MEMBER AIEE 


Synopsis: The compressed-air circuit 
breaker for indoor power-house service is 
becoming very popular. However, its use 
for high-voltage outdoor service is still in 
the field-trial stage. Several high-voltage 
porcelain-clad circuit breakers of American 
design are now in service, and their perform- 
ance is being watched carefully. A 138-kv 
1,500,000-kva three-pole breaker has been 
installed at the Kittanning substation of the 
West Penn Power Company. Before instal- 
lation its interrupting ability was checked 
to 5,900 amperes with full 182 kv on a 
single-pole unit and on a circuit with a 
transient recovery rate of 3,100 volts per 
microsecond. The mechanical operation 
was tested with the breaker in a heavily 
iced condition at —14 degrees Fahrenheit. 
The air-supply system was tested at —4 de- 
grees Fahrenheit, and both were found to 
operate satisfactorily. 

The breaker was installed on the most 
active line of the West Penn Power Com- 
pany system. During the three months 
following its installation it had 41 opera- 
tions, five of which were on faults. Its 
operation to date has been satisfactory in 
every detail, and it is hoped that this new 
device will meet operating requirements and 
reduce materially the time outage for servic- 
ing such apparatus. 


I. Introduction 


HE circuit-breaker art, almost from 

the time of its beginning, has depended 
upon the use of oil as an interrupting 
medium. Its use has permitted this 
country to develop a power system whose 
expanse and kilovolt-ampere concentra- 
tions are equaled no other place in the 
world. However, during the past four 
years, the interest in and the acceptance 
of compressed air as an interrupting me- 
dium has increased at an accelerating pace. 

A new type of compressed-air circuit 
breaker for powerhouse indoor service, 
utilizing a transverse blast, has been de- 
veloped to cover the range of kilovolt- 
amperes from 500,000 to 2,500,000.1-3 . 


Paper 43-51, recommended by the AIEE committee 
on protective devices for presentation at the AIFE 
national technical meeting, New York,, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 27, 1942; made available for printing 
December 21, 1942. , 


H. A. P. Lanestarr is electrical engineer, electrical 
engineering department, West Penn Power Com- 
pany, Pittsburgh, Pa., and B. P. Baker is develop- 
ment engineer, switchgear engineering department, 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 
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Possibilities of the high-voltage com- 
pressed-air circuit breaker for outdoor 
service in America have been carefully 
considered and found attractive, but the 
advantages and disadvantages could best 
be definitely established by outdoor field 
installation and trial. Therefore, a breaker 
was designed, built, and tested in the 
Westinghouse high-power laboratory‘ and 
installed in August at the Kittanning sub- 
station of the West Penn Power Company. 


II. Application 


West Penn Power Company's 1940 


132-kv three-bay 


Figure 1A. Single-pole unit of a three-pole 
138-kv 1,500,000-kva compressed-air circuit 
breaker 
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extension to their major switching station 
segregated from the existing structure. 
The use of three oilless breakers to elimi- 
nate fire hazard and reduce the time ele- 
ment for servicing was the objective. 
Such breakers were not available to meet 
the construction schedule. However, it 


‘was decided that operating experience 


should be obtained with such breakers; 
this resulted in the placing of an order in 
January 1941 for one vertical-flow com- 


ve 


pressed-air three-pole fully automatic — 


1,500,000-kva 138,000-volt breaker 
which was to be installed on a circuit 
where the greatest amount of operating 
experience would be secured which might 
be representative throughout the system. 
The circuit selected was already controlled 
by an oil circuit breaker equipped with 
impedance networks, provided with car- 
rier line-current relaying and included in 
differential bus protection. The breaker 
specifications, therefore, included capaci- 
tors to replace the impedance networks, 
arrangement for mounting carrier wave 
trap, and double-ratio double-winding 
double-core current transformers. The 
inherent design located the current trans- 
formers on the line side of the breaker 
which therefore left the major portion of 
this breaker connected to the bus and in- 
cluded in differential protection, which 
was considered satisfactory. The design 
is such as to permit future automatic re- 
closing and single-pole operation. 

The circuit controlled extends over a 
30-mile wood-pole line to a switching sta- 
tion where it interconnects with the Penn- 
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CYLINDER 


INSULATION 
TO GROUND 


Figure 1B. Schematic drawing showing side 
elevation of the breaker in Figure 1A 
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Figure 2A. Compressor house and 1,000 
pounds per square inch storage system 


sylvania Electric Company’s system. 
From that point the circuit extends over 43 
miles of wood-pole construction to the 
Keystone system of the West Penn Power 
Company at Ridgway, Pa.; thence again 
over 38 miles of transmission line, where 
it extends and interconnects at Warren, 
Pa., with the Pennsylvania Electric 
Company’s system. 

The application of this breaker is gen- 
erally in line with recommendations of the 
action of January 27, 1941 of the Joint 
Committee of the Edison Electric Insti- 
tute, Associated Edison Illuminating 
Companies, and the National Electrical 
Manufacturers Association, which was 
later followed and agreed upon in their 
October 24, 1941 decision, recommending 
field service installations on a selected set 
of ratings. This development holds prom- 
ise of effecting savings in critical materials. 


III. Description 


Figure 1 shows both a picture and a 
schematic diagram of a single-pole unit 
of the 138-kv breaker, The air-storage 
reservoir is mounted in a simple frame 
which also houses the blast valve and the 
valves which control air for opening and 
closing the breaker. 

At one end of the frame is mounted a 
porcelain clad Inerteen-filled wound-pri- 
mary current transformer. The double 
secondary, double winding, and double 
core provide for bus differential protection 
and standard line protection, using only 
one transformer unit per phase. The 
transformer forms one line terminal of the 
breaker and supports the stationary con- 
tact of the isolating switch: At the other 
end of the frame are mounted three tubu- 
lar porcelains which provide insulation to 
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Figure 2B. Compressors and driving motors 
mounted on the left side of the center aisle 
of the compressor house 


ground and form a tripod support for the 
pole-unit mechanism. One of these por- 
celains carries the air blast; the other two 
carry air for opening and closing the con- 
tacts respectively. 

The pole-unit mechanism consists es- 
sentially of two simple cylinders and pis- 
tons. The one mounted vertically oper- 
ates the arcing contact within the inter- 
rupting device, and the other mounted at 
an angle operates the isolating switch. 
Both are very fast and pneumatically 
interlocked, so that the circuit is always 
opened on the arcing contact and closed 
on the isolating switch. 

The double-orifice vertical-flow inter- 
rupting element described fully in an- 
other paper® is supported by the pole- 


Figure 2C. Motor controls and pressure 
governors mounted on the right wall of the 
compressor house 


unit-mechanism housing between two 
identical porcelain columns. 

With the breaker in the closed position, 
the circuit is complete from the top of the 
upper interrupter porcelain through the 
interrupter, the pole-unit mechanism, the 
isolating switch, and current transformer. 

Bleeder valves are provided to allow a 
continuous trickle of dry air through all 
three porcelain columns, thereby pre- 
venting breathing and keeping their inner 
surfaces in better operating condition. 


Table |. Interrupting Tests on a Single-Pole Unit of a Three-Pole 138-Kv 1,500,000-Kva 
Compressed-Aiir Circuit Breaker 


Tests June 5, 1942, at the East Pittsburgh High-Power Laboratory. Witnessed by Ensi- 
neers of the West Penn Power Company 


Reservoir Circuit- 
Pressure Transient Fre- 
Applied Recovery Amperes (Pounds Recovery quency Type 
Voltage Voltage Inter- Amperes Per Arcing Rate Cycles of 
(Kilo- (Kilo- rupted Closed Square Time (Volts Per Per Opera- 
Test volts) volts) (RMS) (Crest) Inch) (Cycles) Microsecond) Second tion 
Nd Cet nee Laas tagetes Par ateteeare sx ope 
LLG ees P50} ocr 
DBO e es Tak si DDE aravaterc ers wiacare.eeie a8 
108) 5 a.2 2;0305 san 
10) esi te SiLGO cee ae teeravatateratars chaos 
LOWeme ee 2,820..... 
LOGO eis A SSO esteeniietett ec 
LOB aes: 4,400..... 


S320 eer 7,000. . 


* Oscillograms shown in Figure 4. 
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t Oscillogram shown in Figure 5. 


TRANSACTIONS 189 


The three poles are mounted separately 


and are mechanically independent but are 
simultaneously electrically controlled from 
a single housing which contains all re- 
lays, gauges, and so forth. Their opera- 
tion is synchronized to within a cycle, and 
they may be converted easily to provide 
high-speed reclosing for either segregated 
or three-pole service. All control wiring is 
enclosed within the tank enclosure and 
supporting structure. 

Figure 2 shows the air-supply system 
which consists of an insulated heated 
house containing two 1,000-pounds-per- 
square-inch compressors separately driven 
and operated independently or in paral- 
lel, each feeding through separate coolers 
into a battery of 
storage bottles. 


1.5-cubic-foot 
These bottles are con- 


five 


nected through another cooler to a 
second battery of five bottles. All are 
used as storage capacity at 1,000 


pounds per square inch from which air is 
supplied through a _ pressure-reducing 
valve to the breaker reservoirs where it 
is stored at 350 pounds per square inch, 
By compressing air to 1,000 pounds per 
square inch, cooling, and then expanding 
to 850 pounds per square inch, air suffi- 
ciently dry for satisfactory operation of 
the breaker is secured. Preparations are 
being made to measure periodically the 
moisture content of the air under varying 
atmospheric conditions. 

The air-supply unit is mounted adjacent 
to the breaker, as shown in Figure 3, and 
connected by means of a one-inch copper 
air line to the middle pole unit from where 
it distributes through the respective con- 
trol valves to each of the two outer pole 
units. From the central-pole control 
cabinet, air passes through a protective 
valve which is arranged to allow air to 
flow forward freely after the pressure has 
reached a predetermined value, but to 
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Figure 3. A three- 
pole 138-kv 1,500,- 
000-kva com- 
pressed-air circuit- 
breaker installation 
at the Kittanning 
substation of the 
West Penn Power 
Company 


limit the flow in the forward direction in 
case it exceeds a predetermined amount, 
which would be the case with a fouled 
valve or burst connection. A check valve 
is also incorporated in this protective 
scheme to guard against a reverse flow 
of air. 

Three pressure-responsive switches are 
connected to the common air line to pro- 
vide signals guarding against the function- 
ing of the breaker with insufficient air 
pressure. One switch provides alarm 
when pressure drops below 250 pounds 
per square inch, another opens the closing 
circuit when pressure drops below 240 
pounds per square inch, and the third 
opens the tripping circuit when the pres- 
sure drops below 225 pounds per square 
inch. These switches are so connected in 
the control circuit that, once an operation 
is initiated, it will be completed without 
interference from the pressure switches. 
Settings are such that, if there is sufficient 
pressure to allow closing, there will be 
also sufficient pressure to enable the 
breaker to open immediately in case of a 
fault. 


IV. Factory Tests—Interrupting 
Tests 


One pole of this breaker was tested in 
the Westinghouse high power laboratory 
and witnessed by representatives of the 
West Penn Power Company. Table I 
shows this series of 15 short-circuit tests, 
including both opening and closing—open- 
ing operations with 120 and 88 ky respec- 
tively across the single-pole unit. The 
maximum current interrupted at 120 kv 
was 4,830 amperes, and 7,000 amperes at 
88 kv. There was practically no visible 
disturbance during the opening operation 
of these tests, but a limited amount of 
arcing was noticeable at the final closing 
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position of the isolating switch. The air 
discharge on opening operations was 
quite noticeable but not at all serious and 
did not increase with the increase of 
kilovolt-amperes interrupted. After the 
tests, the arcing and isolating contacts 
were all inspected and found to be in ex- 
cellent condition. 

Figure 4 shows three typical oscillo- 


’ grams of the opening operations. 


Figure 5 shows a typical oscillogram of 
a closing-opening operation. 

Table II shows a series of six opening 
operations with 132 kv across a single 
pole of the 138-kv breaker. The react- 
ance of the circuit was adjusted to give 
4,800 amperes with a circuit transient 
recovery rate of 2,800 volts per micro- 
second. The pressure in the reservoir was 
decreased after the first two tests, so that 
on the last test 4,400 amperes were inter- 
rupted with 225 pounds per square inch. 

Figure 6 shows the magnetic and cath- 
ode-ray oscillograms of a single-pole unit 
interrupting 5,900 amperes with full 132 
kv applied to its terminals. The circuit 
transient recovery rate was 3,100 volts 
per microsecond, The arcing time was 1.2 
cycles. ; 

These tests have not extended the 
limits of kilovolt-amperes interrupted on 
this type of interrupter.° However, they 
were made to demonstrate the adequacy 
of this breaker for 138-kv 1,500,000-kva 


service. 
V. Mechanical Tests 


The high-pressure air system was tested 
at 2,000 pounds per square inch, and the 


re ‘ 


low pressure reservoirs at 800 pounds per — 


square inch. The storage tanks met the 
state safety code and inspection require- 
ments and carried their approval before 
assembly in the breaker. P 
At 350 pounds. per square inch, th 
closing time for the isolating switch is 
approximately one-fourth second. The 


Table ll. Interrupting Tests With 132-Kv Initial 

Voltage, 60 Cycles, Applied to a Single- 

Pole Unit of a Three-Pole 138-Kv 1,500,000- 
Kva Compressed-Air Circuit Breaker 
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Figure 4. Magnetic oscillograms from Table | 


Currents and voltages—rms (AIEE Standards) 


A. Fault current 1,410 amperes; recovery 
voltage 114 kv 

B. Fault current 4,830 amperes; recovery 
voltage 109 ky 

C. Fault current 6,750 amperes; recovery 
voltage 82 kv 


three isolating switches reach the closed 
position within one cycle of each other. 
The time from rise of blast-coil current to 
parting of the arcing contacts is approxi- 
mately six cycles. The three arcing con- 
tacts part within 0.6 cycle of each other. 
The spread is increased 0.1 cycle as the 
operating pressure is decreased to 270 
pounds per square inch. The opening of 
a closing—-opening operation increases the 
spread between the arcing contacts by 
another one- or two-tenths cycle. 


VI. Low-Temperature Tests 


The operation of the air-supply system 
at low temperatures was checked by 
placing it in a cold room with subzero 
temperature and operating it periodically 
for several days. Air was supplied to the 
compressor from outside the cold room, 
so that moist summer air at 85 degrees 
Fahrenheit was being compressed. The 
connection necessitated leaving ajar the 
door of the compressor cubicle; asa result, 
the temperature in the compressor cubicle 
reached 16 degrees Fahrenheit when the 
cold room temperature was —4 degrees 


Fahrenheit. At the end of the test, the: 


air in the storage system was discharged 
through the pressure-reducing valve, 
with no tendency to foul its operation. 
Everything functioned normally except 
a check valve in a cooler, which failed 
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several times to prevent pressure from 
getting back to the compressor. This 
produced no evidence of trouble and was 
detected only by opening the drain valve 
on the compressor. 

Figure 7 shows a single-pole unit of 
this breaker iced in a cold room at —14 


TRANSIENT RECOVERY VOLTAGE 
(AiWove RRY OSC/LL OGRAM) 


 FRULT 
CURRENT 


weg, 


Figure 6. Cathode-ray and magnetic oscillo- 
gram of a single-pole 138-ky breaker operating 
with 132 ky across its terminals 


Fault current 5,900 amperes; applied voltage 
132 ky; circuit transient recovery rate 3,100 
volts per microsecond 
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Figure 5. Magnetic oscillogram from Table | 


degrees Fahrenheit. The tests at low 
temperatures extended over five days. 
However, in order to check its operation 
under the most severe conditions, the 
compressor was placed outside the cold 
room and moist warm summer air was 
pumped directly into the breaker, without 
going through the usual stages of com- 
pressing and then re-expanding in order 
to eliminate the moisture. Warm water 


Figure 7. A single-pole 138-kv compressed- 
air circuit breaker iced for mechanical and 
electrical tests at — 14 degrees Fahrenheit 
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I38KV 1200 AMP 
TYPE “CA” BREAKER 


AIR COMPRESSOR 
PUMP 8FTx 8FT x 5FT 


was directed on the guide and packing 
gland through which the disconnecting 
blade slides, while the breaker was 
opened and closed. Thus the valves and 
all operating parts were thoroughly wet- 
ted. The temperature was then dropped 
to —14 degrees Fahrenheit and, by means 
of an intermittent spray, the breaker was 
iced as shown in Figure 7. 

Upon energizing the opening valve, the 
operation of the contacts appeared 
normal, and the isolating blade ap- 
parently functioned as though no ice at 
all were present. Its normal average 
speed of 24 feet per second was recorded. 

While the breaker was still iced, 132 kv 
was applied across the insulation ground 
for two minutes. Some corona was ob- 
served on the ends of icicles, but no 
flashover resulted. 


VII. Installation 

The complete breaker was trucked 
about 45 miles to the Kittanning substa- 
tion on July 16, and, after assembly of 
the pole units in the vicinity of its per- 
manent location, the oil breaker was re- 
moved, and within seven days the air- 
blast breaker was installed, miscellaneous 
changes were made, and it was tested 
and placed in service. Approximately 
1,400 man-hours were spent on the entire 
job. The miscellaneous changes con- 
sisted of removal of the capacitors from 
the breaker assembly, rearrangement of 
controls, fittings, and so forth. The 
manufacturer's design met all general 
specifications, but the three capacitors 
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251-8 


Figure 8. On the 
right is shown an oil 
circuit breaker lo- 
cated in the switch- 
yard, and on the left 
is shown the way in 
which the com- 
pressed-air breaker 
and its accessories 
were arranged after 
the oil breaker was 
removed 


138-KV OIL 
CIRCUIT 
BREAKER 


were relocated and connected to the sta- 
tion bus to provide bus potential for all 
132-kv relaying, synchronizing, and so 
forth. The original capacitor and carrier 
wave-trap installation was retained. Fig- 
ure 8 shows an installation comparison of 
the oil breaker with that of the air-blast 
unit. The latter shows the capacitor with 
one wave trap in place as originally 
planned. All three poles of the breaker 
and the air-compressor unit have been 
installed within the oil-circuit-breaker 
bay, all of which are located on an ele- 
vated concrete platform. 

The complete functioning of the entire 
unit was checked with the following re- 
sults. With the air compressors out of 
service and the air-storage system normal, 
six opening operations and five closing 
operations were obtained in less than six 
minutes. It is recognized that this se- 
quence should be used only in an emer- 
gency, since the charging of the breaker 
reservoirs from low bottle pressure de- 


creases the effectiveness of the drying © 


cycle. However, after operating the 
breaker with improperly dried air, its 
Megger readings had not decreased, and 
the breaker was placed on the 132-kv 
line without evidence of trouble. With 
the high-pressure system disconnected, 
the breaker completed an opening opera- 
tion, followed immediately by a closing— 
opening operation, using air only from 
the pole-unit reservoirs. 

It has not been found convenient to 
make short-circuit tests on the system 
because of the importance of the inter- 
connection and because of the duty to 
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which the breaker can be subjected being 
limited to about 1,000,000 kva. During 
the three months following its installation 
there was a total of 41 breaker opera- 
tions, five of these being automatic as a 
result of line faults. All of these have 
been faults to ground with current*values 
limited to not more than 3,000 amperes. 
All operations have been quite satisfac- 
tory with no noticeable system disturb- 
ance and without evidence of any breaker 
distress. : 

Included in the preceding operations 
there have been a number of cases where 
the charging current of the unloaded open 
end line has been interrupted with no 
noticeable disturbance. 

The trickle of air through porcelain 
columns requires about one hour’s opera- 
tion per day for one compressor. A 
rather complete record is being kept of all 
work pertaining to the breaker, and no 
definite maintenance schedule has been 
formulated as yet. Air-compressor in- 
spection will be governed by actual 
operating hours. 


e 


VIII. Conclusion 

We are quite hopeful that this new de- 
vice will meet operating requirements 
and reduce materially the time outage for 
servicing such apparatus. The West 
Penn Power Company’s future breaker 
purchases will be governed to a large 
extent by the performance of this unit, 
and it is hoped that other utilities may 
benefit and take advantage of this experi- 
mental installation. 
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Rural Electrification Engineering and 


Electroagricultural Engineering 
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HE great interest shown recently by 

electrical engineers in rural electrifica- 
tion engineering and electroagricultural 
engineering is demonstrated by the fact 
that in the October 1942 issue of Exec- 
TRICAL ENGINEERING there appeared a 
paper which was entitled ‘‘New Engineer- 
ing and a New Industry,” presented in 
December 1941 before the American 
Society of Agricultural Engineers. The 
statement made therein that ‘‘before 
1935 there was no rural electrification 
engineering,’ which was misinterpreted 
by some readers, was not made to dis- 
credit the work of anyone in electrifying 
farms, but referred to the fact that there 
was no specific branch of engineering that 
could be called “rural electrification en- 
gineering.’”’ In fact, we all consider rural 
electrification engineering as a part of 
distribution engineering in general, and 
the latter is likewise a very young branch 
of engineering. As a matter of fact, very 
few spoke of “rural electrification.” In 
most of the literature prior to 1935 you 
will find only the term, “rural line ex- 
tension.” The following statement is 
from the National Resources Committee 
report in “Technological Trends and 
National Policy,” 1937, page 284: 


“Electric distribution grew as America grew. 
No one could have possibly predicted the 
rapid growth of American Cities or American 
industries. During that rapid period of 
growth, any systematic planning of distri- 
bution for several years ahead became out of 
date on short order. Furthermore, during 
the rapid growth of the industry, when 
millions upon millions were spent on genera- 
tion and transmission, practically all the at- 
tention of engineers and manufacturers was 
concentrated on these two fields. The engi- 
neers were so wrapped up in generation and 
transmission that many of them considered 
distribution as too lowbrow to merit their 
attention. Distribution was frequently left 
to the lineman, purchasing agent, and store- 
keeper, and many distribution systems grew 
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up to give the impression of crazy quilts, 
without any apparent logic either in circuit 
sizes, voltages, or locations, and sizes of 
transformers.” 


Distribution engineering really started 
with the introduction of the a-c network. 
Rural electrification engineering is a 
branch of distribution engineering, but 
the very fine engineering developed for 
networks, could not be applied to it. 
Those who had to compute rural circuits 
had to, and, to a great extent, still have 
to, use the methods developed by that 
branch of engineering to which most of 
the engineering brains of the last 30 
years or so has been devoted—transmis- 
sion engineering. Now, when on a trans- 
mission system the short-circuit current, 
the voltage regulation, and the stability 
are computed, the results indicate where 
breakers are needed and what kind, where 
relays are needed and what kind, where 
voltage regulators are needed and what 
kind, where reactors or capacitors are 
needed and what kind. The equipment 
can generally be found in a catalogue, 
and, if you have the money to buy it, 
even if each breaker costs $130,000, it 
can be ordered, You can also assume 
that there will be operators and operating 
engineers, even specialized engineers 
who are qualified to operate and maintain 
the large breakers, the fine relays, the 
elaborate recording and metering devices, 
and so forth. When the same method of 
computation is applied to rural circuits, 
and when the results are obtained, what 
do you have? Probably just a fuse, and 
you hardly have enough money to put in 
a fuse every place you think there should 
be one. And in many cases you may not 
put in a fuse—you will take a chance on 
getting along without it, because it is 
practically impossible to co-ordinate fuses 
as accurately as to co-ordinate relays. 
And you know that there will be no one 
but a lineman to operate and maintain. 
The importance of continuity of service 
for farming may be far more pronounced 
than for domestic use. Previously it took 
two to three weeks to compute the short- 
circuit current of a rural system, and, 
after the computation was all done, most 
of the results could not’ be used advan- 
tageously, since you had to do the best 
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you could with existing equipment. So 
we first proceeded to reduce the mathe- 
matical analysis to existing conditions, 
with the result that an engineer can now 
do the job in one day. Second, we were 
able to show the manufacturer that a 
good market exists for a good circuit 
breaker for use on rural distribution cir- 
cuits. There was only one on the market, 
but the manufacturer of this breaker had 
vision and kept improving it to meet the 
specific requirements of the primary rural 
circuit, with the result that Rural Elec- 
trification Administration systems alone 
bought over 5,000 such breakers in one 
year, and practically all systems that 
have them report that they are satisfied 
with their performance, because the 
breakéts have saved them many extended 
interruptions. Other manufacturers have 
developed small breakers, a few of which 
are already in operation, but the war 
stopped further activity. We will need 
better and cheaper primary circuit 
breakers, both single-phase and three- 
phase, with a greater degree of co-ordinat- 
ing flexibility. Many additional improve- 
ments are still needed to give more per- 
fect co-ordination. This is what we call 
the first chapter of rural electrification 
engineering. It is by no means complete. 
(In electrical engineering we are ac- 
customed to being always a few years 
ahead of the textbook.) 


We consider the work done on telephone 
co-ordination as the second chapter of 
this specific branch of electrical engineer- 
ing. 

The voltage problem which is now in 
the process of study, will probably form 
the third chapter. We have already 
learned a lot that we did not know before, 
and some of it, we hope, will soon be 
ready for presentation to the profession, 
but it is a long and difficult job, and the 
analysis no doubt will bring out the need 
for new equipment. In this whole field 
of engineering there are not enough 
operating data for establishing the foun- 
dation for all future designs based on 
Kelvin’s idea of balancing fixed charges 
against variable charges. The systems 
are too young. But enough data are al- 
ready available to indicate the need for 
changes in equipment design. For in- 
stance, we already know that rural dis- 
tribution transformers should have lower 
core losses. There is hardly any second- 
ary distribution in rural areas; the 
consumers are so far apart that practically 
every one must have an individual trans- 
former. Most of the rural systems use 
purchased energy, and in most cases the 
cost of energy represents a very promi- 
nent item in the total annual charges. 
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This is in general an entirely different 
picture as compared to an urban distri- 
bution system. 


There are innumerable similar items 
of difference. But what has been said 
here will be sufficient to stimulate the 
electrical engineer to devote some time 
to this new specific branch of electrical 
engineering and convince the electric- 
equipment designer that different and 
new equipment is needed for this field. 
The market is now large enough to jus- 
tify these specific studies. For example 
the following are a few things that manu- 
facturers could devote time to develop- 
ing: smaller transformer with very low 
core loss; cheaper, but reliable lightning 
arresters, based on the fact that the short- 
circuit current on rural systems is prac- 
tically never over 1,000 amperes; cheaper 
meters, more rugged, even perhaps at the 
sacrifice of a bit of accuracy; simple, 
cheap, portable instruments to measure 
ground resistance, without bothering too 
much about extreme accuracies; insu- 
lators that will stay put on the pin and 
not give radio interference; portable test- 
ing instruments that are safe and simple 
to operate; a simple portable oil tester 
and filter; new voltage-regulating equip- 
ment will no doubt be needed, but the 
available data are as yet inadequate for 
definite functional specifications. 


There are hundreds of thousands of 
miles of rural circuits, single-phase, Vee 
and three-phase, 7,200 volts, all with 
grounded neutral. Single-phase circuits 
without any neutral at all are in existence 
here and there, the earth serving as the 
return path for the circuit. Each trans- 
former is connected from the phase wire 
to ground. If there should be a break in 
the grounding wire or wires any place be- 
tween the transformer and the ground, 
there would be practically full voltage 
across the break. This is indeed danger- 
ous. But we have not heard of any acci- 
dent resulting from this type of failure. 
A neutral conductor, which is assumed to 
be at ground potential, may be more 
dangerous than a 220-kv line, since ade- 
quate precautions always are taken when 
handling 220kv. But we must know more 
about it, and the only way to find out is 
first to exhaust analytical methods, 
based on reasonable assumptions that are 
again based on experience, and then to do 
a lot of testing. There may be a voltage 
gradient on the surface of the soil from the 
pole out, and it will be necessary to es- 
tablish what that voltage gradient is, 
because 100 volts may killa horse. I am 
not expressing any opinion for or against 
the use of such circuits; I merely want to 
emphasize the importance of ground test- 
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ing on a large scale. Where there is a 
neutral conductor, it may carry only 30 
or 40 per cent of the amperes, the earth 
carrying the rest. And where there are 
amperes, there are volts, and here too 
the voltage gradient should be tested. I 
know of course that such tests need a 
voltmeter and not a ground meter, but, 
if everyone had enough ground meters to 
establish the ground resistance in ad- 
vance, the voltage gradients could almost 
be predetermined by computation. Be- 
sides, what are a few ohms of resistance in 
the life of a young lightning stroke that 
can jump across half a mile of space with 
the greatest of ease? Some tests will have 
to be carried on to determine ground in- 
ductance and capacitance. So you see 
how much engineering there is still to be 
done on the item of grounding alone be- 
fore we are ready to say from an engineer- 
ing viewpoint that we know the character- 
istics of a rural distribution circuit. This 
ought to be enough to satisfy those who 
think that ‘‘rural electrification engineer- 
ing” is as old as Benjamin Franklin. 


For supplying electric energy to farms 
in the less sparsely populated territory, 
beyond the economy of line extensions, 
there will be needed small self-contained 
simple rugged generating units, each to 
supply one or several farmers. It may be 
possible that plowed-in underground 
cable can be used, or that some other new 
method can be developed for serving a 
group of farms located in an isolated area. 


Constant current primary with con- 
stant potential supply and constant po- 
tential load, as proposed by Percy H. 
Thomas and others, deserves serious con- 
sideration. Further study may prove its 
applicability to many conditions in rural 
areas, and, if it does, new equipment will 
have to be developed for the purpose. 
Conditions in the future will no doubt call 
for underground primary systems, and 
for these conditions a transformer will be 
needed which can be put: right in the 
ground without any manholes or boxes. 
Such a transformer already has been 
tried out in Canada, but further develop- 
ment will be needed. 


During the two years from the middle 
of 1940 to the corresponding period of 
1942, joint development work has con- 
tinued between the Rural Electrification 
Administration and the Bell Telephone 
System to determine the practicability of 
providing telephone service to rural com- 
munities by carrier channels superim- 
posed on power distribution lines. Sub- 
stantial progress has been made in solv- 
ing a number of the technical problems 
encountered. Laboratory models have 
been made of apparatus which would be 


required at subscribers’ locations and tele- 
phone central offices to render this serv- 
ice. Preliminary models also have been 
made of the apparatus which must be 
added to the power line, not only at the 
points where the connections are made to 
the subscribers’ stations and the tele- 
phone central offices, but also at other 
points, in order to provide a satisfactory 
communication channel. 


Considerable work remains to develop 
the apparatus into good commercial form 
and to determine from a field trial the 
answers to the many operating problems 
which would be encountered in rendering 
a service of this type. The status of the 


work recently has been reviewed jointly — 


by the Bell Telephone System and the 
Rural Electrification Administration, and 
a decision reached that the work should 
be suspended for the duration of the war. 
This helps to meet the present need for 
concentrating on the war all possible re- 
sources, including technical men, critical 
materials, and manufacturing effort. 
Problems of radio interference also 
occur in rural areas. A reasonably good 
locator has been developed by Rural 
Electrification Administration engineers 
in co-operation with a manufacturer. 
Several hundred such instruments are 
now being used with reasonably good re- 
sults, but improvements are needed. As 
“telephone interference’’ was changed to 
“telephone co-ordination” by co-operative 
efforts of utility engineers and telephone 
engineers, so should ‘‘radio interference” 


be changed into “radio co-ordination” . 


by co-operative efforts of the engineers of 
the electric utilities, the broadcasting 
companies, and the radio manufacturers. 

So you see: The rural circuit is not 
just a pole, a guy, a little insulator, a 
little transformer, and a little fuse. It 
calls for the most painstaking engineer- 
ing analysis. And when I speak of en- 
gineering, I will repeat that anything not 
based on a solid foundation of physics and 
mathematics is not engineering. 

We now come to electroagricultural 
engineering. When the statement was 
made that there was no electroagriculture, 
it was not meant that no one ever used 
electricity on the farm. And when it was 
said that there was no electroagricultural 
engineering, it did not mean that no engi- 
neer ever tried to apply engineering to the 
use of electricity for farming. Again, it 


was meant that as yet there is no specific ¥ 
branch of engineering that could be’ called — 


electroagricultural engineering, and there 


was no specific industry that could be © 


called electroagricultural industry. As 
a matter of fact, these things are so new 
that it is difficult to say now what the 
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subject of the first chapter of ‘‘Electro- 
agricultural Engineering” should be. 
Even this will have to be developed as we 
go along. No more will therefore be said 
here about the engineering possibilities, 
and the discussion will limit itself to the 
industrial possibilities. Here we know of 
some definite needs, and this is addressed 
primarily to progressive American manu- 
facturers who look ahead, find out what 
will be required, and proceed to build it 
and put it on the market. 


Electroagricultural engineering is 
closely associated with rural electrifica- 
tion engineering, because, for example, 
the grounding problem is probably more 
important in connection with the fire 
hazard on the farm than in the city. A 
faulty ground may cause a fire, and, when 
a fire starts on the farm, the results are 
frequently disastrous. A simple cheap 
ground meter, suitable for the convenient 
use of every electrician, should be de- 
veloped. Incidentally, the study of 
lightning protection of farm buildings 
and perhaps the development of more 
competent equipment for this purpose 
likewise invite some activity on the part 
of the electrical manufacturers. 

While we are on the subject of hazards, 
we may as well consider the electric fence 
which is important in wartime, because 
less critical material may be used. The 
diversity of the types of control on the 
market is so great as to be bewildering, 
and many of the types are definitely 
hazardous. A committee of the National 
Electrical Safety Code has been engaged 
in the study of this subject, but, before 
quantity production is possible, some 
work by an AIEE committee and a 
National Electrical Manufacturers Asso- 
ciation committee will no doubt be in 
order. 

When large-scale rural electrification 
started, all efforts were concentrated on 
bringing into the farm the minimum 
amount of civilized comfort such as elec- 
tric lights, radio, a flat iron, a water 
pump, a washing machine, perhaps a hot 
water heater, and here and there an elec- 
tric range. This was as it should have 
been. The activity should continue, and 
improvements should be introduced. 
Illuminating engineers should study the 
problem of lighting for the farm, the farm 
home, the farmyard, the barn, and soforth, 
and the specific requirements of the cir- 
cuit. This should possibly be made a 
project by the Illuminating Engineering 
Society. Lighting problems on the farm 
are different and call for different treat- 
ment. 

An important item of comfort to which 
manufacturers should devote their atten- 
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tion is the development of a small, cheap, 
but very reliable water pump, in order to 
make it possible to bring running water 
into the poorest farm home. I consider 
this to be as important as the electric 
light. Public health authorities are unani- 
mous in their opinion that running 
water in every home would reduce sick- 
ness in the countryside. 


Recently there has come about a realiza- 
tion that every effort should be made to 
develop equipment to make it possible 
for the farmer who has electricity to use 
that electricity for real farming, to get 
more revenue out of his farm, to produce 
more or better food, to preserve food, and 
to make it unnecessary to let good food go 
to waste. This is real electroagricultural 
engineering. As was brought out in the 
paper previously referred to, some wonder- 
ful work has been done along this line by 
men of science in the colleges and in other 
laboratories, but it has not been possible 
as yet to make the result of their labor 
available to all the farmers in the coun- 
try, because there is as yet no specific 
industry which can manufacture the items 
as quantity production. There is already 
some evidence of the beginning of such an 
industry. What already has been done 
only helps to demonstrate what we may 
expect in the future when a real electro- 
agricultural industry is established, using 
quantity production methods for making 
low-cost but reliable equipment that the 
small farmer can use to get a little more 
revenue out of the electricity that he 
already has or will have. Most of the 
items already on the market are too ex- 
pensive for the small farmer. They are 
intended for the more prosperous farmer, 
and our main interest should be to make 
the small farmer more prosperous. 


At various times individuals have en- 
deavored to list the electric equipment 
and appliances suitable for both the farm 
and the farm home. Some of these lists 
exceed the 350 mark. State Agricultural 
Colleges, the United States Department 
of Agriculture, and others have been re- 
sponsible in large measure and have 
worked exceedingly hard for many years 
on the research and development of elec- 
tric applications. It must be said that 
very few of these have found their way to 
the farm in large numbers. It is most 
dificult to get one’s teeth into the real 
meat of these applications, for, although 
much work has been done, yet little 
specific information, either on statistics 
or accomplishments, has been assembled. 
At first thought this seems strange, be- 
cause so many of these can be catalogued 
as income-producing equipment which has 
been proved profitable to the owner. 
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The year 1941 was an exceptional year 
in manufacturing and in the sale of all 
farm equipment, electric and nonelectric. 
It exceeded in volume any previous year, 
and the sales value of it was 36 per cent 
greater than 1940, and 34 per cent above 
the high mark set in 1937. Electric farm 
equipment sold for both the years 1941 
and 1940, and the increase in favor in 
1940 are shown in Table I. 

It will be noted that the electric equip- 
ment manufactured and sold in quantity 
is confined to a few items. Those items 
assembled and released by the Bureau of 
the Census include only milking machines, 
cream separators, milk coolers, domestic 
pumps, water systems, and brooders. It 
should be remembered that the figures 
shown are for years when the sales of 
these units were exceptionally high. Con- 
sidering this fact, it is obvious that 
with 2,337,160 farms electrified we still 
have a long way to go to reach saturation 
of this group alone. We will not reach it 
until we have a specialized industry with 
quantity production. Even on dairy 
farms where electricity can be used in so 
many ways it has been shown on an aver- 
age that only 10 per cent of the connected 
load is used for farming operations; the 
other 90 per cent is used for lighting, 
household appliances, and water pumping. 
The former figure is exceedingly low when 
we think of electric service as being used 
to increase farm production and income. 

An electric motor-driven cream sepa- 
rator will finish the job in half the time 
that hand work will. With the larger 
sizes of separator it is now a one-man 
instead of a two-man job. 

Records of 25,000 acres in the state of 
Oregon which were irrigated show a gross 
increase of $40 per acre over nonirrigated 
acres. Although irrigation is practiced in 
every state of the nation, yet today it is 
only in its infancy in the humid regions. 

Individual farmers report savings up to 
$100 per year by electric feed grinding, 
but here too we cannot as yet speak of 


Table |. Electric Farm Equipment Sold* 
Increase 
Num- Per 
1941 1940 ber Cent 
Milking ma- 
chines.,.... 53,463... 33,930. ..19,533...57.6 
Cream sepa- 


rators (hand 
or power 
operated). . .138,785...105,254.. .33,531...31.8 


Milk coolers... 13,143... 9,134... 4,009...43.8 
Domestic 

pumps and 

water sys- 

tems 5. 4.)35 360,412. . .267,972.. .92,440. ..34.5 
Brooders...... 111,689... 91,340. ..20,349...22.3 
* Source: MANUFACTURE AND SALE OF FARM 


EguipMent. Bureau of the Census, United States 
Department of Commerce. 
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general use of electric feed grinders on the 
farm. 

Numerous other activities could be 
quoted where electricity has been used 
successfully on the farm. But anyone 
who has had a chance to see the fine re- 
search work being done in the various col- 
leges will at once realize that the surface 
has not yet been scratched and that 
manufacturers will find a ready market 
for many items now in the development 
stage in the colleges, or in the minds, or 
the cellars of individual inventors. Until 
recently there was very little incentive 
for manufacturers to spend money on the 
development of new devices for the farm. 
Such new items are hard to sell and they 
are expensive to sell. Farmers are far 
apart from each other, and the very sales 
effort required for introducing a new item 
on the farm makes the cost of the article 
in many cases prohibitive. The REA co- 
operatives use a group-purchase system, 
and they can arrange with manufacturers 
to cover a quantity purchase by one agree- 
ment. Since November 1939 the Rural 
Electrification Administration co-opera- 
tives purchased most of their meters under 
the group-purchase plan, totalling about 
$4,750,000 to the satisfaction of both the 
consumers and manufacturers, While 
all the service transformers for new con- 
struction have been furnished by the con- 
tractor, the co-operatives used the group- 
purchase plan for securing close to 25,000 
transformers for extensions, totalling 
nearly $2,500,000. Quite a few other 
items have been handled successfully 
through the group-purchase plan, making 
it unnecessary for the manufacturers to 
try to sell a new item from house to house. 


It is important to realize that whatever 
is manufactured for the farmer must be 
low in price, rugged, and simple in opera- 
tion. Only quantity production can bring 
about such devices. 

It is gratifying to be able to report that 
there is quite a number of progressive 
American manufacturers who have been 
giving this matter their careful attention 
and have been spending considerable 
sums of money on development of many 
devices suitable for quantity production. 

One manufacturer developed a self-con- 

tained quick freezer and cold-storage unit 
having a capacity of 20 cubic feet, which 
means that it will hold about 1,000 pounds 
of meat, or 500 pounds of fruit or vege- 
tables. It is sufficiently small in dimen- 
sions to be accommodated on the back 
porch of the house, and it is estimated 
that on a quantity production basis it 
would cost less than $300. There is no 
question that there is an enormous market 
for such an item. 
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Another manufacturer, to make it pos- 
sible for the farmer to grind his own whole- 
wheat flour and cereals, making it un- 
necessary to ship his wheat to the factory 
and then get it back again in the form of 
flour, developed a small kitchen-type 
flour mill weighing only 25 pounds and 
able to grind 20 to 40 pounds of flour per 
hour. The cost of this little mill based on 
quantity production will not exceed 
$25, and it is hoped that eventually it will 
have an attachment so that the standard 
makes of mixer attachments in the kitchen 
can be attached to the mill, thus eliminat- 
ing the necessity of buying a mixer. But 
this idea, along with the freezer, had to be 
put to sleep temporarily on account of the 
war. 


Dehydration is another very important 
item. We know, of course, that there is a 
great deal of commercial dehydration 
going on in this country and that dehy- 
dration made it possible to send enormous 
quantities of food abroad which other- 
wise could not have been sent. But two 
problems on the farm are as yet unsolved. 


1. Everyone who has traveled through the 
country knows that enormous quantities of 
apples, peaches, and some vegetables go to 
waste, because the farmer cannot afford to 
harvest them. 


2. Itshould be made possible for the farmer 
to dehydrate such fruits and vegetables for 
his own use. 


A small kitchen type dehydrator would 
solve these problems. One progressive 
manufacturer developed a small dehy- 
drator weighing less than 100 pounds and 
being 28 by 20 by 23 inches in dimensions. 
This little dehydrator does not call for 
special wiring, because the consumption 
is so low that it can be attached to the 
house circuit. It can produce in 12 hours 
four pounds of dehydrated apples from 25 
pounds of apples, and consumes only 2.4 
kilowatt-hours per pound of dehydrated 
apples. This item is likewise kept in 
abeyance because of the war. 


These are outstanding examples of the 
difference between homemade equipment 
and manufactured equipment. Numer- 
ous types of dehydrators have been de- 
signed by various schools, and the designs 
have been sent to the farmers with the 
advice that they produce those dehy- 
drators themselves. It is not. necessary 
to dwell upon the fact that during this 
critical wartime man power on the farm 
is now very scarce and that the farmer 
has no time to devote to the production 
of mechanical equipment, but even in 
peacetime very few farmers would be in- 
terested in producing such a device if a 
better commercial product were available 
at a reasonable price. Besides, all of the 


designs for homemade equipment show // 
* electricity consumption much greater 


than that of the one proposed by the 
manufacturer. Some of the homemade 
dehydrators require as much as 5 kilo- 
watt-hours per pound of dried apples as 
against the 2.4 kilowatt-hours that the 
manufactured equipment would require. 
There is no question that there is a market 
for hundreds of thousands of such small 
dehydrators if produced in quantity, of 
high quality, and at a low price. The esti- 
mated price of this particular dehydrator 
is about $36, based on a quantity of 5,000. 
But other manufacturers likewise are 
working on the development of a small 
dehydrator, and no doubt when the 
market opens up the price will be lower. 


The matter of chicken brooders is 
something for manufacturers as well as for 
an AIEE committee to study. Here too 
the number of designs is so great as to be 
bewildering and make it difficult for a 
farmer to select the type of brooder he 
should buy, to say nothing of making one 
himself. It should be possible now to 
crystallize a small number of standard de- 
signs that will meet all the requirements 
of the various agricultural schools and 
individual farmers and prepare some 
definite specifications under the auspices 
of the American Standards Association. 
This and only this will make it possible 
for reputable manufacturers to go into 
quantity production of brooders and for 
the farmers to get the best brooders for 
the lowest price. 


Some studies have been made on soil . 


treatment by application of electricity, 
and there is a beginning of promising re- 
sults. In one case, for instance, electric 
soil treatment eliminated entirely the 
wild morning glory (bindweed). In 
another instance a better quality flax was 
produced after the soil was treated with 
an electric process. This, too, should be 
studied by manufacturers with a view 
toward producing eventually standard- 
ized equipment for electric soil treatment. 
Experiments have been carried on to use 


electric light for the control of the Euro- _ 


pean corn borer. You know, of course, 
what a pest the corn borer has been. I 
have been told that in some parts of the 
corn belt farmers have stopped raising 
sweet corn solely on account of the corn 
borer. 
to stop, because the one who was out- 
standing in this work is now in the Army, 
but the work should be picked up again, 


and standard equipment should be de-— 


veloped that could be sold to every farmer 
who raises corn. 

Some research men have been working 
on the development of a small pasteurizer 
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These experiments likewise had _ 


at 
al 


ian 


Transmission-Line and System Problems 


in Supplying Large Electric-Arc Furnaces 
During Wartime 


B. M. JONES 


FELLOW AIEE 


LECTRIC-ARC furnaces are con- 
tributing materially to the war effort, 
and a great number of them, small, me- 
dium, and large, have been installed re- 
cently, and more are being installed all 
over the country. These furnaces inher- 
ently produce a violently fluctuating load 
with widely different values in the several 
phases during the early part of the heat, 
referred to in the trade as ‘‘the meltdown 
period,” and the electric lines and systems 
to handle such loads must be carefully 
designed and installed so as to prevent 
such swinging loads from affecting ad- 
versely the system and other critical 
loads, particularly the lighting, and at the 
same time to provide sufficient capacity 
and voltage for satisfactory furnace opera- 
tion. Also, such lines must be so arranged 
and connected into the system that the 
minimum of copper will be utilized—most 
important now. 

This article will discuss some of the 
basic data necessary to have at hand in 
the solution of the problem of connecting 
such loads to an electric transmission 
system, together with the actual solutions 
brought about by the installation of 20 
furnaces, medium and large, in ten plants 
of the Duquesne Light Company system. 

Briefly, there are five major problems 


Paper 43-29, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
script submitted November 27, 1942; made avail- 
able for printing December 21, 1942. 


B. M. Jonss is division planning engineer, systems 
planning and development department, Duquesne 
Light Company, Pittsburgh, Pa. 


involved, and the last is the most im- 
portant in time of war: 


1. To provide adequate line and/or step- 
down transformer capacity to carry the 
heating load that the furnace imposes 
thereon. 


2. Similarly, to-provide adequate line ca- 
pacity to handle the violent one- and three- 
phase load swings and deliver usable volt- 
age. 

3. To connect such line extensions into the 
system at a suitable location to avoid: 
(a) subjecting other customers to objec- 
tionable flicker, and (6) causing objection- 
able operation of various equipment on 
the system, such as induction-feeder voltage 
regulators, governing equipment, tie-line 
controls, rotating equipment, and so forth. 
(In time of war, such limitations have been 
stretched of necessity and in some instances 
waived entirely.) 


4. To reinforce the system and/or lines as 
required. 


- 


5. To use the absolute minimum of copper 
and other critical materials. 


Nature of Furnace Loads 


The load of a three-phase electric-arc 
furnace is of a violently fluctuating na- 
ture, as is shown in Figure 2, which is the 
oscillographic record-of the amperes in 
each of the three phases of the 5,000-kva 
furnace transformer listed as item 7 in 
Table I. The section at the left was taken 
during the early meltdown period and, 
as can be seen, the are strikes and goes 
out repeatedly with only a few cycles in- 
termission, and this continues for an ap- 


for the small farm that could be had at 
_low cost, and the prospects are very prom- 
ising. This work should have the atten- 
tion of electrical manufacturers. It 
should be made possible for the small 
farmer to pasteurize his milk and sell it in 
the community. 

The possibility of a storage-battery- 
driven electric tractor has not yet been ex- 
hausted. Some experiments were made 
prior to the depression but were dropped. 
It is difficult to predict whether or not 
such a tractor would be a success. It is 
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possible that if the cost of energy for 
charging the batteries at night is very low 
a market would be opened for small 
tractors to be used by hundreds of thou- 
sands of small farmers. 

There is a decided need for simplifica- 
tion of motor starters for medium-sized 
motors for farm use and also for a reduc- 
tion in the price of the starters. 

When the war is over a great deal will 
be known about high frequencies that is 
not known now, and it is possible that 
high frequencies ranging from audio fre- 
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preciable length of time, 20 to 30 min- 
utes or more. The middle section was 
taken after the furnace had been in opera- 
tion for a while and was approaching the 
end of the meltdown period. Note that 
the arc does not go out so often nor remain 
out so long, although in this oscillogram 
the middle phase does fluctuate quite 
widely. The section at the right was 
taken during the refining period and is ap- 
proximately a balanced load, and during 
this time the arc does not go out. 

There is no system problem in carrying 
the load during the refining period, but 
there is a very real problem in providing 
facilities to carry loads of this nature with 
reasonable expenditures and with mini- 
mum use of critical materials. 

Figure 3 shows the frequency of instan- 
taneous three-phase reactive megavolt- 
ampere swings for various-size fur- 
naces, and in several tests made it has 
been disclosed that the highest swing 
occurs only once in a six-hour heat, and 
that the next ten high swings are less 
than 80 per cent of this one value. This 
case was on a 10,000-kva furnace trans- 
former, and we have data on larger 
units which approximately bear this 
out. The objectionable zones of voltage 
flicker previously referred to are more 
likely to be in the latter range than for 
the one or two infrequent higher swings. 

A study of Figure 3 will show the steep- 
ness of the curve for the infrequent 
swings, and the lower swings, or more in- 
frequent ones, will probably not require 
so stiff a system and hence probably will 
require less material. We doubt the ad- 
visability of tooling up for the one or two 
maximum swings during a heat of even 
one or two hours, let alone for the one 
large swing occurring in a six-hour heat 
during wartime. 

The larger swings produced by several 
furnaces in simultaneous operation in one 
plant occur very infrequently—in fact 
our investigation discloses that they are 
of less frequent occurrence than the one 
high swing of one furnace operating alone. 


quencies to ultrahigh frequencies may 
have a great many applications on the 
farm. It may be possible to apply high 
frequency for soil treatment, and super- 
sonic waves may possibly be applicable 
for extermination of pests. This subject 
calls for much more study by electrical 
engineers. 


Reference 
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Table |. 


Furnace Transformer Data 


Light Company System 


Transmission Supply Lines, Short-Circuit and Voltage Flicker for 20 Furnaces From 1,500 to 15,000 Kva in Ten Plants in Duquesne 


At Customer’s Substation 


Volts Regulation on 115-Volt Base 
and Based on Instantaneously 
Established Single-Phase Swing 


— At Customer’s 


aes At Incoming Bus At High- Substation 
Supple- - Voltage Fur- 
Largest mental Supply-Line Data Reactance in Ohms nace Bus At Furnace At Nearest 

Trans- React- Three-Phase (Reactance At In- High- Critical 

Item Quan- former ance Voltage From Network Figure Short-Circuit Three- Single- in Ohms— coming Voltage Station 
No. tity (Kva) Used (Kv) or Separate Line No. (Kva) Phase Phase Single-Phase) Bus Bus Bus 
1 8 oe 10,0005 ING Scenes (Ey Saad Network ..... BeAr xs ce wletas 1,279;000 7a Bi O26 vicicinya 7-85. tears Vy oly ty a 1 Ooms 480.00. comme 1.37 
Saeasce 10,000... .. Vasu suis. 68 Network. G)526eB. nc cus 749,000..... C18 Ree 12986 eee 37.02%... 2: 00m 5.98...... 0.98 
Sen aede ee 10\000 mates No ......68 Separate** ,....6-D 304,000; , .. 18.22 e se eS0. ae 46.64%... 402 Neuen 7 Boer 1,23 
4 en feeds OOO snares eS ace vie ae) vavern exe Network} ...../ )- B 439,000..... 1208 soe: Dis Biri rete Pili case 2599 seer PES) Ras oct, 1.97 
5 al a WSO huis WSs Saeed me mite Separate None...... 132,000..... re neces Oe 8.02 566k SOS ee ee 9.94. rae 9.5945. Some 2.75. 
6 ane 6000 nn Mest wrt 68 . Separate ho nit ay A 330,000..... 14:02 4 nnn SoS aerate 836% aes Se eo vers LO.00.Sac0e 1.78 
7 Brad 6000... a Yes 23 .Network}t .....! 5 Ci uses 251,000... .. BAT ar 4 22 ents 4.22 WA 2 eens 4.12 en 3.74 
8 2 O00 nein Yes 23 Separate .....! 5. Dig Wee 108, 0000s nee o elo anes 10: 24see LOCA ee S70go. ee S:70nceeme 1.76 
9, 1 Wels an on Ves 23 dw etworks «icc sOxe-s Okt $19,500..... 1 656i. as S130. oe Sar Basle Zed oa on 2 D4. iheaie 1.87 
LON ce 3,000..... Yes LIS. eee peparater: pee, Oy Py Ay tev aie 364,000..... QO; 86a0 4.0 O. 726ee ee OLT 2685; re cOAe. wae 202) eerean 1.48 


(see text) 


* Includes intermediate transformation between incoming supply lines and the high-voltage furnace bus. 


+ A separate isolated 22-kv line can be made available by the opening of a remotely controlled oil circuit breaker at the customer’s plant if necessary when the 


furnace loads are swinging. 


** A separate line or lines required for line loading and not for furnace load fluctuation. 


Pure reactive used for overhead lines and 80 per cent of impedance for cables. 


In specific tests on an installation of four 
10,000-kva furnaces in the same plant, 
the increase of the maximum swings of 
two furnaces when operating simultane- 
ously melting down over one alone was 
about 20 to 25 per cent. Similarly for 
the three similar furnaces over two, the 
increase was seven to ten per cent addi- 
tional. 

These records of Figure 8 were obtained 
from high-speed graphic meter charts 
at three inches or six inches per minute, 
and it is recognized that there is some 
error in these charts, because of the fact 
that the swings take place so rapidly the 
instrument cannot follow them accu- 
rately. The oscillograph is the proper 
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measuring device to use to obtain such 
records, but it is believed that these curves 
are indicative of the general relation, 

It is also recognized that the lamp 
flicker, the source of complaints, is the re- 
sult of single-phase swings, but the single- 
phase data were not available. However, 
it is believed that the three-phase data 
will be indicative of the general relation 
between single-phase swings of different- 
size furnaces. 

The swings are affected very materially 
by type of scrap and by how the furnace 
is operated. For instance, recently we 
have tested a large furnace which was 
charged with light scrap loosely packed 
in, with the resultant swing being about 


Figure 1 (left) A typical 
large modern three-phase elec- 
tric furnace “pouring” 


Figure 2 (below). Oscillo- 
grams of the three-phase cur- 
rents of 5,000-kva furnace dur- 
ing early meltdown, later in the 
meltdown, and during refining 
Note the different degree of 
stability of the arc 


252 


All jobs are overhead lines, except item 10 which is all cable. 


‘ half or two thirds of those on similar 


furnaces when charged with heavy.scrap 


oy 
ih 


ve 


carefully packed in. Also, the amount of — 


supplemental reactance (the tap connec- 
tion of the reactor) in use in the furnace 
transformer has a _ very material 
bearing on the magnitude of the swings. 
Therefore, caution is urged in attempting 
to use these curves as a criterion of fur- 
nace performance, but they will be help- 
fulas a guide. 


The number and sizes of furnaces and 
the conditions of the tests for the curves 
are given below: 


Curve A. Four 25-ton 10,000-kva furnaces — 


and one 36-inch slabbing mill supplied by a 
37,500-kva 66/11-kv bank, in normal opera- 
tion. Details are not available. The mill 
load is relatively steady and has a small ef- 
fect on the shape of this curve. New fur- 
naces of this size would probably have a 
normal rating of 35 tons. 
B, D, E, and F were taken on same instal- 
lation. Curve A was plotted from 31/2 
hours high-speed meter record over several 
days in July 1942 and measured at the 66-kv 
bus at the power station. The customer is 
supplied by a 4/0 66-kv line 14 miles long. 


A. Early part of meltdown 
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B. Later during meltdown 


et 200 RMS 329-2 
180 A? AMPS 
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2 
C. Refining 


Data for curves — 
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Curve B. One 25-ton 10,000-kva furnace 
supplied by a 37,500-kva 66/11-kv bank. 
This is an estimated curve at ten per cent 
above curve D. 

Curve C. One 50-ton 12,000-kva furnace 
supplied at 24 kv by means of a 4/0 line 
one-half mile long from a very large step- 
down bank. Curve plotted from five hours 
ten minutes high-speed meter record for a 
full heat in January 1940. Heavy scrap 


used. 


Curve D. One 25-ton 10,000-kva furnace 
supplied by a 9,375-kva 66/11-kv bank. 
Curve plotted from high-speed charts cover- 

,_ ing a six-hour run for one full heat in April 
1940. Heavy scrap used. 


Curve E. Two 25-ton 10,000-kva furnaces, 
each supplied by one 9,375-kva 66/11-kv 
bank. Curve plotted from a six-hour high- 
speed meter record in September 1940, 
with simultaneous melting down of the two 
furnaces for 14/, hours of this time. Heavy 
scrap used. 


Curve F. Four 25-ton 10,000-kva furnaces 
supplied by a 37,500-kva 66/1l-kv bank 
with three furnaces melting down simul- 
taneously and one refining. Curve plotted 
from 40 minute high-speed meter record in 
September 1941. Other spot tests show in- 
frequent swings higher than these, even 
higher than for two furnaces, curve E£. 
Low values—much higher expected. 
CurveG, One 15-ton 7,500-kva furnace sup- 
plied by a two-mile 4/0 22-kv line which in 
turn is supplied from a 60,000-kva 66/22-kv 
bank. Curve plotted from two hours 15 
minutes high-speed meter record of the 
early part of a heat in April 1942. Light 
scrap and restricted operation. 


Curve H. Two 7.5-ton 6,000-kva furnaces 
supplied by one 9,375-kva 66/11-kv bank. 
Curve plotted from six hours 50 minutes 
high-speed meter record in August 1942. 
Light scrap and reduced operation. 


Voltage Fluctuation Limits of 
Duquesne Light Company 


We have peacetime voltage-fluctuation 
limits of 1.5 and 2.0 volts on the 22-kv 
and 66-kv systems respectively for fluc- 
tuating loads of arc-furnace character- 
istics, which we used prior to the war as 
a guide in connecting furnace loads, but 
these limits have been waived of course 
since the war started. The voltage flicker 
limits are more severe for the 66-kv sys- 
tem in certain zones of frequency of occur- 
rence than for other parts of the system, 
for the reason that the cost to provide 
corrective measures would be greater 
than on other parts of the system. Of 
course, the same perceptible and objec- 
tionable zone will exist, but more con- 
sumers would be exposed to the voltage 
flicker, and hence presumably more com- 
plaints would result. 

By adhering to these limits before the 
war, we encountered very little objection 
to voltage flicker from consumers, and the 
few have been mainly the result of welder 
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RMVA 3 FURNACE SWINGS 


510 20 40 60 80 100 
NUMBER OF 3? SWINGS 
Figure 3. Frequency of instantaneous three- 
phase reactive-megavolt-ampere swings for 
various size furnaces, individually and in 
groups 


A= 4-10,000 kva and mill 
B=1-10,000 kva 
C=1-12,000 kva 
D=1-10,000 kva 
E=92-10,000 kva 
F=4-10,000 kva 
G=1-— 7,500 kva 
H=2-— 6,000 kva 


installations which were greatly exceed- 
ing these limits, rather than furnace 
installations. In many cases we now per- 
mit fluctuations considerably in excess 
of these values, even though we realize 
that they are definitely perceptible and, 
in certain cases, may become objection- 
able. 

To some, these limits may appear to bé 
rather severe, but our successful experi- 
ence in applying them, we believe, justi- 
fies their retention after the war. We of 
course exercise judgment based upon 
experience and stretch these limits in 
certain cases, even in peacetime. We 
were considering revising these limits 
to be more lenient, even before the war, 
and our experience during wartime will be 
of considerable use to us in the next re- 
vision. 

The matter of perception of and objec- 
tion to voltage flicker is not, in my opin- 
ion, subject to exact scientific deter- 
mination. Much research work has been 
done on this, and while some consumers 
will object strenuously to voltage flicker, 
others would not even be conscious of the 
same flicker. Some of the best work 
done on this is covered in a pamphlet 
entitled ‘‘The Visual Perception and 
Tolerance of Flicker,’’ a report of the 
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subcommittee for project 10, Utilities 
Co-ordinated Research, Inc., 1937, which, 
I believe, is available at a reasonable 
price. 


System Regulation 


' The voltage flicker at the nearest ad- 
jacent substation is generally not the 
governing factor, for this nearest station 
may be an industrial consumer where 
considerable flicker can be permitted 
without encountering objections, whereas 
a distribution substation supplying light- 
ing may be farther away (electrically) 
from the furnace than the industrial 
substation, and yet objectionable flicker 
may be rendered to the lighting consum- 
ers. However, the industrial consumer’s 
substation may be the governing factor, 
for there may be critical drafting-room 
lighting requirements or fluorescent light- 
ing in certain processes, or other manu- 
facturing requirements. 

The instantaneous swings lasting less 
than a second (of cycles duration or less) 
occur more frequently than swings lasting 
several seconds, the latter reaching the 
maximum value in several steps, each of 
which is generally smaller than the maxi- 
mum swings lasting less than a second. 
The swings of the shorter duration being 
more frequent are the final criterion in- 
sofar as flicker is concerned, but there is, 
of course, more total regulation for the 
swings lasting several seconds, because 
they reach a higher value. 

However, our experience has been, and 
that of some other power companies bears 
this out, that the regulation problems of 
loads lasting several seconds is not of any 
serious concern, for if you tool up for 
the instantaneous swings, the condition 
occurring less frequently causes no com- 
plaint. 


ll-, 22-, and 66-Kv Line 
Connections for Electric-Arc 
Furnaces From 1,500 Kva to 
15,000 Kva 


Table I shows data on the transmission 
supply lines, short-circuit kilovolt-am- 
peres, and voltage flicker or regulation for 
20 furnaces from 1,500 kva to 15,000 kva 
in ten plants on the Duquesne Light 
Company system, and there is also in- 
cluded the impedance in ohms, both one- 
phase and three-phase, at apropos loca- 
tions. 

In three instances, the peacetime limi- 
tations are or will be exceeded, and from 
none of these are complaints being en- 
countered, nor are any expected. Also, it 
is believed that no serious complaints 
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during wartime will be encountered from 
flickers considerably in excess of those 
shown. Further, it is felt that values 
appreciably in excess of those shown 
would not interfere with war production. 
Item 7 in Table I will be much less 
severe when isolated temporarily as de- 
scribed in the note beneath the table. 


11-Kv Linge CONNECTIONS FOR 3,000- 
Kva ELectric-ARC FURNACES 


Figure 4 shows two methods of 11-kv 
line connections for three 3,000-kva fur- 
naces, and the data for sketch A of this 
figure are given in Table I as item 10. 
The two lines of 500,000-circular-mil 
cable, 1.5 miles long, feeding this furnace 
substation, connect to separate busses 
at the power station which are supplied 
through reactors from the main generat- 
ing source, and the feeder bus also sup- 
plies other distribution substations as 
indicated by the short lines with arrows. 
The voltage flicker of 1.48 volts at one 
of these two substations is the limiting 
point and is less at the 11-kv feeder bus 
in the power station, that is, 0.44 volt. 

The wartime cable rearrangement in- 
volved a very small amount of copper. 

The corresponding voltage regulation 
at the power-station feeder bus for sketch 
B of this figure is 0.44 volt and is 1.72 
volts at the nearest industrial consumer. 

At the time of preparing this paper, one 
furnace only is in service. 


22-Kv LINE CONNECTIONS FoR 1,500- 
Kva To 7,500-Kva Etecrric-Arc 
FURNACES 


The larger number of our furnaces are 
connected to the 22-kv transmission net- 
work by the lines in that vicinity rather 
than by an exclusive line from a major 
transmission stepdown substation. Some 
of them, however, are connected to a 
separate exclusive line, items 5 and 8 
in Table I being in this category. 

Figure 5 shows several recent installa- 
tions. Diagram A of this figire covers 
the supply to a 3,000-kva furnace and is 
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66 KV 
60,000 KVA 
22KV 


Figure4(left).Eleven- 

kilovolt line connec- 

tions for electric-arc 

furnaces of 3,000 
kva 


Larger furnaces can 
be supplied by the 


66 KV 
60,000 KVA 


2I-F 
66 KV Slane KV 
wwye60,000 KVA 60,000 KVA. 
22 KV. 


22 KV 


methods shown in 
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item 9 in Table I, and the voltage drop at _— Figure 5. Twenty-two-kilovolt line connec- 


the nearest critical substation bus is 
1.87 volts. It will be noted that there is 
another line normally open to this con- 
sumer, and, when one is operating on this 
second line with the first open, the volt- 
age drop at the nearest critical substation 
bus will be somewhat greater. The 22- 
ky lines are 4/0, and the wartime line re- 
arrangements and the waiving of peace- 
time flicker limits resulted in installing 
only 800 feet of 4/0 line. 

Diagram B of Figure 5 covers the sup- 
ply to one 7,500-kva furnace now in 
service and another one authorized and 
is item 4 in Table I. The drop at the 
nearest critical substation is 1.97 volts. 
There are other substation busses getting 
larger voltage drops than this, but they 
are industrial consumers supplied at 22 
kv and are not so critical. The exclusive 
line is 4/0 and is two miles long. Careful 
study developed a scheme of handling 
this furnace load, without any line copper 
being used, by rearranging the consumer’s 
22-kv bus in order to isolate the direct 
line at times of meltdown. 

Diagram C of Figure 5 covers the sup- 
ply to a 5,000-kva furnace which has been 
in service for a number of years and which 
creates much wider fluctuations than 
other furnaces of this size and larger. 
This is item 7 in Table I. The voltage 
drop on the basis of normal single-phase 
swings expected from such a size trans- 
former at the nearest critical substation 
bus is 3.74 volts, and at the 22-kv bus of 
the nearest major-ring stepdown sub- 
station is 2.17 volts. With the abnormal 


swings that this furnace transformer - 


produces at times because of its unusual 
impedance characteristics, these values 
are exceeded, and certain remedial steps 
were taken shortly after this furnace was 
installed. These remedial measures con- 
sisted of changing the adjustment in volt- 
age-regulator relays on the induction 
feeder regulators in the nearby substa- 
tions to permit the higher short-time volt- 
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tions for electric-arc furnaces of 1,500 kva to 
7,500 kva 


Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 


age swings to filter through the relay with- 
out causing the regulator to operate, and 
placing a little time delay in the initiating 
devices of these induction feeder regu- 
lators; also, certain 22-kv line rearrange- 
ments were made in this vicinity at that 
time, and remote control facilities were 
added to the incoming line breakers at this 
substation, so that one of them could be 


‘opened and the furnace operated on a 


direct 4/0 line approximately three miles 
long from the stepdown transmission sub- 
station. These remedial measures have 
eliminated completely the complaints 
that we received in copious quantities 
when this furnace was first placed in 
service. Actually, the consumer is now 
operating radially on one direct line from 
the major stepdown transmission sub- 
station during the meltdown periods. 


Diagram D of Figure 5 covers the sup- 


ply to an old 1,500-kva furnace and a new 
4,000-kva furnace. The latter furnace 
required a separate radial line. The final 
line arrangement in the district is shown. 
Pertinent electrical data are covered in 
item 8, Table I. The old furnace and 
the mill load were supplied by the 22-kv 
network in that vicinity, and the old 
furnace did cause an undesirable but not 
intolerable voltage condition. For this 
reason it was reconnected on the new 
radial line together with the new 4,000- 
kva furnace. With the furnaces supplied 
by an exclusive line (1/0 copper and 
six miles long), the voltage drop at the 


“ 


/) 


re 


nearest critical substation bus is 1.76 


volts, A bus tie switch is installed be- 
tween the furnace bus and the bus which is 
supplied from the network. This was 
done in order to permit the furnaces to be 
operated at reduced voltage in case the 
radial line is out of service for an extended 
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A. Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 
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B. Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 
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Figure 6. Sixty-six-kilovolt line connections 
for electric-arc furnaces of 6,000 kva to 15,000 
kva 


period. If normal furnace voltages are 
used under this condition, the voltage 
fluctuation at the nearest critical bus in 
the network is intolerable. 

A new exclusive furnace line would have 
required a large amount of critical mate- 
rials. By consolidating loads in two dis- 
tricts into one district, a 22-kv line was 
released and extended for service to the 
furnaces. Actually, 53,000 pounds of 
copper were saved by the rearrangements 
as compared with a new exclusive line. 


66-Kv LINE CONNECTIONS FOR 6,000- 
Kva To 15,000-Kva ELectric-Arc 
FURNACES 


The 66-kv method of supply is used for 
four plants, one of them having the larg- 
est furnaces on our system.’ Figure 6 
shows these connections. 

Diagram A covers the supply for three 
large furnaces—two 15,000-kva and one 
12,000-kva. This is item 1 in Table I. 
One furnace is in service now, and the 
others are expected to be in service dur- 
ing the winter of 1942-43. This is an 
interesting connection, for the mill where 
the furnaces are located is supplied at 66 
ky from a power-company substation ap- 
proximately 1.0 mile away. A consider- 
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able portion of other load of this same 
consumer is supplied from the power-com- 
pany bus and from the 66-kv furnace bus 
in the mill where the furnaces are located, 
all as shown in this diagram. Asa matter 
of interest there are 60-cycle generators 
proposed for connection to the con- 
sumer’s 66-kv lines in one of his mills, 
and we will operate in parallel with these 
generators which are scheduled for service 
sometime in 1943. "The two power com- 
pany 4/0 66-kv lines 0.5 mile in length 
were installed four years ago for mill 
load only then, and today for furnaces 
alone we would supply’ one line. The 
voltage drop at the nearest critical sub- 
station is estimated to be 1.37 volts. 


Diagram B covers the supply for two 
10,000-kva furnaces which are expected 
to be in service early in 1948. This is 
item 2 in Table I. The “other load’’ 
shown in this diagram is a very small 
part of the load and is merely for hand- 
ling facilities and shop lighting, and this 
is purely an electric-furnace plant for 
producing steel ingots and will in no 
way fabricate or process them. This 
was a fortunate location as the 1/0 line 
extension from the main 66-kv trans- 
mission will be only approximately 1.5 
miles. The voltage drop at the nearest 
critical substation is estimated to be 
0.98 volt. 


Diagram C covers the supply for two 
6,000-kva furnaces. One of these was 
in service in 1941, and the other early 
in 1942. This is item 6 in Table I. This 
location was not so fortunate since it re- 
quired 4.0 miles of 4/0 66-kv line added 
to 4.0 miles of existing 4/0 line from the 
transmission substation bus to reach 
this. The voltage drop at the nearest 
critical substation is 1.78 volts. 


Diagram D is an interesting installa- 
tion and supplies four 10,000-kva fur- 
naces over a 4/0 line about 14 miles long. 
This is item 3 in Table I. This furnace 
load began with one 10,000-kva furnace 
connected at the point marked “cut” and 
supplied from the transmission network 
in this’ vicinity by a nine-mile line exten- 
sion. Within five months a second furnace 
was installed and was carried without any 
line reinforcing. Then, about a year 
later two more 10,000-kva furnaces were 
installed, and this necessitated cutting 
the line, at the point shown in diagram 
D, from the network and extending it 
back to a stiffer source, which is now a 
generating-station bus but which at that 
time was at a point on the 66-kv trans- 
mission. The voltage drop at the power 
station 66-kv bus for the present connec- 
tion is 1.23 volts. At the time of the 
initial installation the voltage drop at 
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the nearest substation was higher, but no 
complaints were received. 


Kilowatt Demand and 
Kilowatt-Hours 


Table II gives these data for various 
sizes of furnaces, which data are incom- 
plete, for in some cases the kilowatts and 
kilowatt-hours are totaled along with 
other mill load, and the remainder are on 
other systems, and only partial data are 
available to the writer. Experience and 
skill, together with other factors listed 
below, will affect the electrical perform- 
ance very materially, as well as the ton- 
nage output. 

Production of steel by electric melting, 
and the electricalrequirements—kilowatts, 
kilowatt-hours, and load swings—are 


Table Il. 


Furnace Size, Kilowatt Demand- and 
Kilowatt-Hours Per Ton 


Partial List for Representative Sizes 


Trans- Kilowatt- Kilowatt 

former Hours Demand 
Furnace Rating— Per Net 15- 

Item Size Net 40 C Short Minute 
No. in Short (Kilovolt- Ton Pro-  Inte- 


Table I Tons Amperes) duced __ gration 
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* Foundries. All data not available—see text. 


governed by many variable factors, some 
of which are subject to some degree of con- 
trol; among these important factors are 
the following: 


1. Type and size of scrap. 


2. How charged—‘packed in,’’ and so 


forth. 


3. Quality of finished production—mild 
steel, alloy, high grade alloy, and so forth. 


4. Skill of furnace crew, particularly that 
of the turn foreman and melting superin- 
tendent. 


5. Proper size of transformer. 


6. Use of proper transformer taps and con- 
trol adjustment. 


7. Design of entire electric installation— 
furnace, transformer, wiring, and control, 
the latter contributing very largely to the 
success of larger arc furnaces. 


8. Charging equipment and general layout. 
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The nominal tonnage rating of an elec- 
tric-arc furnace used herein does not 
indicate necessarily the actual produc- 
tion capacity, for, as previously explained 
many variable factors affect the produc- 
tion, and this is merely a nominal rating 
for identification purposes, and actually 
the tonnage produced may be more. 
Usually, with the larger furnaces for steel 
making, the nominal tonnage rating, so- 
called, indicates the holding capacity of 
the furnacein net tons, whereas with some 
of the smaller furnaces in foundries the 
rating is the net ton produced per hour. 
One large manufacturer has within the 
last few years ceased to give his furnaces 
arating and now identifies them by a type 
number. 

The experience of a considerable num- 
ber of plants using electric furnaces over 
a number of years has disclosed that in 
some installations the furnace trans- 
former was replaced with a larger trans- 
former, since we had had several such 
cases on our system—some within the 
last year. This comes about for such 
reasons as enlarging the furnace, more 
tonnage requirements, melting different 
materials, becoming more skilled in the 
operation, and so forth. 


Other Power Companies’ Fluctuation 


Different power companies have dif- 
ferent requirements for the connection 
of furnace loads. All of the power com- 
panies on which I have data indicate that 
the frequency of the furnace swings and 
their magnitude govern the amount of 
stifiness required in the system at the 
point of service, for these are the criteria 
of the flicker which will result in voltage 
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complaints if any are incurred. For in- 
stance, one power company requires a 
short-circuit duty at that spot of 1,000,- 
000 kva for connecting a 10,000-kva elec- 
tric-arc furnace on the basis of limiting 
the voltage fluctuation to two per cent, 
assuming the instantaneous swings to be 
twice the transformer rating. Another 
power company feels that the short-ctr- 
cuit duty should be 750,000 kva or greater 
on the basis of a two-volt flicker on a 
120-volt base. Some other power com- 
panies have installations in satisfactory 
operation with five to six per cent 
voltage swings on the consumer’s 
primary bus, and they feel that 7.5 per 
cent would also be satisfactory, and they 
make reference to two per cent limits on 
the system at critical points. 

One large power company claims that 
its test data disclose single-phase swings 
from approximately 1,500 kva to 6,500 
kva for three-phase electric-arc-furnace 
transformers varying in size from 1,000 
kva to 10,000 kva, with corresponding 
power-factor variations from approxi- 
mately 40 to 65 per cent. The Duquesne 
Light Company test data for several 
comparable installations check fairly 
closely with these figures. 

All and sundry advise caution in sup- 
plying lighting, particularly fluorescent 
X-ray equipment and other critical ap- 
paratus from consumer’s primary busses 
and from lines and/or busses that supply 
such critical load. 

One large power company is fortunate 
in having most of its heavy industrial 
load confined to a definite area and has 
provided a separate bus known as “‘flicker 
bus,” from which all such loads are sup- 
plied. Such a bus can stand much greater 
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: laid 
voltage fluctuations than one carrying 


lighting and other critical load. Not 
many are so fortunately situated. 


Early Furnace Experience 


Duquesne Light Company has been 
supplying electric-furnace loads since 
1908, and, it is thought, it was the first 
power company to pick up such load. 
Even in those days the necessary re- 
search work and calculations were made 
before connecting a furnace to the system, 
and a trial installation was actually made 
of the first furnace in the power-station 
yard, with one engine-driven generator 
isolated to carry the load for the tests. 
Subsequently, as a result of these tests, 
the furnace installation was made in the 
steel mill and was supplied for a while 
by an isolated generator and line. As the 
system grew, the generator and line were 
tied into the network. This installation 
was in use in this plant for many years 
and was scrapped just a few years ago, 
but other larger furnaces were later in- 
stalled and have been in use for many 
years. ‘ 
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I. Introduction 

\\ 

HE paper describes a new method for 

the testing of insulation of windings, 
the advantages of which are adequate 
stressing of turn and conductor insulation 
and certain detection of defects. The 
new tester consists of a repeating-type 
surge generator, cathode-ray oscillograph, 
and synchronously driven switching 
equipment. The surge generator provides 
a succession of voltage waves of controlled 
shape adjusted to give the necessary turn 
and conductor insulation stresses. The 
cathode-ray oscillograph is timed to give 
a stationary image of the repeating surge 
on the screen. By virtue of the special 
method of surge application and oscillo- 
graph connection, the waves on the screen 
indicate turn or conductor-insulation 
defects quickly and certainly. 

In high-potential testing, voltages in all 
parts of a winding should be high enough 
to result in insulation failure at all points 
where insulation strength is not adequate 
to withstand service conditions. To this 
end, test voltages must be used suffi- 
ciently above normal excitation voltages 
to properly stress conductor insulation 
and sufficiently rapid in rate of change to 
stress turn insulation properly. Accord- 
ingly, power-frequency voltages, usually 
two times normal plus 1,000, are used for 
conductor-to-ground insulation and high- 
frequency voltages applied directly or by 
induction are used for turn insulation. 

In service, insulation must withstand 
normal voltage excitation, switching 
voltages, and other transients such as 
lightning.1 Switching surges range below 
5.5 times normal but may, as in the case 
of lightning transients, have high rate-of- 
change characteristics. Time to crest 
may be as low as one microsecond. As 
nearly as practical these service voltage 
conditions should be reproduced in test.2—¥ 
The test method described in this paper 
is directed toward the ends of adequate 
stressing of all insulation and certain 
detection of weak spots. 

The new method has been used for dif- 
ferent types of coils and windings and has 
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been applied to particular advantage in 
the testing of completed windings of 
three-phase low-voltage rotating ma- 
chines. In this case surge voltages are 
applied alternately to each of two of the 
terminals of the machine with the oscillo- 
graph connected to the third terminal. 


II. Wave Propagation in Machine 
Windings 


Experimental work and practical test- 
ing experience on production machine 
windings have indicated definite improve- 
ments in line with the objectives already 
stated. As very little experimental work 
has been reported on wave propagation 
in windings, it seems advisable to include 
here a few oscillographic records of volt- 
age wave conditions pertinent to the 
surge performance of machine windings. 

A most significant characteristic of 
these windings from the standpoint of 
surge mechanism is that capacitance and 
inductance elements are necessarily well 
distributed as to physical position and, 
therefore, have very low over-all capaci- 
tive or inductive coupling. In this 
report the machine winding is the oppo- 
site of the transformer where over-all 
capacitive and inductive couplings are 
very high. Because of this distribution 
of capacitance and inductance elements, 
the electrical mechanism of the machine 
winding is that of the traveling-wave as 
contrasted with the standing-wave 
mechanism of the closely coupled trans- 
former winding. The surge performance 
of a machine winding is illustrated in 
Figure 1 which shows voltage wave 
shapes measured at suitably located tap 
points) along one leg of a three-phase 
winding of a large rotating machine. 
The voltage wave applied was unidirec- 
tional in polarity with a time to crest of 
one microsecond and to half-crest on the 
wave tail of 5.6 microseconds. 

In Figure 1 in the left vertical column 
are shown the tap voltages for the case 
of the neutral end open. The voltage 
wave shape applied is at the top with con- 
secutive taps toward the open end in 
order below. The unidirectional polarity 
impulse traveling through the winding 
sets up a standing-wave oscillation at the 
open end which has a frequency of some 
34,000 cycles per second. Voltage am- 
plitude along the winding first decreases, 
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then increases, reaching a value some 20 
per cent above that of the applied wave 
at the line end. The low-amplitude os- 
cillation at the beginning of the neutral 
end wave is the result of direct coupling 
across the winding, as soon as the applied 
wave enters the winding at the line end. 
The winding time length, as indicated by 
this displacement, is just under 4.0 
microseconds. 

In Figure 1, center vertical column, are 
shown tap voltages for the case of the 
neutral grounded, through a resistance of 
200 ohms equal to the experimentally 
determined surge impedance. This series 
of oscillograms shows the voltage wave 
traveling through the winding without 
major reflections and with appreciable 
amplitude attenuation so that the neutral 
end wave is about 60 per cent of the 
applied wave. This attenuation is ac- 
companied by some distortion resulting 
in a slight lengthening of the wave tail. 
The loss in voltage amplitude is mainly 
on the sharp front of the wave, and this 
has the effect of increasing the time to 
crest from one microsecond at the line 
end to five microseconds at the neutral 
end. 

In Figure 1, right vertical column, are 
shown tap voltages for the case of the 
neutral end directly grounded. In this 
case the polarity of the reflected voltage 
wave is reversed, and a frequency of 
77,000 cycles or something more than 
twice the open-ended winding frequency 
is obtained. The voltage amplitude de- 
creases at each tap point and at the 
neutral end is, of course, zero across the 
ground connection. 

These oscillograms show the nature of 
the voltage variations in a rotating ma- 
chine winding under conditions of ap- 
plied surges such as are obtainable with 
switching, lightning, or other circuit 
variations, Further experimental work 
has shown that steeper and short-dura- 
tion waves are attenuated more rapidly, 
and more sloping and longer-time waves 
less rapidly. This type of information 
can be used as a basis for consideration of 
voltage stresses and detection of weak 
spots in winding-insulation testing. 


III. Winding-Insulation Testing 
Method 


Experimental work was conducted on 
improvements in winding-insulation test- 
ing, particularly as regards across-winding 
stresses and weak-spot detection in view 
of the surge mechanism already described. 
As a result of this work, the circuit ar- 
rangement and method of connection 
derived from the oscillograph electric 
transient analyzer? and shown in Figure 
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2 was devised. The principal elements Figure 2, Schematic diagram of 
involved are the repeating surge generator winding-insulation tester 

at the bottom left, a cathode-ray oscillo- 

graph at the top right, the time-co- 

ordinating and beam time-axis cireuit at 

the top left, and a synchronous reversing 

switch shown at the bottom right, along 


Figure 1, Wave propagation in machine 
windings 


Applied line surge voltage at top. Neutral 
surge voltages at bottom 
Left—-Terminus open 
Center-—Terminus grounded through surge 
impedance 
Right—Terminus grounded directly 


with a typical wye-connected winding of 
rotating machine. The surge generator 
consists of supply transformer 10, charg- 
ing tube 11, main capacitor 6, and dis- 
charge resistance and tube 7 and 5. This : 
circuit provides a capacitor-discharge : 
voltage wave which is applied through a 
synchronously operated reversing switch 
9 to the machine windings 12 and 13 under “a 
test. Time-co-ordinating circuit 1, 2, 3, 
and 4 supplies time-axis voltage for the. 
cathode-ray oscillograph and operates 
the surge generator once for each cycle 
of power-supply frequency, which results 
in a stationary image of the fault-indi- 
cating wave on the oscillograph screen. 
For practical testing purposes, this equip- 
ment is mounted in a cabinet as shown in 
Figure 3 with the oscillograph at the top 
and all controls below. 

In detail the whole circuit operates as 
described in the following paragraphs. 

The peaking transformer 1 trips the 
sweep thyratron 2 when its plate is on the 
crest of the positive half-cycle, thereby 


page ‘| Figure 3. Winding-insulation tester, 10 kv 
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Surge and ground 
applied alternately 
to terminals 1 and 2 


applying a positive impulse to point 3. 
This positive impulse, in addition to pro- 
viding one-half the sweep voltage, also 


Loca- Oscillo- 
Record Fault tion graph 
G Rec tee INN crete mm arr aienin oe eid Ke 1 
Lae Pee Nofie sie in fee tok hoe OP OIG N 
Bice teas PINON @araratec acdenseta estar ciase ssp. oan 3 
y cee One turn short circuit...... Aare tals 3 
Pe arioe One turn short circuit...... Re ere 3 
Dinca One turn short circuit...... Ga uate re ce) 
Tia tes One coil-short circuit...... Ae apie ath 3 
Breit One coil short circuit...... tier, poate 3 
raas One coil short circuit...... nite ea 3 
LO) sate Grounds th eerie sade Prat coe 3 
AD eaten GrNip aie sriceta tat atecouk stares Siete 3 
qe Ace Grounds piss <otne eee IN Safar 3 


Figure 4. Winding-insulation tester records, 
single winding 


trips the tube 4 (which gives the negative 
half of the sweep), and the large thyra- 
‘tron 5. Tripping of 5 discharges capaci- 


Surge and ground 
applied alternately 
to terminals 1 and 2 
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Figure 5. Winding-insulation tester records, 
double winding 
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tance 6 through resistance 7 into the 
test winding 8 by way of the synchronous 
reversing switch 9. Capacitance 6 was 
charged on the previous half-cycle from 
transformer 10 through:rectifier 11. 

The synchronous switch acts to send 
alternate surges in opposite directions 
through the winding 8 between terminals 
12 and 13. Terminal 14 is connected 
through a capacitance voltage divider to 
the oscillograph deflection plates. The « 
wave shape shown by the oscillograph is, 
therefore, a resultant of the voltage at the 
neutral and the voltage induced in the 
phase to which it is connected. 

If the winding is perfectly symmetrical, 
the wave at the neutral and on the os- 
cillograph will be the same for either 
direction of surge travel, so that a single 
standing wave will be shown on the os- 
cillograph screen. If the symmetry is 
disturbed by a shorted turn or coil, in 
legs 12 or 13, a ground or improper con- 
nection, the two directions of surge travel 
will give different results and, conse- 
quently, two waves of different shape on 
the screen. Experience has shown that 
this connection arrangement is extremely 
sensitive to winding defects and that, to 
a considerable extent, the relative shapes 
and amplitudes of the two waves can be 
used to indicate the nature of the defect. 


IV. Specimen Winding-Insulation 
Tester Records 


The oscillograms of Figure 4 show wind- 
ing-insulation tester performance on a 
three-phase rotating machine winding. 
The tester circuit was arranged to give a 
voltage wave of (1 x 40) microsecond 
shape. This wave, shown at 1, was re- 
corded by connecting the oscillograph 
deflection circuit to the impulse input 
terminal 1 in the diagram. Oscillogram 
2 is the wave shape at the neutral of the 
motor winding obtained by connecting 
the oscillograph deflection at the motor 
neutral or point N on the diagram. It 
will be noted that the wave front at the 
neutral is considerably more sloping than 
the applied wave of 1, requiring some six 
microseconds to crest value. Only one 
trace is shown, indicating identical wave 
shapes, whether the wave is applied at 
1 with 2 grounded, or applied at 2 with 1 
grounded. Oscillogram 3 of Figure 4 
shows the wave shape at the end of wind- 


ing 8 with the characteristic standing- 


wave voltage oscillation agreeing with 
oscillogram of Figure 1 at the bottom of 
the left-hand column. Oscillogram 3 also 
shows only one wave, thereby indicating 
symmetrical conditions in phases 1 and 2. 
For oscillograms 4 through 12, the oscillo- 
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graph deflection is connected to terminal 
3, which is normal for production-line 
testing of windings. 

To illustrate the detection of winding 
faults, turn and coil short circuits and 
grounds were made at several points in 
leg 1 and oscillograms taken of the stand- 
ing waves on the oscillograph screen. 
Oscillograms 4, 5 and 6 show the two 
wave traces produced by one-turn short 
circuits at different points in leg 1, as 
indicated on the diagram at 4, 5, and 6. 

The two waves in each case are offset 
from each other sufficiently to con- 
stitute an unmistakable indication of the 
winding faults applied. In the same 
manner oscillograms 7, 8, and 9 show the 
offset waves obtained with a single-coil 
short circuit the differences in waves in 
each case being greater than for the single- 
turn short circuit. By stopping the 
synchronous motor and sending all im- 
pulses into terminal 1, and viewing the 
wave, and then into terminal 2 and view- 
ing the wave, it has been determined 
experimentally that these waves are 
above and below the no-fault wave of 
oscillogram 3. 

Oscillograms 10, 11, and 12 of Figure 4 
show wave shapes corresponding to ap- 
plied line-to-ground insulation faults at 
points 1, 5, and NV of the motor winding. 
Oscillogram 10 taken with the ground on 
terminal 1, of course, shows a zero de- 
flection line for the wave applied to that 
terminal. The single wave of 10 pro- 
duced by the surge entering terminal 2, 
corresponds to the double wave of os- 
cillogram 3. 

Oscillogram 11 also shows one low- 
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amplitude wave corresponding to the 
impulse applied at 1 with point 5 
grounded and a high-amplitude wave 
corresponding to the impulse applied at 
terminal 2. For oscillogram 12 the neu- 
tral was grounded, and the waves are 
superimposed because of the symmetry 
of this connection arrangement. 

These oscillograms and those of Figure 
5 which show wave shapes for a double- 
circuit wye connection illustrate the wide 
range of surge-voltage variations corre- 
sponding to possible insulation faults and 
connections. A detailed treatment of 
these is not possible within the scope of 
this paper. However, stated generally, 
these wave shapes are determined by 
the propagation characteristics of the 
impulse and the magnitudes and direc- 
tions of induced voltages in the leg con- 
nected to the oscillograph. The signifi- 
cance of all this in insulation testing of 
windings is to be found in the clear-cut 
manner in which insulation and connec- 
tion faults are disclosed by the two-way 
method of surge application and the 
standing waves on the cathode-ray os- 
cillograph screen. 


V. Conclusions 


1. Anew winding-insulation testing method 
for completed machine windings has been 
described. 


2. The new method applies suitably con- 
trolled voltage wave shapes to give the 
required turn and conductor insulation 
stresses for adequate testing practice. 


3. The new method provides for immediate 
detection of insulation faults and winding 
dissymmetries. 
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Generation of Electric Charges by 
Moving Rubber-Tired Vehicles 


S. S. MACKEOWN 


MEMBER AIEE 


Synopsis: The current flowing to ground 
from an automobile, whose rear wheels were 
turning on a dynamometer, was measured. 
The magnitude of the constant current 
measured, in the order of microamperes, 
shows that the vehicle is electrically charged 
by conduction through the tires. The ex- 
perimental results are consistent with the 
conception of a simple equivalent circuit. 
These results were checked by road tests. 
Calculation shows that the tires are usually 
conducting sufficiently to discharge a car in 
a short time after it has stopped moving. 


cx... experience demonstrates 
that a rubber-tired vehicle in motion 
often accumulates a charge of electricity 
of sufficient magnitude to shock a person 
who touches the vehicle immediately 
after it comes to rest. 

It is known that this electric charge is 
produced when the rubber tires contact 
pavement and then separate from it. 
This phenomenon has recently been 
studied by Beach,! Cadwell, Handel, and 
Benson? and by Liska and Hanson.* 
These investigators studied the potentials 
developed and potential distributions 
around the tire. Most of our experi- 
ments were confined to the measurement 
of currents generated, rather than volt- 
ages. 
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Theoretically there are two methods by 
which a vehicle can acquire a potential 
above ground caused by tire static. One 
method is by induction from the charges 
produced on the rubber tires. The other 
method is by the conduction of this charge 
through the rubber tires to the body of 
the vehicle. We have measured con- 
tinuous currents, as high as four micro- 
amperes, flowing to a grounded con- 
ductor from a car, under normal driving 
conditions. This continuous current 
can be produced only by conduction 
through the tires. It is well known that 
any charges produced on the body of the 
car by induction from the charges on the 
tire, will produce only a momentary cur- 
rent when the vehicle is grounded, and 
cannot possibly maintain a steady current 
to ground. 

Inductive effects due to the existence 
of charges on the surface of the tires can 
produce the distribution of charges on 
the body of the vehicle that is necessary 
to maintain the body at one potential. 
The potential, however, is determined 
entirely by current flowing through a 
resistance. 


Experimental Results 


It is difficult to make accurate meas- 
urements of currents generated by mov- 
ing vehicles on the road. Accordingly, 
in the attempt to determine the currents 
generated, the first experiments were 
conducted on an engine-testing dyna- 
mometer stand. This device is essen- 
tially a large Prony brake. The rear 
wheels of the automobile rest on a large 
metal drum that is free to revolve at a 
rate corresponding to any desired road 
speed. 
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In making measurements of currents 
generated, the body of the car was 
grounded through a microammeter, the 
currents being large enough to come 
within the range of an ordinary instru- 
ment. 

Thevrubber tires of a moving vehicle 
in contact with the pavement produce a 
difference of potential between the rubber 
and pavement, and a separation of 
electric charges occurs. The tire always 
acquires a negative charge. As the tires 
move from the contact position on the 
pavement, or on the dynamometer, the 
potential of the charges must increase. 
As the potential increases, the charges 
seek a path to ground. Our experiments 
have led us to the conclusion that two 
paths to ground are followed: 


1. Directly across the tires to the wheel hub 
and the car body, and from the car body to 
ground through the ammeter. 


2. Back along the surface of the tire to the 
grounded dynamometer, or, in the case of a 
moving vehicle, to the ground plane existing 
under the pavement. 


Thus, the equivalent circuit of a car 
on a dynamometer stand may be repre- 
sented by Figure 1. The current I 
generated at the tire tread has two paths 
to ground: 


1. To the wheel through the resistance of 
the tires, R,, to the car body and through 
the ammeter to ground. 


2. Back to ground across the surface of 
the tires, through a shunt resistance, Rj. 


Figure 2 is a typical curve showing the 
measured current plotted against speed 
of the rear wheels. This current flows 
from the body of the car to ground when 
the rear wheels revolve on the drum of 
the dynamometer. The data were taken 
with a 1941 Chevrolet having the stand- 
ard 6:00-16 tires. Various pressures 
were used, and a wide range of tractive 
loads was applied. In general, we found 
only a small increase in current with a 
considerable increase in load and only a 
small increase in the current with a large 
decrease in tire pressure. These results 
indicate that the charges produced are not 
determined primarily by the amount of 
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friction, but rather by the speed and sepa- 
ration of Contact. 

The curve of Figure 2 is not a straight 
line but shows some decrease in the rate 
of production of the measured current at 
higher speeds. We believe that the total 
charge produced at the surface of the 
tire is directly proportional to speed at 
all the speeds indicated and that this 
falling off of current measured at high 
speeds is due to changes in the equivalent 
resistances, R, and R,, shown in Figure 1. 

With increased speed it is to be ex- 
pected that the tire temperature will 
increase. Rubber, as compounded and 
used in tires, has a negative temperature- 
resistance coefficient. Therefore, the 
tread and the surface of the tire near the 
tread, due to its higher temperature, will 
decrease in resistance more than the 
main body of the tires. Since most of 
R, resides in the tread and in the portions 
of the tire near the tread, R, decreases 
more than &, as the speed increases. A 
greater portion of the total current 
generated thus goes to ground through the 
shunt path, and the readings of the am- 
meter flatten out. 

Figure 8 indicates that an increase in 
temperature will change the ratio of 
resistance RX, to R,. This curve shows the 
current measured at a constant speed, 
plotted against time. Before this run, 
the tires were allowed to cool. Thereis a 
decrease in measured current for about a 
minute, and then a substantially constant 
value is reached. This manner of change 
of current measured is explained by as- 
suming that the ratio of R, to R, de- 
creases as the temperature of the tires 
increased, It is difficult to explain the 
observed change in current by anything 
other than the change of tire resistance 
with time. 

The experiment that indicated the 
existence of two paths to ground, as 
illustrated in Figure 1, was the following: 
A conducting mixture of lampblack and 
Karo syrup was applied to the sidewalls of 
the tires. The conducting film extended 
from the metal wheel hub to within an 
inch of the outer edge of the side walls 
of the tires. The tread was not coated, 
so that the charge-producing mechanism 


-was not affected, and the same total 


currents as previously produced would 
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Figure 1. Equivalent circuit of 
a car on a dynamometer stand 
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be generated at the tread of the tire. 
When the wheels were now set in motion, 
much higher currents to the car than 
previously encountered, were measured. 

On the assumption that the total cur- 
rent generated at the tread of the tire is 
unchanged at a given speed, these results 
indicate that the total current must split 
into two paths, as shown in Figure 1, and 
that the ammeter reads only a portion of 
the total current generated. 

Currents as high as eight microamperes 
at 40 miles per hour were obtained with 
a relatively thick coating of the conduct- 
ing mixture. The resistance of the side 
walls was so decreased that two electrodes 
spaced three inches apart, indicated a 
resistance of approximately 100,000 ohms. 

Furthermore, it is impossible to deter- 
mine directly the total current generated 
at any particular speed. This can be 
seen if the circuit elements of Figure 1 are 
considered to constitute a II network. 
From four-terminal network theory, it is 
known that three independent measure- 
ments must be made to determine the 
characteristics of the circuit. This means 
that two measurements must be made on 
one side of the network and one on the 
other. This is physically impossible, 
because no meters can be connected to 
that side of the circuit where the constant 
current J is being injected into the system. 

However, if external resistances are 
inserted in series with the ammeter, and 
the current change measured, certain 
interesting results may be obtained. It is 
readily determined that 
es 
Te De ERS BER; 

external resistance in Figure 1. 


where R, is the unlabeled 
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Figure 2. Typical curve of current measured 

from body of car to ground, as speed of rear 

wheels is changed 


eng | 

Thus, the reciprocal of the measured 

current for a given total current J, that 

is, for a constant speed, should vary 

linearly with the external resistance. 
The slope of the line is 


slope =1/IR, 


and the intercept is given by 


intercept = I R, 
and therefore 


intercept 
a =, + Re 
slope 


“ 


ee 


Figure 4 shows the results of readings — 


taken at a wheel speed corresponding to 
40 miles per hour. Extremely high re- 
sistances had to be added in the ammeter 
circuit to obtain these data. It is seen 
that a straight line, predicted by analyz- 
ing the equivalent circuit, is actually 
obtained. This curve gives a value of 
Ryo + R, = 1,825 megohms. Further 
data, taken with the side walls made 
conducting, also yield a straight line; 
in this case, R, + R, = 34.6 megohms. 

Without a knowledge of the total 
current J, it is not possible to determine 
the exact value of R, and R,. However, 
an idea of the order of magnitude can be 
determined in the following manner: as 
mentioned, with a relatively thick con- 
ducting layer, currents as high as eight 
microamperes at 40 miles per hour have 
been measured. We may assume that 
this is approximately the total current 
generated at this speed, since without 
any conducting layer, and with no ex- 
ternal resistance, the measured current 
is 1.74 microamperes. 

The slope of the curve of Figure 4 is 
1/IR, = 043 X 107%. Substituting 
the value. of J = 8 X 107°, we get 
R, = 290 megohms. Since R, + Ry = 
1,325 megohms, then R, = 1,035 meg- 
ohms. 

These results give the resistance of the 
two rear wheels in parallel. Conse- 
quently, the equivalent resistances for 
one tire would be R, = 580 megohms, and 
Ry» = 2,070 megohms. 

This determination of R,, is in the range 
of the resistance between the hub of a 
wheel and a metal plate on which a tire 
is resting. The authors have made such 
measurements,* as have Cadwell, Handel. 
and Benson.? ‘ 

If we assume that the total current 
generated by the tires is proportional to 
speed, we obtain, on the assumptions 
previously stated, a ‘proportionality 


constant” of approximately 0.1 micro-— 


ampere per mile per hour for each tire. 


It will be noted that the value shown on ° 
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Figure 4 for the current measured at 40 
miles per hour with R, = 0, is 1.7 micro- 
amperes, or approximately one half of 
the current for this speed shown on 
Figure 2. Such changes were encountered 
over a period of time, and were probably 
caused by changes in the surface condi- 
tions of the tires. 
\ 


Voltages Encountered 


The slope of Figure 4 is given by 1//R,. 
Accordingly, the reciprocal of the slope 
is the voltage to which the vehicle would 
be raised if all the current were dissipated 
to ground through the shunt resistance. 
This situation is approximated when ex- 
tremely high external resistances, R,, are 
used. For the data taken with the normal 
tire, this value is 


V=(1/0.43) X10*=2,320 volts 


During these experiments voltages of 
this size were measured, and Beach! 
likewise encountered voltages in this 
range, although somewhat higher. If an 
electrostatic voltmeter is applied to the 
car while on the dynamometer, instead 
of an ammeter, and one side of the volt- 
meter is grounded, then R, will be the 
resistance of the front tire and the surface 
leakage over the floor to ground. 

We made tests in which a layer of tin- 
foil was placed under the front tires, the 
tinfoil being insulated from the floor by 
rubber mats. The tinfoil was then 
grounded through the microammeter. 
As soon as the rear wheels started to turn, 
the microammeter indicated a current of 
about half the size previously encountered 
and a voltmeter conuected between the 
car body and ground read several thou- 
sand volts. This, as stated above, is 
equivalent to inserting a very high resist- 
ance R, in the ammeter circuit of Figure 
1. 

Those who previously made measure- 
ments of voltage, in attempting to analyze 


Table I. Data Obtained on Road 


Speed Current 
(Miles Measured Re 
Per (Micro- Meg- 


Hour) amperes) ohms Remarks 


LO arses O's eisuscw 0...All tests were made on 
an asphalt pavement 

OC eR Beas telat 0 

WO ane i301 MeO el nily ae 100 

KOS Araey ARE nates 0...Conducting carbon 
layer on all four 
tires 

LO Ratas + ee iecar ars 0...Both mght tires on 
grounded railroad 
track 

EO ett re aha OR tein 0...Conducting carbon 
layer on right two 
tires, on railroad 
track 

DO a dix : a eee 60...Conditions as above 
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190 120 


60 80 
TIME ~ SECONDS 


Figure 3. Variation. of current to car body 
with time, wheel speed being held constant 
at 40 miles per hour 


the problem of the tire static, were per- 
forming this experiment, without realiz- 
ing that the voltages measured could be 
correlated directly with an JR drop 
through the front tires. 


Road Tests 


Data were also taken with vehicles 
actually in motion. However, it was 
rather difficult to get good readings. 
First of all, other cars passing nearby 
would induce temporary currents of the 


Figure 5. Equivalent circuit of 
a car moving on a highway 


order of magnitude of those being 
measured. Mechanical meters, sensitive 
enough to read the current generated, 
were not rugged enough to stand the 
inevitable shocks received in a moving 
vehicle. Electronic meters were too sus- 
ceptible to outside influence, such as 
power lines, and so forth. Despite this, 
the data obtained checked well with what 
might be anticipated from the dyna- 
mometer tests. 

In the road tests, a chain about ten 
feet long was dragged in a railroad track, 
serving as a constant ground. The chain 
was insulated from the car by means of a 
wax-impregnated rope which also served 
as the strain absorber. The wire leading 
to the ammeter inside the car was in- 
sulated from the metal of the car by 
vacuum-held rubber cups. Accordingly, 
measurements could be made correspond- 
ing to J,, of the dynamometer experiments. 

The most reliable data for the operating 
conditions detailed are listed in Table I. 
It is seen from this table that the order of 
magnitude of currents generated is that 
obtained on the dynamometer. Closer 
correlation is scarcely to be expected. 
The materials producing the charges were 
different: that is, on the dynamometer 
the rubber contacted metal, while in 
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Figure 4. Reciprocal of current measured 
versus external resistance in ammeter circuit 


Speed—40 miles per hour 


these tests the rubber contacted asphalt 
paving. 

We may see further, from the data 
taken with the right wheels in the 
grounded track, that reducing the value 
of the leakage resistance to ground will 
reduce considerably the amount of cur- 
rent going to the car. On the dynamome- 
ter stand, the path R,, as mentioned 
previously, was the rubber between the 
charges and the grounded dynamometer, 
while on the road, the pavement resist- 
ance is added. Therefore, driving on the 


aso-5 


tracks should reduce the current to the 
car, since the leakage path to ground is 
now one of lower resistance. With the 
wheels on the track, additional resistance 
in the grounded part of the circuit has a 
much greater effect than if the wheels are 
not in the track, as may be seen from 
entries 3 and 7 in Table I. Figure 1 
shows why this should be so. With the 
wheels in the track, R, is relatively small; 
hence putting in additional resistance R, 
will force more of the generated current 
through the leakage path to ground, thus 
decreasing the ammeter reading. 

It is believed that the potential of a car 
in motion is determined primarily by the 
current produced by tires leaving the 
road. Other effects such as wind resist- 
ance and so forth, are believed to play 
only a minor role. 


Conclusion 


Figure 5 shows the equivalent circuit 
for a car moving on a road with uniform 
speed. In this circuit the capacitor C 
represents the capacitance of the car to 
ground. Obviously, once enough current 
has flowed through R, to charge C up toa 
voltage equal to 7R,, then all the current 
will flow back to ground, and no more will 
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flow to the body of the car. Thus, the 
car does not charge up indefinitely; the 
voltage to which it will rise is given by 
TR;. 

In order to decrease the potential ac- 
quired by a vehicle in motion, two meth- 
ods may be used: 


1. To reduce the amount of total charge 
produced. A method of doing this has al- 
ready been proposed.? 


2. To use tires with conducting tread and 
side walls. This would reduce the resistance 
R, and, consequently, decrease the vehicle’s 
potential. 


Experience has shown that very seldom 
is a car sufficiently charged to give a 
static spark when driven into a service 
station. Even if we assume that a vehicle 
is brought to rest with a relatively high 
charge, this charge quickly leaks to 
ground. We have measured the resistance 
of the tires of a number of cars when at 
rest and found this resistance to be ap- 
proximately 3 X 10° ohms for four tires 
in parallel.*4 The capacitance of a car 
is approximately 750 micromicrofarads. 
If we assume that a car is brought to rest 
with a potential of 3,000 volts, then we 
can make a rough calculation of the time 
required for the vehicle to discharge to 
300 volts, which is the minimum sparking 
potential. 

From the usual capacitor-resistance 
discharge equation 


t 
V=Voe™ Be 


Substituting V = 300, V, = 3,000 R = 
3 X 10°, C = 750 X 10-” we find t = 5.2 
seconds. 

Furthermore, we have found in the 
laboratory that a capacitor of 750 micro- 
microfarads will produce a spark capable 
of igniting a combustible mixture of 
gasoline vapor and air, only if charged to 
a potential of several thousand volts. A 
spark may occur at a lower voltage, but 
it lacks the characteristics necessary to 
ignite a combustible mixture of gasoline 
vapor and air, 
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Pilot-Wire Circuits for Protective 


Relaying—Experience and Practice 


AIEE COMMITTEE ON PROTECTIVE DEVICES 


RELAY SUBCOMMITTEE 


ECAUSE of the increasing use of 

pilot-wire relays, particularly for 
longer lines, the relay subcommittee 
initiated an investigation of the operating 
experience with the pilot channel itself. 
From this investigation it was hoped to 
determine the requirements for a reliable 
pilot channel. Unfortunately, the in- 
formation obtained to date is not con- 
clusive, and under war conditions the 
completion of this investigation appears 


It should be remembered that the 
recent increased use of pilot-wire relay 
schemes has been occasioned by the de- 
velopment of new relays to give both 
phase and ground-fault protection over 
only two pilot wires. Because of the 
short history of these new developments, 
this report necessarily gives a rather in- 
complete picture of their performance, 
since it is influenced disproportionately 
by the much longer period of use of the 


Table A 


Protection 
at Terminals 


Privately Owned Circuits 


Leased Circuits 


2 companies’. .\jan np eae tne 41 circuits of 9 companies 


“4 


y) 


ve 


Carbott blacks. 7 waudeiudestcs 6 circuits of 

ALE PANS sass sive Ce Meelis 10 circuits of 2 companies..........0...05 lcircuit of 1 company 
THYME chs. ercharsen Salem Leite 7 circuitsof 3companies.....5.0..00500% lcircuit of 1 company 
Protective tubes) occ cenlsrdeenteje 17 circuits of 2'companies. ....4..05. oe ean None 

Vacuum gaps: ac misao cateaseie Winns 4 circuits of 2 companies.............+%. None 

Bushes: sia sisatinn alee aaa le 16 circuits of 6 companies.............0+- 19 circuits of 4 companies 
eat Coils: ira ss -de terol tates teen ase 2 circuits of (company: 7 sasuke eens 6 circuits of 2 companies © 
None. 6.55 ceive ce ove ran sea OeO Cinewits of LO Companies aa ys memes 10 circuits of 2 companies 


Protection at 


Intermediate 
Point 

Carbon blocks: hasan .aden one 2circwite:of Wecompartyy jac ene montanes 48 circuits of 10 companies 
AIx BANS Wi ..0 ave wtcmiio aie earete iets 7 circuitsiof- 1 company fiw. shires ames None 

MESES ‘sii Fevars evervaleiunol hts tereredeietemtrers 6 circuits of 2 companies. .0..... 0. css 15 circuits of 3 companies 
Heat cole iy Giseatrterenanx asec oe 2 eircuitsiof Licompanya wok ane ine 24 circuits of 7 companies 
INORG sca) Si ieieireaseie titer a eet enes 96 circuits of 6 compamies.............05. None 

Not spectfiedin1, c.cnraahns eit ton 273 circuits of 14 companies................ lcircuit of 1 company 


to be delayed unavoidably. On the 
other hand, plant expansion necessary to 
the war effort frequently has called for 
quick decisions on relay schemes, and 
pilot wires have been used in many cases. 
Because the pilot-wire channel is the 
least known item in the pilot-wire relay 
scheme, the committee has decided to 
publish the information now available 
to indicate the trend, so that prospective 
users of pilot-wire relaying may have the 
benefit of this preliminary work. Inves- 
tigation will be continued as actively as 
conditions permit and another reportissued 
as soon as sufficient data are available. 


Paper 43-27, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 12, 1942; made available for printing 
December 29, 1942. 


Personnel of the working group on pilot wires of 
the relay subcommittee: W. K. Sonnemann, 
sponsor; J. H. Neher, former sponsor (now with 


the United States Navy); J. C. Bowman, W. R.° 


Brownlee, R. E. Cordray, R. F. Davis, L. L. Draper, 
E. E. George, S. Goldsmith, E. L. Harder, H. F. 
Lindemuth, W. E. Marter, P. N. Sandstrom, A. W. 
Walton, E. M. Wood. 


Pilot-Wire Circuits 


older schemes. Further, it is probable 
that, in some of the cases where phase or 
ground-fault protection only is reported, 
the circuits would have been protected for 
both, had the newer schemes been avail- 
able at the time. Also, the use of the 
newer schemes probably will increase the 
average length of pilot-wire circuits, 
becatfse of their ability to operate over 
longer distances. 

This report is based on the replies of 
32 companies covering 436 circuits used 
for protective relaying. The information 
thus obtained covers 1,351 route miles 
of pilot-wire circuits and a period of 
5,570 circuit years. 

The following information, some of 
which is elaborated on later, would 
appear to be particularly significant, — 


ya ; 
1. Eighty-seven per cent of the circuits are 


privately owned, nearly all of which are in 
lead-sheathed cable. The average length is 
three miles, The longest circuit is 26 miles. 


2. Two thirds of the circuits are installed 


on the same right of way or in the same duct . 
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Table Il. Circuit Details and Performance 
Company Designation 
1 2 3 6 6 if 8 6 10 11 12 12 
5 me *« 10 . 18 4 
Number of pilot circuits. ..2 5 5024) 42 . 15 218 oo 9 Ata — ee ale 
i 0.3 5.2 2.3 1.5 Ne, . 0.8 Beko 5 
Average length (miles)....2.0 3.0 sos 2 ae IEG a gs ty Pia ss mg 
Maximum length (miles)..2.0 3.0 ..0.3 15.6 : : a . O. 
Pilot-Circuit Performance Pe, a “ 
292 o ony 
Mile-years of operation. .0 . 208 1.0 529 .147 6,000 .57 21 7.4 
Total number of out- 
BLES ce nioic ee st erable ieicieiaie poretenn it ae) 49 0 2jO LO Fetter NS .4 . 0 0 18 6 
int . 
Dee ie =i ek ie AB Ca tke Sialy, peace iaa 1,418 L640 neers NS [24 0 a bat ¥en hoor « raeee 104 .48 
Short : ip 
CU CUITS; eee arctafaletarevele asses ctaveietelate tele o min steleteloysexks BO ose wie ciaevale'e: olla silbra ol o:“aula"sgeid nile)val a) ples aeetaate in attene/ an te Peon adele es teks tal saan 
Grounds a yon alsists tea Li iccitren loon We ws fo vavsearenorel sfoceloon/aree cle tata eteteN nie ete gsetecd ot 4 
Cause ae SES io sic vo ugse’elc ele dha a a aieia 0 ace 'u.e..0.6 © ble chele eile. 0. be: cliv'esn gm, wee 4\/e:'eiurplikti, dy 1/e; usenet cme tesa etm imitate is iat al wie gm fg iT era a 
CITCWMITS yao ae; spe Keileralie Bao, 9 cae) 6 anes. 0: ipy 0.6) 0! bilo kn ily elluilel vines eilnten pw, wieip els) elo hai aie esis Set telara esata ee viamn aS 
Circuit 
Changes sure ase chaieei rice Saas taster ers 19S hs Notoriety poe Ae. oo) Binae teats apes bE dn HESS e Sore. 2 
(Ola) ae en een Senne oC ae Oo OOOO MNS CUCM UE Dts po hth DE  ee ose 
Cable Details 
Conductor size (Ameri- 
can wire gauge)...... 16 (14 .14 19 12 eva AD) ie WE Wane 12 5 AD 19) 8 ..19 .10 
Tnsulation?.... cede. cae 3/g4 inch R..3/g,inch R..R we .R ..3/eainch.-.. 3/64 inch. .#/e inch. .P ..3/s inch R..P and R..Open 
R R R 
Protective features at _F 
terminals’. iy. .ceeen Pr None None None None .. None Wash ee sae! i ..C-H-F® .,None 5 {or None 
Voltage level! (GO:cy cles) x... se iepcveye ats ote ouside nis Xepihiantn,a¥'s :4ieWlaunr aXe spb istayeiieia honie eapve aseeaRee pean ae Ree 450 volts. .450 volts. .354 volts...........+.. Goes stoeeeem 
Potential gradient pro- 172C) 
tectiono. jaemeieias Cc None None... ee : a grad: . .None .. None . .None None z { or AC 
Insulation level (volts).............. GOO) Ua nie ot hee 600 GOO 21,500 ab vieccrsaclecg tie w spelen sieve orale o.teualncetalslalotalal-steite straits tatalen elaine 4 Bee 
Automatic supervision. .No .No ..No a LA: Lae o 7. es wes . Yes hae) ; ae * ae : 
Special circuit marking. .No SiS: <e¥eS ox. WES tec es mV: ENS. eas ..Ves . NS Sore ..No 
ee Se ——~-.- 
Relay system 
Directional comparison.............. 2B raseyiiccatay ace Mees 19: eS Fo chain sveteateras | Pecrisiamecronccr 1 | & aretéte Natale taiegeanetia nena 
Transferred trip... 2-2-2. 2-- +e ensue ih aeeiaac eee LO-- i valese einsacag cb a jase: a. (ples orticphe-lfa (ATS CcEo oa Maa or) ae seats ete ee 
De) ols) 4b eee et eee a Aaa ee nme norris ene a nacre ints coco On Ab ROA dcAtn oye sagamoe 2”) LO” cena sic eaten 1 
Ze WIEE'A=C Sretejeseisyors ane ee Dia GN mah ani Ae, b feo tcecanin cairn 18 DOB. moon Pa walk Gok w te aca oie ae ae I a ee 20 
S=WITE G-Cin ss Astaavsts nal sraahatenn elas Bao Mies eeere mane rere 2 LO. ois ia scestisie avevole. s vod ote 2 ln ele ve aot inte na ion al a in) sia) ala\loy eae tole eel tel selene tel tee iottet aa at a 
AAWIEE ARCs acs MHL nmin sacs tie olofaheivie a eT Oe IRE ae Rea eee 16) Buisness oes Gr teat. ea ee eee 9 1 
Phase faults only. csscueoc as eier sb merit er dei cieeae Aer ee BO | ararstate,aiah ol alpmus meats vosaia ral sie tree vara alle st asta eee Q aie ose 0) e/alintopeteeneeemnan 
Ground faultsionlys.; eerie ee ieee MMS Akar AACS Ct sre IE 15 
Phaseandigroundianlts2 6 ee nearer eiee 2 27 203 15 2 1 22 
(2). ee agvecl ‘ ;: H—Heat coils D—Drainage equipment 
P—Paper epiCruceiaa shecnes P T—Protector tubes J—Insulated relays PY 
(6). Symbols f tective feat T—Thyrite (d). Over 95 per cent of outages are “‘planned 
y mbols for protec cs . ” 
eae Pees Oe a ay V G—Vacuum gaps interruptions. 
C—Carbon blocks (c). Symbols for potential gradient protection (e). C, H, and F at intermediate stations also. 
caaheae: PN i (f). Some planned outages for circuit changes. 


system as the power cables. The rest are 
leased circuits or privately owned telephone 
cables which generally are located at a 
distance from the power circuits. 


3. All but two of the circuits are metallic. 
In these two cases ground return circuits are 
employed. In six cases the circuits are 


used for other purposes besides relay protec- 
tion. 


4. A though automatic supervision is used 
only on 18 per cent of the total installations 
and by 50 per cent of the companies report- 
ing, nearly every company reporting indi- 
cated that it would use automatic super- - 
vision on future installations. 


5. The service continuity reported based on 
5,570 circuit years indicates an average out- 
of-service time of less than 0.0335 per cent. 
It appears that the interruptions on the 
leased circuits are more frequent but of 
shorter duration than on the privately 
owned circuits. An analysis indicates 1.32 
interruptions per circuit year, with ‘an 
average of 3.54 hours outage per circuit year 
for the leased circuits, while the privately 
owned circuits have an outage once in 1.74 
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years, with an average outage time of 2.92 
hour per circuit year. The out-of-service 
time includes ‘‘planned interruptions,’ or 
circuit rearrangements. 


6. Carbon block and fuse or heat-coil pro- 
tection is applied to most of the leased cir- 
cuits, both at the terminals and en route, and 
special tagging is employed in the various 
exchanges. Only 20 per cent of the privately 
owned circuits are provided with terminal 
protection. Seventeen circuits are reported 


as being equipped with neutralizing trans- 
formers. 


Circuit Details 


Ownership. Fifteen companies re- 
ported 58 leased circuits, while 20 com- 
panies reported 378 privately owned 
circuits. Only three companies reported 
having circuits of both types. 

Construction. As previously indi- 
cated a large majority (367) of the pri- 
vately owned circuits and apparently all 
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of the leased circuits are in cable. The 
size of the conductor in the privately 
owned cables ranges from number 6, 
where the cable is used exclusively for 
pilot-wire relaying, to number 22, where 
the cable carries telephone and super- 
visory circuits as well as pilot-wire cir- 
cuits. The larger wire sizes are generally 
rubber covered. In most cases lead 
sheathing is employed. 

Electrical Characteristics. Although 
the average length of the circuit reported 
is three miles, in several cases circuits of 
15 to 26 miles are in operation. The; 
resistance ranges from a few ohms to as 
high as 2,675 ohms. 


In certain cases involving leased cir- 
cuits, loading coils are employed. It 
appears that these loading coils are an 
inherent part of the circuit facilities 
leased and are not introduced specifically 
for the pilot-wire system. None of the 


“ 
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of Privately Owned Pilot Circuits 


— 


Company Designation 


14 15 17 18 19 20 25 27 27 28 28 31 30 
2.0 DOLE i it Ii eae 3.0 3.0. 1.0 B20 ieee Se TO. AO on ore 6.0 wee 60 ay Le 0, 5.0 
1.0 DRO ae ae x 4.3 1 6%: 3.2 4 Big tte 0.5 Se RS Ese Ae 4.3 . 10.3 Ae ire 5.6 
1.0 RO chee Oe iat <ccn ccs 5.0 eete 3.2 6,0 Tas cee 0.5 Bat ok ak A 9.0 » 16.0 pelea) 12.5 
\4 
2) .20 UP ee pate 16 8.0 0 = Oc Oba Erste BeO- ea kono 150 .151 6.0 180 
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iat a e0 soso) 0.9 fo ret Mersin graye eiets aks Svs ésbivloce Yond MGEKO! are 'afe aiaiehecvteis stasis Cole WR ROPE e only Re ie MES aoe LES 449 BRR Mar erniae citar 2 OSE 
MN ME NOR Le tae Rte Tansee Re) Shave G 5/00 16 Lae: 0h oie Ae Selig Be AE ee wigs Vw lee ole Citar Peston orc, Bhocserere os PIPE Ee os) ORNL PIS Sits SES ES ea 22 
ea eT UTC PE cAI Mo hal oh nc o.'ah wl Kale esl ofa aso eh ve auld ¢i eros i Siw ov. doo. waht tela ele ASG. oat cl SEA NIEHS ncaa iC Ltae reve agin eee ee eee nlens 18 
MTF Mote Pars owe sles ce ctals) SRR ceniged « ebat dele Bpsidedupabe Mares ah order Broo en. c Ane Re Ae aotitist UAPRONOR a” 53 2Opon ae ane aoe ei 
0 2A STR ee er “una dye aacirioor Ril Ab Gian KACO OE Or core ROD oi coe eda ce TARTS NPR: etree eR ear ae ae ene ee ee ee Oo 
19 BE MOM Doin pels vererass 19 “19 - 12 16 ..8 6 ..8, 16 Cable and...Open wire 8 

open 
GdGmvoltsten.P 264 P ce P and R...*P 4/o inch { pee 
lac Ae I atc Da te § OREM Ag ag NEB OOEVOLES ne eit aisyescus- eet SeyPing Menrateraiers Open wire 
None Aas None F DNOME Nh sr a /c.ae aia elelhas é ‘3 3-AG VG 4-AG, 4-C 
ne eG aero z Be ee a oF Ys, eis M aie 
ee RRS Te etesikeirck oor ly al set pisvoVareie Sitio wre Ane kets ieee) pis, 070 sv ¥tare, a wralgid ww Piege ape 6,5, ohio /aveley o0e iro ih idladae uel drerete caters ole 4,000 volts 4,000 volts 
é Ree None I c Cin None: iF » None ns eee ee 
coo) 9 eS) Cee RERER ORCC ie RO MM tee MEE OY OME abot i 6. fn. c) slavara rans ste 6 Sik Phy OU. ~ dai mind levi, Seekatomit narrate LI . High Wey sot rlsteiarsyeh 1 SO 
No oh Ce en 0) (CY eee Yes PFN Oman cient eR aia oc. coe eee Mies "sf ee No wi ESL Fixta ake a2 NO .No ..No 
NS .No ...No wer asc) NGS: PPENOS) si nerhdtibe Vis cas catae aa Yes a INIO i ccs NS. os eee 3 a2. Nes -No 4 
a 
eS eee eS ea IS ama oes Mee ce Beare aia in eas sta se Ree GIs py charters # axes ae SIE 1 6 dented 
MRS esse ot pcan siete Mie a ssa aNd oa sre dco se coca o Kip Uc wi wlele’vaieteu'v ie: praloe eee 1 
MER IRS dR ola ley aaah a Yess oye @ VRE aaah win? «+ os, bv baacein ta toby hel eer ERS Cie SRNL Va APY RARE Nios Sta ata ects ce eiwe algae a @ 4 
74.) ere 1 WR Weck Ss Pee arin eee 2 1 Pek: Maer METAS Ys Cictces) cit ity couches Picietoypionn ©.0.0 AMOR! Otto RIGO Caan aEEIo a PIG TC are a 
ETc ce cistaro) 2 hate Fisis ss toweisteaearhieae ed o'6 1 eae eee tive de he seal mete 1 Sens 3 
223 Ae Be cra caitl « Cyne een ett tne bon oe BS ste Gye RMR Mes tao Ah ae 3 
PRE Es kc w eens LE?) Serre 3 2 1 SAO 8 we gkeRee ieee pomeranian 9 1 5 
(g). Four circuits with fuses at intermediate (7). One outage due to flood conditions. (m). Three outages due to some cable troubles as 
stations. : i : ; 
i , 2 (k). 4.13 miles number 19 double paper insulation. in I. Remainder mostly sleet on open wire sections 
(h). Special tests showed maximum induced volt- 0.35 mile number 4 rubber insulation. (n). Ground return circuit. 
age to ground of less than 565 volts. - rhe = . 
(1). All cable failures. Present condition believed NS. Not specified in reply to questionnaire. 


(i). One mile rubberinsulated. Some cable 1,500 
volts to ground, and some 3,500 volts to ground. 


relay schemes were reported as actually 
requiring the use of loading coils for their 
proper operation. 

Terminal and Intermediate Protection. 
It appears that, in most cases, standard 
telephone protective equipment such as 
carbon blocks, fuses, and heat coils is 
applied to leased circuits at the various 
telephone exchanges through which they 
pass and also at the line terminals in the 
power stations. Some of the privately 
owned circuits are treated similarly at 
the line terminals. Air gaps, vacuum 
gaps, and Thyrite are employed. The 
reported terminal and intermediate pro- 
tection is shown in Table A. 

At times of ground faults on power 
systems, a considerable difference in 
potential may exist between the power- 
station ground as represented by the 
primary relay equipment and true ground 
as represented by the pilot-wire circuits. 
Certain questions were asked with the 
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to be capable of better performance. 


intent of determining if this was a serious 
problem and how it was cared for. Un- 
fortunately the intent of the question was 
in many cases misunderstood, and the 
replies received lead to the belief that in 
many cases this problem has not been 
given due consideration. In certain 
cases, however, neutralizing transformers 
have been installed and in other cases 
highly insulated relay assemblies or in- 
sulating transformers have been indi- 
cated. Although insulating transformers 
constitute a component part of many of 
the pilot-wire protective systems em- 
ployed, nevertheless, in some cases the 
insulation value of this equipment has 
been nullified with respect to the super- 
visory equipment installed on the line 
side and connected to the power-station 
ground. 

The reported potential gradient pro- 
tection and grounding practice is shown 
in Table B. 


Pilot-Wire Circuats 


Circuit Performance 


Service Continuity. Table C_ indi- 
cates the record of pilot-wire outages of 
26 companies. 

Causes of Pilot-Wire Outages. The 
cause of pilot-wire outages reported by 
nine companies covering 409 circuit-years 
is shown in Table D. 

Trouble Due to Induction. Trouble 
due to induction or surges was indicated in 
20 per cent of the circuits reported. 
Apparently the majority of these troubles 
have been corrected. 


Protective Relay Systems 


As a matter of incidental interest, 
information was obtained in regard to 
the relay systems utilized. 

Types. The following general types 
of pilot-wire protective systems were 


Transactions 213 


a 


a SSS 


Neutralizing transformers. ........ ces eee nee e eens 
Line-coupling transformers... ........0+eeeeeeeeee 
Insulated relay equipment...........0.0e eee eeeeee 
INO PFObeCtiOs | ciel cfoval sie ei shele bieleysy vie evefarotels|e sleimeyiecinie 


17 circuits of 5 companies 
102 circuits of 19 companies 
278 circuits of 14 companies 

50 circuits of 9 companies 


298 circuits of 9 companies eat 
14 circuits of 2 companies with neutralizing transformers 


Ungrounded ic ercccctsiss 


21 circuits of 5 companies with coupling transformers 


7 circuits of 2 companies with both neutralizing and coupling transformers 
256 circuits of 6 companies with neither neutralizing nor coupling transformers 


Grounded to pilot cable sheath.............00008 
Grounded through station battery equipment..... 


3 circuits of 2 companies 
4 circuits of 1 company 


65 circuits of 13 companies 
Grounded to station ground............-..+++ }s0 circuits of 6 companies with coupling transformers 
= 11 circuits of 2 companies grounded at one end only 
17 circuits of 5 companies 
Grounded to a remote ground..........+ee005+ 1 6 circuits of 3 companies with coupling transformers 
6 circuits of 1 company grounded at one end only 
Table C 
Average 
Owner- Com- Circuit No. of Total Outage Per Time Per Outage Outage in Per- 
ship pany Years Outages Hours’ Circuit Per Year (Hours) centage of Service 
PORT SIDL eee wae erase (eae live) Ty ee Saint ee eee 
Dae 68.. 5 as Bitch OWL errarterete era Di OG dir. a amatercuate 0.00084 
One By 0.. Oise sho) cca caterinis Stans Wine tan ar Riana enone 0.0 
5... 4. He, One eiOuO? a Sociaaae ated ieee toate heme ae 0.0 
8... 1OGh 40 14185 oh 0 s20D eet ve sienom 28) Oi rntostseuks 0.0975 
Vater an CO bite 0 LO send 1 O40) ernie O). GLO yr ararenatanersoion 470 Sate cere 0.0282 
8.. 56.. 0.. Opis UA en maa ren arth. Aare OREO ci cuter 0.0 
10%. 2 Oe Oe an OOD ch ornss quatekoreneetnin fee meanest a 0.0 
= Tin 62)... Oi CSAS Ue is (ameter itr s Jer Icemretatitrcctt oc 0.0 
Private..... BO Sar, skeen 24.. 15 2! vem O 20 Zien aotectin ete OuSor we one 0.015 
14.. 2 OF, OF i OF OLAS in reeeiarelittaretie asn tees 0.0 
Gia 13 RE OSes OO) art eam areiesricic ben reret ete ea ee 0.0 
LS ins 4 ‘OF. Oxia OO R Taree ime iterates ccc arate sites 0.0 
19... 5 ioe Tbs eS Or wine oatenntatees, V4 Oe ed cy ra 0.169 
25.. 5 ‘OL; Dire die OOH Uy Cored. amaseeiieiannt anit ehiren 0.0 
diene Gire (US Oss 0.00% are apiouslitea tide 0.0 
28.. 68.. 20. UAT cio O20 4 rok oie eicteene iO Ae vthuer ctor tele! 0.251 
30... 28 102 OBS hee Be Okie anaes cher LOAD Ree eat 0.421 
ALOtale ete cere 17 6,417. . 3,107... .15,820 0.574 average..... 5.08 average. .0.0333 average 
4 Decent fara 15 4 Leh Lb eiclaelare: Betas NA Arete pone 0.014 
9 50.. 81.. 130. UG 2 is mister ei simenere EeO0D). excitons 0.0297 
13 (ee QB. 142 D7 De ina ead OVS S Fiiaet cies 0.405 
16 aS La, 4 I OO cee aie peace ASOOE i etree 0.046 
Leased..... 22 22 Looe GLE bo MOM Ce lt bane fe ABO tds aoa: 0.0285 
24 52. 59.. 167. PONE ee, rack no QB8 so Neneaatee 0.037 
26 MOGs Oe ats 28 Wi 2B5 eiiviercs renee tp le ee caer ye 0.046 
29 Ate Dat 2 OUBOC Ce ates ieee LOO wri cahtie cnte 0.006 
32 ihe 0.. 0 OO") aschoetels igh ein sie ae ete 0.0 
ER Otalsistercters O's 153... .202 543....1.32 average . 2.68 average...0.0355 average 
Grand total. 26....5,570...3,309 ..16,363....0.594average...... 4.94 average...0,0335 average 


* This item was reported as over 95 per cent “planned interruptions.” 


Companies with new installations 


with less than one year of operating experience are not included in this table, 


reported covering 4386 circuits of 32 
companies. 


Directional compari- 


SOW clas iarerccseres los eiaeers 76 circuits of 16 companies 
Transferred trip....... 20 circuits of 6 companies 
Blocking: tc: -eiteeis rents 9 circuits of 5 companies 


Two-wire—a-c........ 288 circuits of 18 companies 
21 circuits of 6 companies 


25 circuits of 3 companies 
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These circuits furnish protection as 
follows: 


Phase faults only...... 

Ground faults only.... 

Phase and ground 
faults. oy §scieaneetee 366 circuits of 31 companies 


48 circuits of 7 companies 
22 circuits of 3 companies 


Backup protection is employed on the 
majority of circuits. 


Pilot-Wire Circuits 


Performance. 
ord based on 406 circuits of 25 com- 
panies having 5,500 circuit years experi- 
ence indicates a total number of 381 
faults on protected lines with 368 (96.5 
per cent) correct relay operations, In 
addition, a total number of 89 incorrect 


Table D 
a 
Circuit rearrange- 

MENC sy. sees en 118 
Short circuits. ...... 87 (6 of which were grounds) 
Defective terminal 
equipment........ 46 
Open circuits....... 37 
trippings was reported. Information 


available, however, indicates that a con- 
siderable number of these occurred during 
the first few months of service. 

Testing Practice. A total of 30 per 
cent of the circuits are tested yearly, 66 
per cent semiannually, 2 per cent every 
three months and 2 per cent every month. 
It appears that the presence or absence of 
automatic supervising equipment has no 
influence on the frequency of test. In 
addition certain circuits not equipped 
with automatic supervision are checked 
for continuity, either daily or on every 
shift. 


Conclusions 


In conclusion it may be stated that an 
analysis of the replies received indicates 
that pilot-wire circuits have performed 
in a satisfactory manner and that the 
use of this form of protection is increasing. 
Certain difficulties experienced initially 
have been overcome successfully in 
practically all cases. Only one com- 
pany reported the discontinuance of this 
form of protection because of unsatis- 
factory experience. 

The replies to the questionnaire as 
received from the various operating com- 
panies have been tabulated and are given 
in Tables I and IT. 
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Synopsis: The paper discusses the various 
methods that have been used in cooling 
power transformers by forced circulation of 
the cooling medium, and points out the 
benefits 


1. To the war effort in the saving of critical ma- 
terials. 


2. To the user in first cost, shipment, installation, 
station layout, and mobility. 


The selection of proper control equipment 
is analyzed from the standpoint of protection 
and reliability of forced cooling. 

The relation between hot-spot and aver- 
age winding temperatures and the future for 
forced cooling after the war is discussed. 


General 


FEW years ago a study made of the 
service experience with transform- 
ers indicated that a satisfactory level of 
reliability had been reached. It was de- 
cided then to direct the major efforts of 
developmental work towards greater 
economy of transformer application by 
making savings in material, space, and 
weight and at the same time maintaining 
the level of reliability demanded by in- 
dustry. To accomplish this aim many 
novel ideas were incorporated into a new 
transformer design. A developmental 
single-phase transformer of 14,500 kva, 
135,000 to 11,000 volts was built. Figure 
1 shows the core and coils with cover and 
bushings attached. In this novel unit 
radical savings in weight and dimensions 
were made as compared with a conven- 
tional self-cooled transformer of the same 
rating having the same electrical charac- 
‘teristics. Data obtained on this trans- 
former demonstrated that such savings 
can be realized. 

Further saving would have resulted 

from the use of the high-permeability 
cold-rolled silicon steel used in wound-core 
transformers. 
_ This transformer was metal-sealed and 
designed to be shipped completely as- 
sembled, filled with insulating liquid, and 
with bushings in place. 

The windings were made concentric 
Paper 43-56, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
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cylindrical type which are ideally adapted 
to forced cooling. A cross section of these 
windings is shown in Figure 2. Forced 
cooling was one of the most important 
features of this new design, 


I. Benefits to the User of Forced- 
Cooled Transformers | 


1. Significant reduction in the first 
cost of the transformer due to great re- 
duction in total material. 


Figure 1. Internal view of a single-phase 

14,500-kva 135-kv grounded-wye power 

transformer cooled by forced-air and forced-oil 
flow 


2. The greatly reduced weight results 
in: 
(a). Saving in transportation cost. 


(b). Saving in installation expense, both 
in the foundation and handling. 


(c). Almost doubling the maximum kilo- 
volt-amperes that can be shipped completely 
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assembled, where weight is the limiting 
feature. 


3. Areduction of about 50 per cent in 
over-all volume of transformer means: 


(a). A saving in floor space and head room 
of installation. 


(b). Easier handling operations. 


(c). Raising to about three times the maxi- 
mum kilovolt-amperes of a transformer that 
can be shipped assembled, where size is the 
limiting feature. 


4, Shipping the transformer com- 
pletely assembled with all cooling equip- 
ment attached means: 


(a). Economy of time and money at instal- 
lation which may amount to several thou- 
sand dollars per transformer, for a very large 
unit. 


(b). Greater security of operation because 
of elimination of field work. 


5. Shipping transformers completely 


2 ELECTROSTATIC 
SHIELD 


Figure 2. Cross section of top end of windings 
of transformer in Figure 1 showing directed oil 
flow 


assembled permits metal sealing of prac- 
tically all oil joints, such as bushings, 
cover, and so forth, and means: 


(a). Elimination of practically all gaskets. 


(b). Permanence of tightness of joints, with 
greater strength. 


(c). A reduction in the chances for oil 
contamination by moisture and oxygen from 
the air, 


6. In transformers where the watts 
per square inch dissipated are low, or 
where the turn and coil insulation is rela- 
tively thin, there is a reduction in the dif- 
ference between the average temperature 
of the winding and the hottest spot. This 
permits overloading of the windings with- 
out exceeding 65 degrees centigrade hot- 
spot rise, thereby gaining in economy of 
transformer design without a reduction 
in reliability. 
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7. Remote installation of cooling 
equipment may be applied to either new 
or old transformers; this introduces new 
possibilities in station layout with the 
opportunity of utilizing the heat dissi- 
pated by the cooler. 


Il. Reliability 


For some decades large transformers 
have been built with forced circulation of 
the oil, generally cooled by an oil-water 
cooler, with the oil circulated through 
both the transformer tank and the cooler 
by means of a pump. Several million 
kilovolt-amperes of transformers built in 
this way are in service today. Each unit 
is provided with its pump and cooler. 
Service experience has been entirely satis- 
factory, except for the inconvenience 
occasioned by the leakage of oil through 
the stuffing box of the pump and also the 
maintenance of the stuffing box. Instances 
of large installations of the oil-water 
cooled-ty pe transformers built by the com- 
pany with which the authors are associ- 
ated are 28 units of 26,667-kva 161-kv 
single-phase transformers and 10 units of 
27,500-kva 230-kv single-phase trans- 
formers. 

An application of the oil-air cooler 
type made about a decade ago includes 
several 25,000-kva transformers which 
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Figure 3 (above, and right). 
One of the first applications of 
oil air coolers with finned tubes 
used to cool transformers by 
forced circulation of oil and air 


were cooled by forced circulation of oil 
through the transformers and through 
the fin-type coolers with a blast of ‘air 
forced rapidly across the external surface 
of the fin tubes (Figure 3). 

During the past several years, a large 
number of forced-cooled transformers 
have been built for use on electric locomo- 
tives as shown in Figure 4. This trans- 
former design was the result of a joint 
undertaking by the Westinghouse Elec- 
tric and Manufacturing Company and 
the General Electric Company.*® In this 
transformer, the Askarel,* cooled by a 
rapid blast of air, was not only forced 
through the cooler, but also directed and 
forced through the coil ducts in the wind- 
ings at a velocity much higher than nor- 
mally created by the thermal head pro- 
duced by the losses in a transformer wind- 
ing. Also, it is many times the velocity 
used in the transformers previously men- 
tioned, where the oil-water and the oil- 
air coolers were used. An excellent serv- 
ice record has been maintained in this 
locomotive application. 


* Noninflammable synthetic insulating and cooling 
medium. 


cooled by forced-air and di- 
rected forced-oil flow 
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Figure 4. A 4,850-kva 12-kv 


electric-locomotive transformer 


Service exptrience with small cooling 
fans for over a decade has been unusually 
successful, since over 15,000 of these fans 
have been installed on air-pressure cooled 
transformers, Type OAP, totaling mil- 
lions of kilovolt-amperes and to the best 
of our knowledge without a failure of one 
fan or its motor.®.’.8 Furthermore, much 
experience with fans and fan motors was 
secured with air-conditioning devices 
used for industrial purposes. 

Based upon this extended field experi- 
ence in the application of oil pumps, mo- 
tors, and fans, we felt justified in pre- 
senting this type of station and portable 
transformer, which utilizes all of these ac- 
cessories (Figures 5, 6, 7). The interest 
shown in this new development during the 
last few years confirms this viewpoint. 

While in the present emergency the 
scarcity of materials gave strong impetus 
to the use of forced-cooled transformers, 


Figure 5. A 40,000-kva 135-kv power trans- 
former cooled by forced-air and forced-oil 
flow 
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the development and application of this 
type of transformer was undertaken be- 
fore the emergency and was justified by 
normal conditions. 


III. Nondirected- and Directed- 
Flow Forced-Cooled Transformer 


There are two types of forced-cooled 
transformers: those with nondirected and 
with directed flow of oil through the wind- 
ings. 


‘May 1948, VoLuME (2 


Figure 6. A 2,500-kva 33-kv 
mobile substation with trans- 
former cooled by forced-air 
and directed forced-oil flow 


Whenever the oil from the pump flows 
freely inside the tank, with the flow of oil 
through the windings produced by the 
thermal head or natural convection, the 
transformer is a nondirected-flow type 
(Figure 3). 

On the other hand, if by the use of oil 
stops or baffles, the principal part of the 
oil from the pump is forced to flow 
through the windings of the transformer, 
it is a directed-flow type (Figures 1, 2, 4). 


Flange containing 
glass bushings to 
motor cables 


Outlet box 
te motor 
bushings 


Figure 7. External 

views of  oil-im- 

mersed motor pump- 
ing units 


Gasket seals 
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With nondirected flow, the advantage 
gained by forced cooling is that the oil is 
cooled to a predetermined value, which 
permits the use of a shorter tank and a 
reduction in size, weight, and cost of the 
cooling means (see item 4 of Table I). 
Some reduction in the amount of mate- 
rial used in the core and windings is pos- 
sible. 

With directed flow, additional savings 
are possible in the material used in the 
core and winding, resulting in a further 
reduction in the total weight of the trans- 
former, as shown by items 5 and 6 of 
Table I. 

In both of these cases, the cooling 
equipment alone occupies about ten per 
cent of the volume and 25 per cent of the 
weight of radiators required by a self 
cooled transformer to dissipate the same 
loss with the same oil rise. 

Nondirected flow may be applied to 
transformers already installed, either to 
increase the output, or to eliminate the 
use of water in water-cooled transformers. 

For application of directed flow, a 
standard line of very economical cooling 
equipment has been developed and covers 
the entire range of power transformers. 
To obtain minimum cost, advantage was 
taken of mass production of these forced- 
oil forced-air coolers. 

The fan motors are protected by over- 
load relays built into the motor to prevent 
damage, in case of accidental stopping or 
blocking of the fan (Figure 8). 

To eliminate the troubles with pump 
stuffing boxes, and to further increase re- 
liability of the pump, a variety of oil- 
immersed motor pumps has been de- 
veloped to serve transformers for the vari- 
ous applications (Figure 7). The motor is 
immersed and rotates in the transformer 
oil, which circulates continuously through 
the motor jacket, to cool the motor wind- 
ings and to lubricate the bearings. 


Bleeder pipe to mater 
windings and bearings 
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Pt 
IV. Cost of Forced Cooling Table | a 


s with Oil in Air Water 

The cost to the user of cooler Petes ey UO hat ee rene besten 5, 
forced flow is not limited to the cost of Winding Tank Radiator Radiator Radiator Weight 
the cooling equipment alone but must 
also include the cost of the capitalized 1 Thermal flow...... Thermal flow...... Thermal flow...... Thermal flow siesesace eee ie 

‘ 2 Thermal flow...... Thermal flow...... Thermal flow...... Bored ie. tens ster ere hcdota csceer ae 

Saud heat ere py Operate the fans and ase 3 Thermal flow...... Thermal flow...... Thermal flow...... Thermal flow..... Spray cnr 79 
motors. In addition, the cost of the cool- 4 ‘Thermal flow...... Forced ss. cuesnanie Forced. su tacmnnrs Forced). discus the ene eae Ke 
c : Gy Bakesaetrols Sodaaneaqads MOrCed 2.5 seater Korced i. sepa Freed 's 972 ops erscelatne ihe 
ing water must be considered whenever GubeBorced tren fosivns Rorced .acsecises Forced’ au. sko eee Forcediian.. Vanes Sprayaueae 50 4 


forced-oil forced-water coolers are used 
(Figure 9). Figure 10 shows the relation 
between the_relative cost of the cooler 
and the power input to the cooling me- 
diums—also the combined cost of the 
power and the cooler. Various pro- 
nounced economical balances: exist be- 
tween the cost of the cooling equipment 
and the cost of power input. 

Wherever capitalization of power is 
high, further economy in operation may 
be obtained by sectionalizing the cooling 
equipment, controlling it by the tempera- 
ture of the windings or the oil, and using 
only that portion of the cooling equipment 
necessary to maintain the desired tem- 
perature. It should be noted, however, 
that this practice causes a reduction in 
insulation life. 


V. Hot-Spot Temperature of the 
Winding 


The life of a transformer winding de- 
pends upon the temperature of its hottest 
spot and not on its average temperature. 
A margin of ten degrees centigrade be- 
tween the average and the hot-spot tem- 
perature is specified by AIEE rules, be- 
cause the measurement of the tempera- 
ture of hottest spot during the commercial 
acceptance test is impractical. 

The heat generated in a winding con- 
ductor, depending on the position of the 
conductor in the winding, passes consecu- 
tively through from 9 to 12 thermal 
regions before it reaches the ambient 
cooling medium, whether it be water or 
air. The temperature drop through each 
one of these regions is governed by a dif- 
ferent law, but in spite of this our de- 
velopmental and commercial tests indi- 
cate that the average temperature of a 
transformer winding cooled by thermal 
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Water-cooled and forced-oil forced-water transformers are not included. 


oil circulation can be computed within one 
to three degrees centigrade. 

The causes for differences in tempera- 
tures in various parts of the windings may 
be grouped in four classes; solid insula- 
tion, distribution of losses, velocity of oil 
flow, and oil temperature gradient. 

Solid Insulation. From the stand- 
point of temperature, solid insulations 
between copper and adjacent oil can be 
subdivided as follows: 


Insulating tape on coils. 
Turn insulation. 
Spacing strips and channels. 


Insulating collars. 


Ce oT ie 


Layer insulation. 


Distribution of Losses. Heat gener- 
ated in the copper of the various parts of 
the winding may vary because of: 


1. The variation in eddy loss caused by the 
difference in location of the coil or turn in 
the leakage flux field. 


2. Differences in eddy loss due to variations 
in the size of conductor and its width and 
thickness. 


Figure 8 (left). 
Three-fan section of 
oil air cooler 


Figure 9 (right). A 

7,250-kva 69-kv 

power transformer 

cooled by forced 

water with forced-oil 
flow 
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3. Unequal current distribution between 
parallel conductors in the case of imperfect 
transpositions of these conductors. 


Velocity of Oil Flow. Variations in 
velocity of oil flow may be caused by: 


1. A change in cross section of an oil duct. 


2. The distribution of oil between parallel 
oil ducts of unequal hydraulic resistance, 
caused by difference in length or cross sec- 
tion of the duct, and disposition of the 
spacers and insulating collars, 


3. The interference of the core leg in 
interleaved winding construction. 


Oil Temperature Gradient. The tem- 
perature of the oil in its course through 
the winding increases continuously as the 
oil absorbs heat from the coils. 


VI. Comparison of Temperature 


Distribution in Self-Cooled and . 


Directed Forced-Cooled Windings 


Since one of the main advantages of 
directed forced cooling of transformers is 
the radical reduction in weight of the 


windings, the copper loss per pound of 
winding is higher in forced-oil cooled 
than in self-cooled transformers. On the 
other hand, in forced cooling, where the 
heat transfer from the winding to the oil 
is more effective for a given temperature 
tise, relatively smaller winding surface 
needs to be exposed to the oil. For these 
two reasons, the watts per square inch of 
winding surface exposed to oil in a di- 


peel | 


COST OF EQUIPMENT 
—-—-— COST OF POWER 
eS TOTAL COST 


100 


COST IN PERCENT OF SELF-COOLED TRANSFORMER 


Figure 10. Relative cost of cooling trans- 
former oil as a function of the power input to 
the cooling equipment 


rected forced-oil cooled transformer is 
usually considerably greater than that 
used in a self-cooled transformer. 

Furthermore, because of improvement 
in the space factor of the windings and the 
use of a smaller core section, the leakage 
flux density may be substantially higher 
than in self-cooled transformers. 

Therefore, the temperature variations 
produced by nonuniform distribution of 
solid insulation and of losses are greater 
in directed-flow forced-cooled transform- 
ers than in self-cooled transformers. 

In self-cooled transformers the motive- 
force causing heat-bearing oil to move 
away from hot surfaces increases with the 
amount of heat dissipated. Therefore, 
every part of the winding exposed to the 
oil and dissipating heat provides its own 
local motive force to carry away the heat. 
This tends to reduce the difference in tem- 
peratures produced either by restrictions 
to oil flow or by variation in heat dis- 
sipated per square inch of winding area. 

On the other hand, in directed forced- 
cooled transformers, the oil circulation is 
produced by the oil pump, and at times its 
direction may be even contrary to the 
thermal flow of the oil. Therefore, the 
self-equalizing effect that plays such an 
important part in minimizing temperature 
differences in self-cooled transformers is 
essentially absent in forced-cooled trans- 
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formers. For this reason it is very im- 
portant that the complete structure be 
designed so that the forced oil flow dis- 
tributes in a manner that produces pre- 
determined temperature distribution. 

The oil-temperature gradient, that is, 
the difference in temperature of oil in 
contact with the winding at the entrance 
and exit of the oil path, is proportional to 
the heat absorbed by the oil and inversely 
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Figure 11. Comparison of oil temperature 
gradient and the resultant winding gradient in 


self-cooled and directed forced-cooled trans- 
former 


Figure 12. Three 

types of directed 

forced-oil flow AXIAL FLOW 
through windings A 


proportional to the velocity of oil flow. 

In both self-cooled and _ forced-air- 
cooled transformers, this oil gradient is of 
the order of 10 to 15 degrees centigrade. 
In directed forced-cooled transformers, 
the amount of oil forced through the 
winding is many times greater than 
would flow naturally because of winding 
heat, and therefore the gradient is pro- 
portionately smaller, being only a few 
degrees. This is one of the very impor- 
tant thermal characteristics of directed 
flow, forced-cooled transformers, thatisre- 
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sponsible for the reduction in difference 
between the hot-spot and average winding 
temperature (Figure 11). 

For example, with a gradient of 15 de- 
grees centigrade for thermal oil flow, and 
three degrees centigrade for directed 
forced-oil flow (meaning that five times 
as much oil is forced as would flow natu- 
rally), and assuming the average oil tem- 
perature and all other factors influencing 
the temperature to be the same, part of 
the winding at the exit end of the oil path 
in the first case will be approximately six 
degrees centigrade higher than in the 
second case. It also follows that the dif- 
ference between average and hot-spot 
winding temperatures, contributed by oil- 
temperature gradient alone, in the forced- 
flow case is only 1!/, degrees centigrade. 
However, it would be a fallacy to assume 
that this represents the entire difference 
between the hot-spot and the average 
temperature, since it would require neg- 
lecting all other contributing factors. 
VII. Types of Oil Flow in Windings 

Commonly, two types of coils are used 
in power transformer windings; pancake 
or disk coils, and cylindrical or barrel 
coils. Through these two types of wind- 
ings, three directions of oil flow are pos- 
sible: axial, radial, and transverse, as 
shown by Figure 12. In the axial and 
radial flows, the oil stream is parallel to 
the spacers. In the transverse flow, most 
of the spacers cross the oil stream and 
cause it to follow a complex path. 


WINDING 


SPACERS 


Tate ee 


RADIAL ZIG-ZAG FLOW OlL FLOW 


B TRANSVERSE FLOW 
Cc 


In forced-cooled transformers, the tem- 
perature drop through the oil film at the 
coil surface depends upon the oil velocity 
in the duct, as shown by Figure 13. 
Therefore, when it is desired to maintain 
uniform temperature rise of copper over 
adjacent oil with thickness of solid insula- 
tion and uniform watts per square inch on 
the coil surface, it is necessary that the 
oil velocity be constant along the winding 
surface. : 

In concentric cylindrical coils the spac- 
ers are axial and the ducts are uniform in 
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cross section; therefore, the oil flow is 
parallel to the spacers, and its velocity is 
constant (Figure 12A). 

With radial flow, the oil velocity at the 
inner edge of the disk coil is higher than 
at the outer edge, in the ratio of the per- 
imeters (Figure 12B). In power trans- 
formers, with the high- and low-voltage 
windings located concentrically, the ra- 
dial width of the disk coil is a small frac- 
tion of its mean radius; therefore, the 
difference in the oil velocities is very small. 

With transverse flow, the core leg or the 
insulating barriers inside the coil causes 
considerable variation in cross section of 
the oil duct. The ratio of the maximum 


ia 


TEMPERATURE RISE 


Oe Stee Sano: KOM a 1 aoe lO 
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Figure 13. Relation between velocity and 
temperature rise of windings over oil for same 
watts per square inch on the coil surface 


cross section of the duct to the minimum 
is equal to D/D—d, where D is the outside 
diameter of the disk coil and d the inside 
diameter. It results in a ratio of oil ve- 
locities in the two parts of the duct of 
V2/V,=D/D—d, which may be 2:1, and 
sometimes even higher. 

Further, the core or the insulating 
cylinder inside the coil “casts a shadow” 
on the downstream side, so that part of 
the coil surface may have an oil velocity, 
V3, only one half of the entrance velocity, 
V;. On account of this unequal distribu- 
tion, the ratio between the maximum and 
the minimum velocity V2/Vs may be as 
high as 4:1. This unequal distribution 
of oil flow may cause a temperature drop 
across the oil film in the “shadow” to be a 
fraction of a degree to several degrees 
higher than in that part of the winding 
where the velocity of the oil flow is the 
maximum. 
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Uniform oil velocity is desirable where 
losses per square inch of winding surface 
and the thickness of the solid insulation 
between the copper and the oil are uni- 
form. However, wherever these two fac- 
tors vary, it may be desirable to modify 
the oil velocity to counterbalance the in- 
crease in temperature caused by either 
greater thickness of insulation or higher 
watts per square inch dissipated by the 
oil surface. 

For example, at the ends of both high- 
voltage coils, Figure 2, extra turn insula- 
tion is used to withstand possible con- 
centration of transient voltage stresses. 
In addition, the watts per square inch 
on the inner coil adjacent to the low-volt- 
age winding may be higher than in the 
outer coil on account of increased eddy 
losses. This occurs wherever a coil is 
adjacent to the opposite winding and 
therefore is in the leakage flux of maxi- 
mum density. In such a case the eddy 
losses may be three times the average 
eddy loss of the entire winding. 

In the given example two radically dif- 
ferent problems are involved: 


1. To adjust the volume and velocity of 
oil flow in parallel ducts in order to equalize 
the temperature of the two coils having 
different watts per square inch of surface. 


2. To equalize the temperature in two 
parts of the same coil having different thick- 
nesses of turn insulation, by varying the oil 
velocity. 


PARALLEL Ducts 


To compensate for the increase in watts 
per square inch due to the greater eddy 
loss, by means of an increase in oil ve- 
locity, the duct around the inner coil must 
be made correspondingly larger than the 
duct around the outer coil. The reason 
for this is that for any given oil pressure, 
not only the total oil flow in the duct, but 
also the velocity of oil flow increases with 
an increase in size of the duct. Figure 14 
shows how much larger this inner duct 
must be than the outer duct in order to 
obtain the desired reduction in tempera- 
ture drop across the surface film. 

However, this method of balancing 
temperature by oil flow in parallel ducts 
is not always practicable because of the 
following considerations. 

At the present time, to conserve copper 
in the directed forced-flow transformers, 
the watts per cubic inch of copper and 
watts per square inch of the winding sur- 
face exposed to oil are much greater than 
are used in self-cooled transformers. On 
the other hand, the thickness of solid in- 
sulation, such as turn insulation, is natu- 
rally the same in both self-cooled and 
forced-flow transformers. Therefore, the 
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temperature drop, 7; (Figure 11) across 
the turn insulation in forced-cooled trans- 
formers is greater than in self-cooled in 
the ratio of watts per square inch used. 
In forced-cooled transformers the tem- 
perature drop T, across the oil film is re- 
duced radically by the high velocity of the 
oil flow, and therefore, in spite of the high 
watts per square inch, this temperature 
drop may be even smaller than in the self- 
cooled transformer. On this account, 7; 
in directed forced-cooled transformers 
may be equal to or even greater than T, 
instead of being a small fraction thereof, 
as commonly found in self-cooled trans- 
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Figure 14. Relation between the size of oil 
ducts and temperature of the winding surface 
for a given watts per square inch 


For example, let 7,=7,=7.5 degrees 
centigrade. The winding riseoveradjacent 
oil will be T,=7,+T7,=15 degrees centi- 
grade. Assume that the inner coil (Figure 
2) on account of greater eddy loss, has 20 


per cent more watts per square inch than- 


the outer coil. Its temperature rise over 
oil will be 15 degrees centigrade X1.2= 
18 degrees centigrade. To reduce the 
rise to 15 degrees centigrade, by increas- 
ing the oil flow in the duct, means that 
the temperature drop across the oil film 
must be reduced from 7.5 to 4.5 degrees 
centigrade because obviously the tem- 
perature drop through the insulation can- 
not be decreased. To accomplish this re- 


duction, the duct around the inner coil — 


must be made at least four times greater 
than the duct around the outer coil 
(Figure 14). 


Such an increase in oil duct is entirely — 


impractical, not only because additional 
copper and iron would be necessary to 
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avoid increasing the reactance, but also 
because it would result in an inefficient 
use of oil flow. 

Therefore, it is not practicable to equal- 

ize the temperature in two coils having 
greatly different watts per square inch, 
merely by the adjustment of the relative 
size of the parallel oil ducts. 
\\ Fortunately, in modern concentric- 
winding transformers the eddy losses 
generally are so small a percentage of the 
I’R loss that no difficulty is encountered 
from this cause. 


SERIES Ducts 


To compensate for the increase in tem- 
perature rise, due to the addition of extra 
end-turn insulation, the oil velocity over 
that section of the winding may be in- 
creased by reducing the size of the duct 
in accordance with curves given on Figure 
14. This can be accomplished in several 
ways without affecting adversely either 
the amount of active materials or any of 
the transformer characteristics. Since the 
length of these smaller ducts will be a few 
per cent only of the total length of the 
coil, the increase in the resistance to the 
oil flow is insignificant. 

In directed zigzag flow in concentric 
windings, as shown in Figure 15, the ut- 
most flexibility exists in the control of the 
oil flow, which is both vertical and radial 
and is obtained by alternating fillers of 
insulation placed on the inside and out- 
side of the disk coils. In this manner, 
the velocity and amount of oil and the 
pressure required can be varied widely 
without changing the winding. When- 
ever extra insulation is put between the 
copper and the oil stream, the ducts can 
be reduced correspondingly to increase 
the velocity and to compensate to some 
degree for the increased temperature 
drop across the solid insulation. 

Because of the above structural char- 
acteristics of concentric windings, the 
effective use of directed flow of the oil does 
not require a departure from structures 
that have been used for a great many 
years. 

From the preceding analysis it follows 
that the structural features of concen- 
tric-cylindrical as well as concentric-disk- 
type transformers naturally harmonize 
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with the requirements for the effective 
use of directed-flow forced-cooling: 


(a). The eddy losses are so small that they 
do not require disproportionately great in- 
creases in oil ducts. 


(b). Increase in temperature rise through 
extra end-turn insulation can be compen- 
sated for by increase in oil velocity without 
waste of space or material. 


(c). The oil flow is always parallel to the 
spacers, and, since the ducts are naturally 


tt 


HIGH VOLTAGE 


LOW VOLTAGE 
Figure 15. 


Directed zigzag oil flow through 
concentric windings 


uniform in cross section, the velocity of the 
oil may be uniform when desired. 


(d). The insulation structure is such that 
it does not interfere with the oil flow or with 
the division of oil between the windings. 


Thus, it is interesting to observe once 
again the extraordinary structural har- 
mony that exists in concentric-winding 
transformers. This harmony, as has 
been described to the Institute before, is 
the main cause behind the evolution of 
transformer structures from interleaved 
to concentric windings. ° 
VIII. Emergency Load 

To prevent injury to directed-flow 
forced-cooled transformers, in case of an 
emergency created by an interruption of 
the power supply to the pump and fans, 
these directed-flow transformers may be 
designed to continue to carry 100 per 
cent load for one hour or more after the 
pumps and fans have stopped. The tem- 
perature rise of the winding hot spot at 
the end of this period will not exceed the 
limit recommended by the AIBE trans- 
former subcommittee interim report, 
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IX. Conclusion 


It is obvious that, with so many meth- 
ods of cooling now available to the de- 
signer, a great variety of combinations of 
cooling methods is possible. Each one of 
these combinations has its own advan- 
tages under certain conditions of opera- 
tion, but the greatest economy in space 
and materials is attained by the use of 
the directed forced-oil method of cooling. 
The over-all gain in materials used in the 
core and coils can be illustrated by the 
following simple example: The core and 
coils of a typical self-cooled, high-voltage 
10,000-kva transformer, with 55 degrees 
centigrade average winding rise and 65 de- 
grees centigrade hot-spot rise, when ar- 
ranged for directed, forced oil flow, will 
carry continuously 16,667 kva, and meet 
the same temperature limits. 
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Shunt Capacitors 


AIEE COMMITTEE ON POWER TRANSMISSION AND DISTRIBUTION 


General Systems Subcommittee 


HE Institute at present is fostering a 

program encouraging discussion of 
means of obtaining greater loading out of 
existing equipment. As part of this pro- 
gram the general systems subcommittee of 
the power transmission and distribution 
committee has undertaken the task of 
analyzing what can be done with genera- 
tors of reactive power in reducing the 
kilovolt-ampere demand upon system ele- 
ments, thereby releasing more of the sys- 
tem capacity for useful kilowatt loading. 

A discussion of this subject is greatly 
simplified by using the expressions kilo- 
vars, to refer to the reactive power and 
kilovolt-amperes, to refer to the product 
of volts and amperes. It is recommended 
that greater use be made of this distinc- 
tion which has been recognized by the 
American Standards Association. 

The breakdown of kilovolt-amperes into 
its two components, kilowatts and kilo- 
vars, is receiving greater and greater ac- 
ceptance in the industry. Each compo- 
nent is being considered as a separate and 
distinct entity, even to the extent of not 
using necessarily the same direction of 
flow in the system. Thus an overexcited 
generator is usually considered as feeding 
both kilowatts and kilovars into the sys- 
tem. An overexcited synchronous motor 
is usually considered as taking kilowatts 
from the system but feeding kilovars into 
the system. In the former case, the direc- 
tions of flow are the same, whereas in the 
latter case they are different. A shunt 
capacitor is thought of as feeding kilovars 
into the system. Thus, without attribut- 
ing a sign to kilovars, the operator dis- 
patches this quantity and provides for 
reversal of the quantity by the device of 
referring to the flow in or out at that 
point of the system. For some purposes 
it is desirable that the positive sense of 
flow of kilovars be in a certain direction. 
This makes it necessary that a distinction 
be made between a positive and a negative 
kilovar, and therefore a sign must be 
added before the number representing the 
kilovar. In order to be consistent, the 


Paper 43-48, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
script submitted December 21, 1942; made avail- 
able for printing December 28, 1942, 


Personnel of general systems subcommittee: C. F. 
Wagner, chairman; J. W. Butler, S. B. Crary, 
J. E. Hobson, E. K. Huntington, A. A. Johnson, 
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foregoing type of kilovar will be regarded 
as positive, and, when occasion arises to 
reverse the flow of kilovar without revers- 
ing the positive sense of flow, a negative 
sign should be used. Thus an over- 
excited generator may be regarded as 
drawing negative kilovars from the sys- 
tem. 

It is interesting to note that this con- 
ception of the positive kilovar is in direct 
conflict with the definition given by the 
American Standards Association. 

While this report is concerned pri- 


marily with the use of capacitors as gen- 


erators of kilovars, many of the conclu- 
sions drawn herein can be applied equally 


Figure 1. Improvement in 

capacitors as expressed by 

reduction in weight and 
volume 


on 
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to other generators of kilovars, such as 
overexcited synchronous machines. 


Development 


Capacitors for power-factor correction 
first made their appearance as early as 
1914. By 1928 the total kilovolt-amperes 
installed was approximately 260,000. At 
the end of 1938 the total had risen to 
1,400,000 kva, and by the end of 1941 
the estimated total installed capacity was 
3,000,000 kva. In 1942 the total kilo- 
volt-amperes of capacitors which will be 
produced has been estimated at 2,500,000, 
which would bring the total estimated in- 
stalled capacity as of January. 1, 1943, 
to about 5,500,000 kva. 

Prior to 1932 all power capacitors were 
of the oil-type construction. The use of 
chlorinated aromatic hydrocarbon im- 
pregnating compounds and other ad- 
vances in the art brought about sharp 
reductions in size and weight. Today, 
complete outdoor capacitor installations 
weigh five pounds or less per kilovolt- 
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ampere, as contrasted with 15 or 20 
pounds per kilovolt-ampere in 1925. 
Prior to 1937 practically all capacitors 
were installed in industrial plants. The 
development of outdoor-type units elimi- 
nating steel housings and other acces- 
sories resulted in a further increase in the 
use of capacitors. 

The improvement in capacitor design 
is best reflected in the size and weight. 
Figure 1 illustrates the results of develop- 
ment in the period between 1924 and 
1942. The general acceptance of capaci- 
tors has been due to the following: 


1. Reduction in selling price. 


2. Improvement in design and manufac- 
turing methods resulting in decrease in size 
and weight. 


3. Development of outdoor pole-type 
units and standardized mounting brackets. 


4. Reduction in failures. 


5. Better understanding of system benefits 
which accrue from their use, such as release 
of system kilowatt capacity and low loss as 
compared to other means of supplying kilo- 
vars, 


6. The fact that they require the least 
critical material to supply kilovars. 


od 


7. The fact that, for the war emergency, 
manufacturing facilities are more available 
than for other means of supplying kilovars. 


General Features 


Capacitor banks are usually made up 
of standard 15 kva-units. A test voltage 
of somewhat over twice rated voltage is 
applied from line to line. The normal 
service voltage should not exceed 115 per 
cent of the rated voltage for standard 
voltage ratings of 575 volts and below and 
110 per cent for standard voltage ratings 
above 575 volts. Capacitors should not 
be applied to circuit voltages in excess of 
five per cent of their rating. The line-to- 
ground test voltages vary with indoor or 
outdoor type and range from 43 times 
rated voltage for the 230-volt outdoor 
capacitor to twice for the 13,800-volt in- 
door capacitor. 


PROTECTION 


Capacitors connected to ground reduce 
the magnitude of surge voltages to ground 
that occur on systems and, with some 
risk, may not require arresters for their 
protection. Ungrounded capacitors 
should, however, be protected by arrest- 
ers. Discharge devices are usually built 
into the capacitor, so that, when the 
capacitor is de-energized, any remaining 


‘charge is dissipated as a safety precau- 


tion. 
Short-circuit protection is required pri- 


marily with capacitors for detecting and — 
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temoving a faulty unit without causing 
other protective devices to operate, and 
for removing the unit before the internal 
are generates sufficient pressure to burst 
the case which might cause additional 
damage. The requirements for wye- 
grounded and delta banks as contrasted 
with those of the wye-ungrounded banks, 
warrant a separate discussion for each. 

For wye-grounded or delta banks a 
faulted capacitor unit requires that the 
fuse—individual or line—interrupts the 
full-system short-circuit current. Thus, 
on large systems, the fuse requirements 
can become very heavy, and, because of 
fuse limitations, these type banks have 
limitations. 

For wye-ungrounded banks the current 
through a faulted unit is only three times 
the normal current of the capacitors con- 
nected to that particular phase and is 
neutral, since it is limited by the capaci- 
tors in the two sound phases. Thus, the 
current to be interrupted is sensibly inde- 
pendent of the system available short- 
cireuit current, and the interrupting re- 
quirement of a fuse is under quite 
complete control since the bank is divided 
into sections. Thus, a system with large 
short-circuit requirements can have ca- 
pacitors applied to it with low-capacity 
fuses of the individual or line type. 
Grouping several capacitors under a 
single line fuse offers many useful arrange- 
ments. 

In these floating neutral equipments 
the short-circuit current generally can be 
reduced to such a value to allow circuit 
breakers controlled by relays to discon- 
nect the bank before a faulty unit bursts. 
Three such schemes are: 


1. A current transformer is placed in the 
neutral between the two groups to energize 
a current relay for initiating the tripping of 
the circuit breaker when objectionable un- 
balance occurs. 


2. A voltage transformer is placed between 
the neutrals of the two groups to energize a 
voltage relay which initiates the tripping of 
the capacitor circuit breaker when objec- 
tionable unbalance occurs. 


38. <A voltage transformer is connected 
across each capacitor phase with the sec- 
ondary windings in series with a voltage 
relay which initiates the tripping of the cir- 
cuit breaker when objectionable unbalance 
occurs. 


HARMONICS 


The impedance of a capacitor varies 
inversely as the applied frequency. 
Therefore, relatively small harmonic dis- 
tortion in the applied-voltage wave form 
may produce very large current-wave dis- 
tortion. To allow some harmonic voltage, 
the capacitors being built today, accord- 
ing to National Electrical Manufacturers 
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Figure 2. Cost of capacitors as a function of 
rated voltage 


Use lowest cost figure indicated for all 
standard voltage classes 
Indoor units with racks (1,260-kva 
bank) 


— - — Outdoor units with racks (1,260-kva 
bank) 


=-= <5 Outdoor single units without rack 
(15 kva) 


Association standards, permit combined 
60-cycle and harmonic kilovolt-amperes 
to equal not more than 135 per cent of 
the capacitor rating. To obtain the 
kilovolt-ampere loading at which a capaci- 
tor is operating, expressed as a fraction 
of its rating, with harmonic voltages 
E;, E:, E;, and so forth applied, it is only 
necessary to insert the voltage values in 
the following expression: 


kva=E)?7-3E3?--OHS- <2... (1) 


where all voltages are expressed as a frac- 
tion of the rated voltage. If only one har- 
monic is present in addition to the funda- 
mental, the foregoing rule limits this har- 
monic to the following: 


/1.35— Ey? 
E,=Q——. (2) 
n 


where # is the order of the harmonic. 


LOSSES AND AMBIENT TEMPERATURE 


The losses of present-day capacitors in 
kilowatts are about one third of one per 
cent of their kilovolt-ampere loading as 
determined by equation 1. The operat- 
ing ambient temperature should not ex- 
ceed certain figures which vary with the 
type and the application. For outdoor 
open mounted units this value is 50 
degrees centigrade and for housed units 
between 40 and 50 degrees centigrade, 
depending upon the type of rack. 


Costs 


Costs of capacitors vary with the oper- 
ating voltage, being higher at the low and 
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high voltages and minimum at inter- 
mediate voltages. Figure 2 shows the 
variation of cost with voltage. 


Application of Capacitors 


The three principal benefits that ac- 
crue from the application of capacitors 
are: 


1. Reduction in current for the same kilo- 
watt load, or reduction in the required kilo- 
volt-amperes of equipment for the same 
kilowatt load through the equipment. 


2. Improvement in voltage level, and, if 
properly switched, improvement in regula- 
tion. 


3. Reduction in system J?7 and J*x losses 


All of these benefits usually go hand in 
hand ‘but have different limitations be- 
yond which it is uneconomical to install 
additional capacitors. While certain 
benefits can be shown to result by reduc- 
ing the current passing through isolated 
pieces of apparatus, the benefits are 
usually more far reaching. Thus, supply- 
ing the kilovars at or near the utilization 
point not only reduces the current in the 
distribution circuit feeding the load at 
that point, but the effects are reflected all 
the way back to the generator in that the 
current, the system voltage drop, the 
I*y and the I%x losses are less throughout 
the entire system. In the following dis- 
cussion consideration will be given first 
to the effect of capacitors on isolated 
equipment, and this will be followed by 
consideration of how the entire system is 
affected. These discussions are very 
closely identified with system economics. 


Current Limitation 


When the load on a transformer ex- 
ceeds its rating, two alternatives present 
themselves: 


1. Additional transformer capacity can be 
added. 


2. Capacitors can be connected in parallel 
with the load, until the current in the trans- 
former or the vector sum of the kilovolt- 
amperes of the load and the capacitor falls 
within the rating of the transformer, pro- 
vided, of course, the kilowatts of the load 
do not exceed the kilovolt-amperes of the 
transformer. 


Naturally the proper choice depends upon 
transformer and capacitor cost and upon 
the amount of capacitors required. 
Figure 3 illustrates how the application 
of capacitors increases the amount of real 
power that can be carried by a trans- 
former. In Figure 3a is shown a trans- 
former of unity kilovolt-amperes supply- 


ing a load of 80 per cent power factor. 


Assume first that the capacitor is not con- 
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nected. From Figure 3b it can be seen 
that only 0.8-kw load can be supplied 
without exceeding the rating of the trans- 
former. If the load is increased to 0.9 
kw, and the same power factor is main- 
tained, then the kilovolt-amperes of the 
load is 0.9/0.8 or 1.125, and the kilovar 
of the load is (0.9/0.8) 0.6 or 0.675. To 
pass a load of 0.9 kw through the trans- 
former and still keep within its rating, 
the kilovar as shown by the circle, must 
be limited te 0.435. This can be accom- 
plished by placing a capacitor across the 
load which will consume the difference 
between 0.675 kilovar and 0.435 kilovar 
or 0.24 kilovar. The useful load has thus 
been increased from 0.8 to 0.9 kw or 0.1 
kw at the expense of the addition of a 
0.24-kva capacitor. 

The curves in Figure 4c express more 
generally the same results and show the 
total kilowatts that can be passed 
through the transformer as a function of 
the kilovolt-amperes of the capacitor 
connected across the load. The trans- 
former is kept loaded at rated kilovolt- 
amperes at all times. The curve in 
Figure 4d gives the increase in kilowatt 
load as a function of the capacitor 
kilovolt-amperes and the curve of Fig- 
ure 4e the increase in load kilovolt- 
amperes. The curve in Figure 4f, on the 
other hand, obtained by dividing the ab- 
scissa of curves of Figure 4e by the corre- 
sponding ordinate, gives the capacitor 
kilovolt-amperes per increase of load 
kilovolt-amperes again plotted against 
capacitor kilovolt-amperes required, 
This curve is of particular interest, since 
when one multiplies this quantity by the 
cost of the capacitor per kilovolt-ampere, 


0 KVA TRANSFORMER 
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fe) 08 O09 10 
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Figure 3. Illustrating the effect of adding 

capacitors upon the ability of a transformer to 

carry increased real power with load of con- 
stant power factor 
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the product gives the cost of supplying an 
additional kilovolt-ampere of load. This 
cost, neglecting other advantages of the 
capacitor, should be compared with the 
cost per kilovolt-ampere of increasing the 
transformer rating. Thus, if the load is 
70 per cent power factor, and a capacitor 
kilovolt-ampere of 0.4 is added, the ca- 
pacitor kilovolt-amperes per increase in 
kilovolt-amperes of the load is 1.65. If 
the capacitor cost is $7.00 per kilovolt- 


Sus-w 


CAPACITOR KVA 


cog Fe _peneeeeb estat 
TRANSFORMER LOADED AT “ PRES A\ AC- 
ALL TIMES TO RATED_KVA TION OF TRANS- 


FORMER KVA 
(a) 


7% INCREASE IN LOAD KVA 


Aa 
\. | CAPACITOR 
| KVA TOTAL KVAR 


Sy SELENE 
LKVAR FROM 
SYSTEM 


INITIAL KW—— a 

————_——+} 
KWAFTER ADD--! (0) 
o ING CAPACITORS 


KW LOAD AS FRACTION 
OF TRANSFORMER KVA 
INCREASE IN KW LOAD 


AS FRACTION OF 
TRANSFORMER KVA 


T~80% POWER FACT 
| 


+ 


INCREASE 
IN LOAD KVA 
coo°o 


O-NWEUDNWO-NWAUO>NW WH ij 


CAPACITOR KVA PER 


10) 02 04 06 08 1.0 ire. 1.4 
CAPACITOR KVA AS FRACTION OF 
TRANSFORMER. KVA 


) 


d (CAPACITOR KVA) 
d(INCREASE IN LOAD KvA) KYA LOAD INCREASE 


Figure 4. Effect of shunt capacitors upon load- 
ing of a transformer 


ampere, then the increase in ability to 
supply load is obtained at a cost of 1.65 
times $7.00 or $11.55 per kilovolt-am- 
pere. If the transformer cost per kilo- 
volt-ampere is $10.00, then considering 
the other advantages of the capacitor, 
the latter may be more economical. 
From Figure 4b it is apparent that, as 
the load through the transformer ap- 
proaches unity power factor, smaller and 
smaller incremental gains in load are ob- 
tained for incremental increases in ca- 
pacitor kilovolt-amperes, Figure 4g gives 
the incremental capacitor kilovolt-am- 
peres required for an increment in kilo- 
volt-amperes of the load. Expressed 
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CAPACITOR KVA PER KVA GAINED 


Figure 5. Gain in load kilovolt-amperes by 
adding capacitors, maintaining constant voltage 
drop 
in this 


mathematically, the ordinate 


curve is equal to 


d (capacitor kva) 


d (increase in load kva) 


This curve shows that the final increment 
is attained at much greater expense 
than the initial increment. 

In the foregoing a transformer was 
used for illustrative purposes only. The 
same arguments apply equally well to 
any equipment in which current might 
constitute a limiting factor such as gen- 
erators, cables, regulators, and occa- 
sionally overhead transmission and dis- 
tribution lines. Consider for a moment a 
generator. Modern 0.8 and 0.9 power- 
factor generators can, in general, be 
operated at full kilovolt-amperes at 
unity power factor. In most cases the 
turbine is capable of delivering this in- 
creased power above its rating. However, 
there may be other elements in the electric 


and steam systems that would make it~ 


undesirable to operate under these condi- 
tions. The power generation aspects 
of the problem are being presented in a 
symposium on this subject by the power 
generation committee. The present 
shortage of critical materials for the con- 
struction of generators makes this ques- 
tion particularly important at this time. 
Siftice the prime function of generators is 
to deliver kilowatts, they may, where 
additional power is needed, be retained 
for this purpose and the required kilovars 


Lad 


supplied by other means at or near the - 


load. In applying the cost data obtained 
through the use of the curves of Figures 
4f and 4g, it is necessary in this case to! 
compare capacitor costs with generator 
costs. 
that capacitors, to bring the operating 
power factor of the generator to near 
unity, will be justified. Other considera- 


tions, such as stability of the generator at 


low excitation, might dictate the extent to 
which the power factor can be corrected. 
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In almost all cases it will befound 


As will be shown subsequently, addi- 
tional advantages, such as reduction in 
losses and improvement in regulation, 
can be obtained by locating the capacitor 
close to the load. Since the system in- 
vestment increases per kilovolt-ampere 
delivered as the load is approached, and 
since capacitors decrease the required 
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Figure 6. Effect of adding capacitors upon the 


loss in a feeder, transformer, or other equip- 
ment supplying a load 


system kilovolt-amperes per kilovolt- 
ampere delivered, it becomes easier to 
justify the application of capacitors at 
points closest to the load. 


Voltage Drop 


The voltage drop in feeders on short 
lines can be expressed approximately by 
the relation 


Voltage drop = RI,+ XT, (3) 


where R is the resistance, X the react- 
ance, J, the power component of the cur- 
rent, and J, the reactive component. 
If a capacitor is placed in shunt across 
the end of the line, the drop becomes ap- 
proximately. 


Voltage drop = RI,+XJ,—XI, (4) 


where J, is the current drawn by the ca- 
pacitor. Thus it is evident that if J, be 
made sufficiently large, both the RJ, and 
the XJ, drops can be neutralized. This 
expression also shows that, if the voltage 
drop is compensated at full load, then at 
light loads, as J, and J, become smaller, 


the line is overcompensated, because J, 


is dependent only upon the voltage and 
not upon the load. Thus it may be said 
that the regulation of the line is practi- 
cally unchanged by the presence of the 
capacitor. The capacitor effects an in- 
crease in voltage both at light load and at 
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full load. At light loads the voltage rise 
might well be so much in excess of the 
normal value as to represent an unde- 
sirable or even intolerable condition. 

Because of its lack of voltage control, a 
permanently connected capacitor has 
limitations. However, with suitable con- 
trol for switching capacitor banks or sec- 
tions of banks in and out, the capacitor 
can be made to control the voltage. 
The control element can be operated 
either by a time switch, from the line 
voltage, by the load power factor or by 
the load kilovars, To date the voltage 
control has received greatest acceptance, 
because in general, it affects directly the 
quantity which it is desired to control, 
although in industrial applications power 
factor and load kilovars have been used 
quite frequently. Switching presents 
new problems unique in capacitor appli- 
cations which, however, are susceptible 
to ready solution. These are: 


1. When a capacitor bank is connected to 
a system, the system impedance is usually 
of sufficient magnitude to limit the initial 
inrush to a reasonable value. If, however, 
a section of a bank is switched in while 
another section of an adjacent bank is 
already connected to the system, the low 
impedance between the sections can result in 
large currents of high frequency. Experi- 
ence has indicated that this need not be given 
consideration in the general case. 


2. Opening of the capacitor charging cur- 
rent—under the proper conditions—can re- 
sult sometimes in restriking of the arc within 
the breaker, with resultant high transient 
overvoltages. This is essentially a switching 
problem and can be handled adequately 
with properly applied available switching 
equipment. 


The switches need not, however, have 
sufficient interrupting capacity to handle 
the system short-circuit current. Break- 
ers are usually supplied for this purpose 
which can also be used as disconnecting 
devices, providing there is a backup 
breaker. For outdoor service suitable 
fuses are also used for this purpose. In 
industrial applications capacitors are 
sometimes connected directly across the 
terminals of a motor and switched on 
and off with it. 

The number of steps to be used in 
capacitor banks depends: entirely upon 
the system characteristics, the total 
drop which it is desired to correct, and 
the increment in voltage change which 
the system can absorb. In this respect 
the switched capacitor is in a position 
similar to the step voltage regulator as 


‘contrasted to the continuous variation 


of the induction-type regulator. 

To apply capacitors most effectively it 
is desirable that wattmeter, kilovar meter 
and voltmeter records be taken at several 
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points throughout the system. These 
will serve as a guide to determine the 
amount of capacitors that should be in- 
stalled and also the necessity for and 
number of steps in switching equipment. 
To compare the benefits of line-drop 
compensation by means of capacitors 
with other methods of accomplishing the 
same result, the curves shown in Figure 5 
are provided. These curves show the 
capacitor kilovolt-amperes required per 
kilovolt-ampere increase in load that can 
be supplied without increasing the line 
drop. It will be observed that this 
quantity is a function only of the power 
factor of the load and ratio of resistance 
to reactance of the feeder, transformer, 
or other device. By multiplying the or- 
dinate by the cost of a kilovolt-ampere of 
installed capacitor, the cost of supplying 
an additional kilovolt-ampere of load 
without increasing the drop is obtained. 
This figure should be compared with the 
cost to produce the same result by other 
means, such as additional cost per kilo- 
volt-ampere of transformer or feeder. 


Reduction in Losses 


When current flows through a circuit 
consisting of resistance and reactance, 
there is in addition to the J*r loss an J?x 
loss. The generator must, therefore, in 
addition to supplying the load require- 
ments, supply the J?r loss in the form of 
kilowatts and the J*x loss in the form of 
kilovars. If the current through the sys- 
tem is decreased, then the J’r and J’ 
losses which the generator must supply 
will decrease. In the case of reduced J? 
losses, the useful kilowatt loading of the 
generator can be increased by practically 
this amount without requiring more 
fuel. The smaller J?x losses reduce the 
kilovolt-ampere loading on the generator 
and thereby release generator current- 
carrying capacity which may be used to 
supply kilowatts. 

Under the present emergency, reduc- 
tion in kilowatts (J?v) and kilovars (I*x) 
losses has taken on new importance and 
significance. So long as the system has 
adequate reserve, there is some justifica- 
tion for those who argue that the kilo- 
watt losses should be evaluated in terms 
of the fuel required. However, as the 
reserves become depleted, and the system 
is operated closer and closer to its theo- 
retical capacity, losses must be evaluated 
in terms of both the total equipment and 
the fuel required. Under present condi- 
tions when generating capacity is difficult 
if not impossible to obtain, reduction in 
losses becomes still more important. 

Capacitors are effective in reducing 
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the current and, consequently, the Jr 
and I?x losses. Of course, in the case of 
a transformer or a feeder in which the 
current-carrying capacity is limited by 
thermal consideration, this factor is only 
another facet of the same problem. When 
capacitors are installed near the load, the 
reduction in current affects the loss 
throughout the entire system. Calcula- 
tions of reduction in loss under peak load 
conditions have shown that capacitors 
of reasonable amounts, in addition to 
other benefits, might also reduce the sys- 
tem generator output by the extent of two 
to four per cent. Figure 6 shows the re- 


Over-All System Performance 


While the foregoing discussion illus- 
trates the advantages of the application 
of capacitors from the standpoint of iso- 
lated equipment, the full advantages of 


Figure 7. System performance with applica- 
tion of shunt capacitors 


Base load at each point C (load center of 
single-phase laterals) 
At time of peak load—100 kw 75 kilovars 
125 kva at 80.0 per cent power factor 
At time of light load—20 kw 30 kilovars 
36 kva at 55.5 per cent power factor 
Total load at points C for 15 circuits 


Base load on each 240-volt secondary line 
At time of peak load—7.83 kw 5.68 kilo- 
vars 9.67 kva at 80.9 per cent power factor 
At time of light load—1.59 kw 2.29 kilovars 

9.79 kva at 57.0 per cent power factor 


Total load on secondary lines 
At time of peak load—12,683 kw 9,208 
kilovars 15,670 kva at 80.9 per cent power 
factor 
At time of light load—2,578 kw 3,707 kilovars 
4,526 kva at 57.0 per cent power factor 


Cases Assumed for Calculations 


Kilovars of Capacitors on Each of 15 Circuits 
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the capacitor cannot be appreciated with- 
out analysis of the entire system. For any 
particular system this analysis can be 
made best on a network calculator or a 
network analyzer. In this case, the ca- 
pacitors can be spotted throughout the 
system and the net result determined 
readily and quickly for both full-load 
and light-load conditions. To illustrate 
the nature of these advantages, M. C. 
Miller has chosen a hypothetical system 
which is sufficiently simple to analyze 
mathematically. The results of this 
analysis were presented before the Edison 
Electric Institute, and a portion of the 
paper is included in this report. The 
chosen system is shown in Figure 7a. 
Briefly, it comprises a generator, step-up 
transformer to 66-kv transmission, a 
step-down transformer to five 12-kv cir- 
cuits, each serving a 12-kv to 4-kv sub- 
station with three 4-kv distribution cir- 
cuits. This makes a total of fifteen 4-kv 
distribution circuits. Emanating from 
the terminals of these three-phase cir- 
cuits indicated by the point B are 2.4-kv 
single-phase laterals of which there are 
nine for each 4-ky three-phase feeder. 
Power is stepped down on these lines to 
120/240-volt utilization voltage. The 
loadings for peak and light loading con- 
ditions are also given in Figure 7a. In- 
stallations of shunt capacitors throughout 
‘the system were assumed, which are iden- 
tified by the case numbers assigned to 
them in the table of Figure 7a. Cases 
1 and 7 assume the same kilowatt load- 
ing with no capacitors installed; the 
loads at the points C for the former being 
at 80 per cent power factor and for the 
latter at unity power factor. 


The curves in Figure 7 are self-explana- 
tory, as they depict the kilowatt, kilovar, 
kilovolt-ampere, and voltage at different 
points throughout the system for both 
peak-load and light-load conditions. A 
number of details are worthy of special 
comment. 


The kilowatt increases as the generator 
is approached, a fact shown in magnified 
form by the loss curves in Figure 7f. For 
a customer load of 12,700 kw with no 
capacitors, the generator output is 16,500 
kw, representing a system loss of 3,800 
kw or 30 per cent. Of course, the larger 
portion of this loss is unavoidable and 
represents a loss resulting from the trans- 
mission of real power only. Note that for 
case 7 for the peak load the kilovar is very 
small, and for practical purposes the 
losses for this case represent the ultimate 
to which they can be reduced; that is, 
they correspond to within one tenth of a 
per cent with the losses that would result 
if the kilovars were supplied at the points 
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of origin by capacitors distributed along 
the lines. 


However, the amount by which the 
losses are reduced is still quite substan- 
tial. Thus the first increment of capaci- 
tors (2,025 kilovars) reduces the losses 
by 860 kw. The effects upon the kilovolt- 
ampere output of the generator are very 
much greater. The first increment of 
capacitors (2,025 kilovars) at the load 
reduces the kilovolt-amperes (not kilovars) 
by 2,200 kva at the generator. Figure 
8 shows the effect of additional incre- 
ments of capacitor kilovars upon both 
the kilowatt losses and amount of genera- 
tor kilovolt-amperes released, The points 
should not necessarily form continuous 
curves, because they represent increments 
of capacitors at different locations 
throughout the system. The difference in 
the losses for cases 6 and 7 represent the 
benefits, as can be seen from Figure 7f, of 
locating capacitors at C instead of B, 
thus decreasing the losses in the circuit 
between these two points. Even under 
normal national economic conditions it 
appears desirable to relieve the generator 
of the duty of supplying a portion of the 
kilovars and to transfer that function 
to the capacitor. Under present condi- 
tions, with the increasing difficulty of 
obtaining fuel, the reduction in losses be- 
comes even more important. The re- 
striction in the availability of generating 
equipment is fortunately relieved to a 
very considerable extent by apparatus 
which is relatively low in cost and has 
few restrictions as to availability. Con- 
sidering the generating capacity of the 
entire country, which is something in 
excess of 25,000,000 kw, it may be seen 
that releasing even as small an amount as 
two per cent makes available 500,000 kw 
of generating capacity. Of course, the 
foregoing considerations are predicated 
upon the ability of the generator to sup- 
ply full kilovolt-amperes at higher power 
factor than rated, which is not always the 
case. To a lesser extent, similar consid- 
erations permit the installation of smaller 
transformers if the power factor is cor- 
rected by capacitors. 

Miller’s curves illustrate also what he 
terms the ‘snowball’ or cumulative 
effect upon the reduction in kilovars by 
locating the capacitors as close as pos- 
sible to the load. To produce the same 
reduction in kilovars at the generator as 
obtained by 2,025 kilovars of capacitors 
at the load would require 3,000 kilovars 
of capacitors connected directly across 
the terminals of the generator, This 
constitutes a further argument for placing 
capacitors near the load. 


In applying capacitors, consideration 
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should be given not only to the peak-load 
condition but also to the light-load con- 
dition. If the capacitors are not switched 
off at light loads, the disappearance of 
the lagging kilovars produces an excess 
of loading kilovars. This produces two 
results: 


1. The generator becomes wunderexcited 
and this may be dangerous if the system has 
a tendency toward instability. 


2. The voltage rises near the load end of 
the system. 


Provision, of course, can be made to 
switch capacitors off automatically at 
times of light load. Figures 7g and 7h 
illustrate the variation of voltage be- 
tween peak load and light load for the 
different cases just discussed. A voltage 
drop in a system is not so serious if it is 
the same at peak and light loads, since the 
voltage level can be corrected by merely 
changing a transformer tap. In the par- 
ticular system under consideration it 
will be observed that a voltage drop of 
35 per cent occurs at the time of peak 
load and 11 per cent at the time of light 
load. Therefore, the voltage regulation 
itself is 24 per cent, a magnitude which 
would be intolerable and must be cor- 
rected either by switching of capacitors, 
tap changing under load, or induction 
regulators. If, however, at peak load and 
light load the kilovar component of the 
load is compensated by the installation of 
capacitors (case 7), the regulation is only 
15 per cent. This of course, involves 
switching of the capacitors between full 
load and light load. Verification of these 
values can be obtained from Figures 7g, 
h, and i, 

Idle generators are sometimes floated 
on the system to supply kilovars. This 
has the disadvantage that the kilovars 
are not usually supplied at the most ad- 
vantageous location and is not available 
when needed most, that is, at peak 
loads when the generator is delivering 
real kilowatts. 


Comparison Between Capacitors and 
Synchronous Condensers 


In large units synchronous condensers 
constitute a competitor of the capacitor 
and may be more desirable when all fac- 
tors are evaluated. The following points 
should be considered in comparing these 
two types of equipment: 


1, A standard synchronous condenser is 
capable of supplying kilovars equal to its 
rating to the system as well as of absorbing 
them to an extent equal to 50 per cent of its 
rating. For those applications requiring 
these characteristics, the comparison should 
be on a basis of the synchronous condenser 
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against the capacitor at full kilovars plus” 


a shunt reactor of 50 per cent kilovars. 


2. The fineness of control of the synchro- 
nous condenser cannot be duplicated by the 
capacitor unless a large number of switching 
steps are used. 


3. An instantaneous drop in terminal 
voltage, within practical limits, increases 
the kilovars supplied to the system in the 
case of a synchronous condenser, whereas a 
similar change in the case of capacitors de- 
creases the kilovars supplied to the system. 
In this regard the synchronous condenser 
has greater stabilizing effect upon system 
voltages and likewise tends to maintain 
synchronism between machines. Its me- 
chanical inertia, in general, has a further 
stabilizing effect upon the other synchronous 
machines comprising the system, By reason 
of these same characteristics, a synchronous 
condenser reduces the effects of sudden load 
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Figure 8. Reduction in system losses and re- 
duction in kilovolt-ampere loading of the 
generator resulting from the addition of capaci- 
tors to the system of Figure 7 


System before addition of capacitors repre- 
sented by Case 1 


changes or rapidly varying loads, such as 
drop in system voltage occasioned by start- 
ing of a large motor or operation of large 
welders. 


4. For short periods of time the synchro- 
nous condenser can supply kilovars in excess 
of its rating at normal voltage, whereas this 
is not the case for capacitors. 


5. The losses of synchronous condensers 
are very much greater than those of capaci- 
tors. For synchronous condensers the full- 
load losses vary from about 3 per cent for 
3,000-kva units to about 11/2 per cent for 
very large units of 50,000 to 100,000 kva, 
and for capacitors the full-load losses are 
about one third of one per cent. The no-load 
losses of air-cooled synchronous condensers 
are about 60 per cent of the full-load losses, 
and for hydrogen-cooled synchronous con- 
densers about 40 per cent; therefore, at 
fractional loads the losses of the synchronous 
condenser are not in proportion to the out- 
put in kilovolt-amperes. For a capacitor, 
however, the losses are proportional to the 
kilovolt-amperes connected to the system. 
Thus, the greater the load factor, the greater 
the benefits of the comparison of losses in 
favor of capacitors. 
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6. A comparison of the cost of synchronous 
condensers and capacitors involves an 
evaluation of the losses. Figure 9 compares 
the cost of air-cooled outdoor synchronous 
condensers and capacitors. Three evalua- 
tions for losses were assumed 0, $150, and 
$250 per kilowatt. The low losses of the 
capacitors should not be evaluated so highly 
as those for the synchronous condenser, be- 
cause, as just mentioned, at fractional loads 
the losses decrease more rapidly than for the 
synchronous condenser. Figure 10 brings 
out the comparison still more clearly in that 
the ordinate is plotted as a ratio of the cost 
of the capacitor to the cost of the synchro- 
nous condenser. When losses are evaluated 
at $150 per kilowatt, the costs are equal at 
35,000 kva, and, when evaluated at $250 
per kilowatt, they balance somewhere 
around 100,000 kva. The balancing point 
between capacitors and synchronous con- 
densers will vary with voltage and with the 
type of synchronous condenser. 


7. Capacitors lend themselves to distri- 
bution throughout the system at several 
locations much more economically than syn- 
chronous condensers. Thus they may be 
located at points closer to the load and be 
more effective in their purpose. 


8. The kilovolt-ampere rating of an instal- 
lation can be increased or decreased as the 
loads and system requirements dictate much 
more readily with capacitors than with syn- 
chronous condensers and can be installed 
with greater ease. By moving capacitors 
from point to point as required, the installa- 
tion of other equipment such as transformers 
may be deferred. Foundations are less im- 
portant, and auxiliaries are fewer. 


9. A failure of a single unit comprising a 
bank of capacitors affects only that unit 
and does not jeopardize operation of the 
entire bank. On the other hand, failure of 
insulation in a synchronous condenser is 
less likely to occur than failure of a single 
unit in a bank of capacitors. 


10. Synchronous condensers add to the 
short-circuit current of a system and may 
increase the size of breaker required. On the 
other hand, switching of large banks of 
capacitors may involve large currents. In 
general, however, these currents fall within 
the ratings of circuit breakers. 


11. During the present emergency critical 
materials require consideration. Synchro- 
nous condensers require between two and 
three times the critical material required by 
capacitors. There is the further considera- 
tion that the manufacturing space ordinarily 
used for synchronous condensers is now being 
used for the manufacture of equipment hav- 
ing higher priority rating. Thus, under 
present conditions, comparison between syn- 
chronous condensers and capacitors may be 
purely academic because of the difficulty of 
obtaining synchronous condensers. 


Harmonic and Coordination With 
Telephone Circuits 


The principal cause of harmonic volt- 
ages and currents in capacitors is the 
magnetizing requirements of transform- 
ers. Because of the lower impedance of 
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capacitors at higher frequencies, the har- /’ 


monic currents may become so high as 
to endanger the life of the capacitor or to 
cause excessive amounts of fuse blowing or 
overheating of breakers and switches. 
The standard margins built into capaci- 
tors, which were mentioned previously, are 
usually sufficient so that, for the amount 
of harmonic voltage present in most sys- 
tems, no undue amount of trouble is ex- 
perienced. For the transformer magnetiz- 
ing current, the third-harmonic compo- 
nents and their multiples are usually sup- 
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Figure 9. Air-cooled synchronous condenser 
and capacitor costs for a 13.8-kv outdoor 
installation 


Capacitors connected in wye and switched in 
five steps. Costs do not include main circuit 
breaker, land space, foundations, or spare 
parts, but do include freight, automatic control 
erection, capacitor fuses, coolers on synchro- 
nous condenser, and so forth 
1-1’—Cost of equipment installed 
9-9'—Cost plus losses capitalized at $150 
per kilowatt 
3-3’—Cost plus losses capitalized at $250 
per kilowatt 


plied by circulation around the delta-con- 
nected windings. The higher harmonics 
are usually so small that they give no 
appreciable trouble so long as the trans- 
formers are operated near their rated 
voltage. 

An unbalanced fault on a system sup- 
plied by water-wheel generators without 
damper windings may ‘produce harmonic 
voltages. By resonance or partial reso- 
nance with capacitors, these voltages can 
be magnified. While the duration of the 
fault might not be sufficiently long to in- 
jure the capacitor, it may result in blow- 


ing of a large number of fuses in con-_ 


nected capacitors all over the system. 
This hazard is reduced by properly de- 
signed damper windings and system ar- 
rangement. 

A considerable amount of study has 
been given to the effects of shunt capaci- 
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tors on the inductive co-ordination of 
power systems and exposed telephone 
circuits at noise frequencies. These 
studies have been carried on by the Joint 
Subcommittee on Development and Re- 
search of the Edison Electric Institute 
and Bell Telephone System. The results 
of their preliminary study of the problem 
were included in an article published in 
the August 1938 issue of the Edison Elec- 
tric Institute Bulletin. Subsequently, 
the joint subcommittee has co-operated 
with the operating power and telephone 
companies in a number of field studies on 
the effect of capacitors, and a report sum- 
marizing this experience is now in prepara- 
tion. It has been found that the use of 
capacitors may be either detrimental or 
beneficial from the inductive-co-ordina- 
tion standpoint, depending on the particu- 
lar conditions in each case. Advance 
planning by the two industries along the 
lines suggested in the article referred to 
has reduced the number of troublesome 
situations to a small percentage of the 
number of capacitor installations. Where 
the use of capacitors has resulted in in- 
creased noise, it has been practicable gen- 
erally to improve conditions by relatively 
simple measures applied to either the 
power or telephone systems or both. A 
summary of the available measures is in- 
cluded in the article. 


Portable Capacitors 


Several utilities have found, with a 
sudden increase in load at particular 
points on the system, a situation which is 
likely to occur under present conditions; 
portable three-phase capacitor units dis- 
patched to the point are effective in re- 
lieving the load on the overloaded facili- 
ties until more permanent changes in the 
system can be made. . Also, two single- 
phase mobile capacitor units are in use; 
their purpose is to relieve the overload on 
open-delta banks of transformers occa- 
sioned by the failure of one transformer 
of a three-phase delta-connected bank. 


Self-Excitation of Induction Motors 


In some capacitor applications the 
system is so arranged that, in the event of 
opening of a feeder circuit breaker, an 
induction motor paralleled with a capaci- 
tor may be isolated from the remainder of 

‘the system. The stored energy in the 
rotor and load will then drive the motor, 
and, if the kilovolt-amperes of the capaci- 
tor is sufficiently large, the combination 
will become self-excited, the motor acting 
as an induction generator receiving its 
excitation from the capacitors. The 
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Figure 10. Relative costs of capacitors and 
synchronous condensers for conditions enu- 
merated in Figure 9 


overvoltage is rarely of sufficient magni- 
tude to endanger the insulation. If lights 
are connected to the same circuit, their 
life may be shortened somewhat because 
of the magnitude and duration of the 
overvoltage. These situations, however, 
rarely occur. 


Conclusions 


1. Capacitors are usually the most eco- 
nomical form of supplying basic kilovars 
when installed near the load. 


2. Capacitors release transformer, feeder, 
substation, or generator capacity, or stated 
otherwise, permit greater loading in terms of 
active or real power. This is particularly 
important during the war emergency. 


3. Unless switching is used, the amount of 
capacitors that should be installed may be 
limited by 


(a). Overvoltage conditions at light load. 
(6). Synchronous machine instability, 


(c). Over-all system energy losses, 


4. The addition of capacitors reduces the 
system losses by supplying the load kilovar 
component. The greatest economy is ob- 
tained by supplying the kilovars close to the 
load. Reduction in total system losses re- 
duces the fuel required to supply the load 
and also makes available additional gen- 
erating capacity. 


5. Capacitors require less critical material 
than synchronous condensers and do not 
tie up manufacturing space now required 
for equipment more essential to the war 
effort. 


6. Permanently connected capacitors re- 
duce voltage drop but have only a minor ef- 
fect upon the regulation, since they raise 
the voltage at light load and at full load by 
substantially the same amount. 


7. Capacitors, when located close to the 
load, release more kilovars in the synchro- 
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nous machines than is indicated by the 
capacitor name-plate rating. 


8. A capacitor does not have the favorable 
characteristic of a synchronous condenser in 
reducing light flicker. 


9. The initial cost of capacitors and syn- 
chronous condensers balance around 7,000 
kva, but, when the greater losses of the 
synchronous condenser are taken into con- 
sideration, the balance point will be very 
much greater. In this comparison it is neces- 
sary in some cases to recall that a standard 
synchronous condenser, if required, can also 
absorb kilovars from the system to an extent 
equal to 50 per cent of its rating. 


10. Capacitors reduce billing charges, a 
factor of great importance to industrial cus- 
tomers having a power-factor clause in their 
power contracts. 


ibe Capacitors are readily made portable 
to provide emergency capacity where 
needed. 


12. The proper application of capacitors 
requires a consideration of all components 
of the system, including generation, trans- 
mission, and distribution. 
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The Cathode-Ray Oscillesaah Applied 
to Long-Time Switching Transients 


G. W. DUNLAP 
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Synopsis: The cathode-ray oscillograph be- 
cause of its inherent characteristics is 
ideally suited and extensively used for the 
measurement of transient voltages associ- 
ated with switching operations. The type 
of oscillograph ordinarily used covers a wide 
range of measurement conditions and is 
necessarily large and expensive. For this 
reason very few such units are available, and 
new problems, arising from the necessity of 
providing reliable service with loads in- 
creasing because of the war effort, have re- 
quired every available measurement facility. 

In two recent applications where ex- 
tremely wide-range performance was not re- 
quired, a two-tube low-voltage cathode-ray 
oscillograph was used successfully. This 
oscillograph and the two applications are de- 
scribed, and it is shown how such measure- 
ments of long-time transients may be made 
with portable, inexpensive, and relatively 
simple equipment embodying the advantages 
of cathode-ray oscillography. 


INCE it first began to be appreciated 
that the transient voltages asso- 
ciated with the opening or closing of an 
electric-power circuit had an important 
bearing on the switching device, as well 
as the connected circuit elements, much 
thought and effort have gone into the 
development of instruments which will 
measure these transients faithfully.'~* 
This development has led to the modern 
cathode-ray oscillograph which tells the 
complete story of the transient both as to 
time and amplitude. 

This instrument is suited ideally to this 
task because of certain inherent char- 
acteristics: 

1. Its indicating element, a beam of elec- 


trons, has imertialess response to the rapid 
changes of the transient voltage. 


2. It may be constructed so that its beam 
intensity is adequate to give a photographic 
record of those changes. 


3. It may be either a voltage-sensitive or a 
current-sensitive device, but as the former 
it is capable of giving a measurement with 
extremely low energy drain from the circuit 
being measured. This means that it may be 
used with high-impedance-capacitance volt- 
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age dividers for the measurement of ex- 
tremely high voltagesat transient frequencies 
where potential transformers, even though 
practical from a voltage standpoint, would 
not respond accurately to the rates of change 
involved. 


4. Its beam may be turned on or off with 
such speed and precision that recording may 
be readily synchronized with the occurrence 
of the transient, even to the extent of having 
the transient itself initiate the recording 
sequence. 


Cathode-ray oscillographs have been 
designed and built and are in daily use in 
switchgear laboratories that are capable 
of recording, for all three phases, many 
cycles of power-frequency voltage, while at 
the same time adequately resolving tran- 
sient oscillations of the highest frequencies 
encountered in this type of phenomena. 
Such units designed to cover the full range 
of measurement possibility are necessarily 
complicated and expensive, and, while 
they can be made mobile, they scarcely 
would be considered as portable. How- 
ever, this full range of measurement 
capability is not always necessary. In 
fact, it is frequently desirable to sacrifice 
high-speed time resolution in order to get 
a better picture of the relation between 
various parts of long-time transient 
phenomena. 

While this, of course, is readily accom- 
plished with the big high-speed oscillo- 
graph, only a few such outfits are avail- 
able, and these just about cover normal 
measurement needs. With the increased 
loading of electrical systems because of 
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the war effort, many new engineering 


problems are constantly arising. The 
solution of these problems frequently 
requires both laboratory and field inves- 
tigations to supplement past experience, 
and additional measurement facilities 
must be provided. 

It is apparent that applications in- 
volving long-time transients may be 
handled by a cathode-ray oscillograph 
which, without the high-speed features 
of the all-purpose type mentioned above, 
could be made far simpler and less ex- 
pensive. In the following pages such a 
simple, inexpensive outfit is described 
along with two applications to switch- 
gear field testing. 


The Oscillograph 


This special cathode-ray oscillograph 
shown in Figure 1 was designed to record 
long-time transients with durations up 
to one or two seconds. For this reason 
it can use a low-voltage cathode-ray tube, 
and the unit incorporates two such tubes. 
Recording is by moving film photography. 


(a). TUBES 


The two cathode-ray tubes which are 
operated at 1,300 volts have three-inch 
fluorescent screens of the high-peak- 
intensity short-persistance type suitable 
for moving film photography. A view 
from above the oscillograph looking down 
into the tube compartment as in Figure 
2 shows one tube in full but only the 
white screen of the second tube which is 
mounted directly underneath the first 
one. The voltages to be measured are 
applied to the vertical deflection plates, 


Figure 1. Special cathode-ray oscillograph 


Side panel removed showing power-circuit 
and film-shifting relays. Film drum and drive in 
position 


-_ 
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so that the traces appear on the tube 
screens as Wnidimensional Lissajous fig- 
ures in line with each other, and time 
resolution is provided by the motion of 
the recording film. 


(b). 

An f2.0 lens, which may be seen inside 
the tube compartment at the end next to 
the driving motor in Figure 2, focuses 
the cathode-ray traces on a moving film. 
The film, 37/s by 30 1/2 inches is held by 
spring belts on the rotating drum shown 
in its holder in Figure 3. The drum holder 
is equipped with a manually operated 
shutter and a removable cover for load- 
ing. It is readily attached to the oscillo- 
gtaph case by spring clips as shown in 
Figure 1, and, when in place, the axis of 
the drum with its key fits inside a hollow 
slotted driving shaft which in turn is 
geared to a small electric motor. The 
drum is free to move inside the holder a 
distance of several inches in a vertical 
direction, so that different portions of the 
film may be exposed to give several rec- 
ords on a single film. Its vertical posi- 
tion is determined by the position of a 
supporting threaded collar which may 
be moved up and down on the outside 
threaded driving shaft. In operation the 
drum is automatically shifted a pre- 
determined space after each exposure. 
This is accomplished by causing a sole- 
noid operated lever to engage the support- 
ing collar. The collar then moves down- 
ward as the shaft continues to rotate. 
When the lever is not engaged the collar 
rotates with the shaft and has no vertical 
motion. The distance the film is shifted 
is dependent on the time the lever and 
collar are engaged and this time is deter- 
mined by the setting of a time-delay 
relay which controls the solenoid. A 
limit switch removes all power when the 
drum attempts to shift past the final 
position. All of these elements are 
visible in Figure 1. 


(c). 


The oscillograph circuit is shown 
schematically in Figure 4. Capacitance 
C, is kept charged to 1,300 volts to sup- 
ply all d-c potentials. The cathode-ray 
tube excitation and control voltages are 
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Figure 2. Top view of special 

cathode-ray oscillograph with 

cover and film drum removed, 

, showing position of two tubes 
and lens 


Figure 3. Film drum and holder with cover 
removed 


Shutter visible at rear of holder 


GND. INITIATION DEFLECTION 


Figure 4. Schematic diagram of circuit for 
special cathode-ray oscillograph 


LINE SIDE 
PHASE B 


PHASE A 


Figure 5. WVoltage-divider and 

cathode-ray-oscillograph con- 

nections for measurements on 

230-kvy system at Boulder Re 
power plant 
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obtained from the voltage divider con-. 


sisting of R;, Re, R3, and Ry The beam 
intensity is controlled by adjustment of 
Ry, and, when this is set just at cut-off, 
the circuit involving thyratrons 7, and 
T, may be used to initiate the beam auto- 
matically for a predetermined length of 
time. 

For such automatic initiation a positive 
pulse is applied to either initiation ter- 
minal. The double input permits trip- 
ping from a surge of either polarity by 
supplying the trip indication through a 
transformer or coil with a grounded mid- 
point. When the trip impulse is re- 
ceived at the grid or grids, either T, or 
T2 fires and discharges C, through Ro. 
This causes current to flow through Rs 
and R;, thereby reducing the cathode-ray 
tube-control grid bias enough to establish 
the beam. When C, is discharged, Ti 
and 7, regain control since the current 
through R, is too small to maintain 
ionization. However, the cathode beam 
is maintained until C, is recharged and 
this time may be adjusted over wide 
limits by selection of proper values for 
Rs, R, and (Orn 

When C, begins to discharge, a positive 
pulse is applied through C, to the grid 
of thyratron 7;. This fires 7; and dis- 
charges C; through the time-delay relay 
circuit. After this indication the time- 
delay relay circuit begins its sequence and 
after a delay of several seconds energizes 
the film-shifting solenoid for the period 
of time set by the relay adjustment. 


(d). 
The normal sequence of events in ob- 


taining a record with the oscillograph is 
as follows: 


OPERATION 


1. With the loaded film drum in place and 
set for its highest position, the tubes are 
energized and the motor started. 


2. The shutter on the film holder is opened 
manually, and the tripping impulse is ap- 
plied to the initiation circuit. This pro- 
duces two traces on the film showing what- 
ever voltages were on the deflection plates 
during the time the beam was on. 
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PHASE 8 
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Figure 6. Sample cathode-ray oscillogram of 
line-dropping test on 230-kyv system 


A. Bus side of oil circuit breaker, voltage to 
ground, phase A 

B. Line side of oil circuit breaker, voltage to 
ground, phase A 

Time progresses from left to right 

Scale: 1 centimeter=4,400 microseconds 


3. The film is automatically shifted to ex- 
pose a fresh portion. 


4. Steps 2 and 3 are repeated if desired. 


5. The oscillograph power is removed and 
the film is ready for development. 


Measurements on 230-Kv System 


While the oscillograph was not origi- 
nally designed for switching transients in 
particular, it was available and worked 
out very well when such an application 
presented itself. 

When plans were made to conduct line- 
switching tests with a 230-kv oil circuit 
breaker on the system of the Southern 
California Edison Company Ltd. at 
Boulder power plant, the feasibility of 
taking cathode-ray oscillograms of the 
voltage transients was considered. It 
was known that the transient frequen- 
cies involved would not be very high 
because of the large capacitance of the 
connected transmission lines. In fact, 
the expected frequencies were not above 
the capability of a magnetic oscillograph. 
However, no potential transformers were 
available for the measurement of voltages 
which might reach crest values of several 
hundred kilovolts, and the capacitance 
potential devices normally used to meas- 
ure steady-state voltages could not be 
expected to give true transient response 
with a magnetic oscillograph connected. 
A cathode-ray oscillograph, on the other 
hand, could readily be used with capaci- 
tance voltage dividers and, in addition, 
could be relied on to follow accurately 
any abrupt voltage changes such as 
would be associated with restriking. 

On this basis it appeared that the 
cathode-ray oscillograph described above 
would be suitable, and plans were laid 
accordingly. 

Since several of these two-tube units 
were available, it was decided to use 
three and measure voltages to ground for 
both line side and bus side of the breaker 
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on each phase. Capacitance potential 
devices were also’ available in each of 
these positions. Such measurements 
involved the subtraction of two voltages 
to determine the voltage across a pole 
of the breaker but provided the desirable 
measurement of the actual voltages to 
ground to which the system insulation 
was subjected. 


(a). INSTALLATION 


The oscillographs were set up in a room 
under the switchyard where the breaker 
and capacitance potential devices were 
located, and the cathode-ray tubes were 
connected to their respective voltage 
dividers by shielded cables approximately 
250 feet long. The connections were 
as shown in Figure 5, and it may be seen 
that the arrangement was such as to give 
the voltages on both sides of each breaker 
pole on a single film. 

The voltage dividers were contrived by 
using the coupling capacitor units in- 
stalled on the two outgoing transmission 
circuits, and these constitute the C; units 
in Figure 5. The C, units were made up of 
small radio-type capacitors. Two differ- 
ent values were used depending on the 
expected voltage. Ratios for the two 
conditions were 8,300 to 1 and 4,600 to 1 
which provided for recording up to crest 
voltages of about 800 and 450 kv re- 
spectively. 

During a test the regular potential 
network and carrier-current equipment 
were disconnected from the coupling 
capacitors, and connection was made to 
the C, units. Connection to the cables 
from the voltage dividers was through 
resistances, Ri, equal to the cable surge 
impedances. At the oscillograph end each 
tube was provided with a leakage resist- 
ance, Re, to prevent accumulation of 
charge on the deflection plates from stray 
electrons of the cathode beam. All of 
the oscillograph grounds were connected 
to the cable shields, and actual grounding 
was done at only one place. Care was 
taken to minimize loops between volt- 
age leads and ground returns. 


(b). OPERATION 


The oscillographs were initiated simul- 
taneously by the application of a positive 
battery voltage. This was accomplished 
by a relay which was energized at the 
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same time as the trip coil of the circuit 
breaker. 

The film-shifting feature proved very 
convenient in that it was possible to 
record all voltages for each series of five 
tests without changing films. For this 
reason no delays in the testing schedule 
were chargeable to cathode-ray-oscillo- 
graph operation. 

Voltage calibrations were obtained by 
recording steady-state voltages with the 
cathode-ray tubes connected to one set 
of voltage dividers while the line voltages 
were read in the usual way with the other 
set of potential devices in normal opera- 
tion. This procedure was repeated with 


LINE | LINE 2 LINE 3 


CRO UNIT A >= CRO UNIT B 


Figure 7. Woltage-divider and cathode-ray- 
oscillograph connections for measurements on 
the 15-kv system of a large industrial plant 


the roles reversed for the two sets of 
potential devices to complete the calibra- 
tions for all six tubes and dividers. 

A complete set of oscillograms was ob- 
tained for each of the 41 tests made at 
Boulder power plant. The results are 
analyzed elsewhere,* but a sample record 
is shown in Figure 6. For these tests a 
film speed of approximately 90 inches per 
second was used with a beam duration of 
about a half-second. This gave some 
overlapping of the record but was not 
objectionable. Zero lines were provided 
by tripping the beams on for an exposure 
with the deflection plates grounded. 

It is interesting to note in passing that 
the entire equipment for these measure- 
ments, including shielded cable and dark- 
room supplies, had a shipping weight of 
less than 900 pounds. 
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Measurements on a 15-Kv System 


Since the low-voltage two-tube oscillo- 
graph worked out so well on the Boulder 
power-plant application, it was the 
logical choice when cathode-ray oscillo- 
grams were required on some recent 
These tests 


capacitor switching tests. 
were on a 15-kv circuit at a large indus- 
trial plant. 
voltages onthe capacitor side of the 


In this case line-to-ground 


breaker only were required, and two of the 
two-tube units were used. With one tube 
for each phase, the spare measuring ele 


ment was connected to measure the 
voltage fluctuations of the capacitor 
neutral, 


(a), INSTALLATION 


The oscillographs in this case were set 
up in a temporary shack immediately 
adjacent to the circuit breaker and capaci 
tor installations. The connections which 
igure 7 were essen 
tially the same as those used at Boulder 
power plant with one exception, In this 
case the distance from the high-voltage 
capacitors to the oscillographs was not 
over ten feet and so the Cy capacitors were 
mounted at the oscillograph end of the 
shielded leads, 

The high-voltage capacitors (C;) in this 
case were not regularly installed equip 
ment but were provided with the oscillo- 
graph equipment. They consisted of 
poreelain wall tiles with inside and out- 
side surfaces coated with metal foil over 
a sufficient area to give a capacitance of 
200 micromicrofarads, The C, capaci- 
tors were again of the radio type and 
the ratio used was 800 to 1, which per 
mitted recording up to approximately 
30 ky. 

For the measurement of the neutral 
voltage a resistance divider was used, 
This consisted of a string of ten two-watt 
metalized resistors totaling 50,000 ohms 
(R,) in series with a 500-ohm unit (R,) 


are shown in 
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across which the cathode-ray tube was 
connected to give a ratio of 100 to 1 and 
recording up to ten kilovolts. 

Again a single ground connection was 
made, in this case at the oscillographs. 


(b). 

Initiation of the oscillographs was 
accomplished in the same manner as at 
Zoulder power plant except that the relay 
was energized simultaneously with the 


OPERATION 


Figure 8. Sample cathode-ray oscillograms of 
capacitor switching tests on 15-kv system 
showing several tests on single film 


A. Capacitor voltage to ground, phase 1, 
test 39 

B. Capacitor voltage to ground, phase 2, 
test 39 

C, Capacitor voltage to ground, phase 1, 
test 41 

D, Capacitor voltage to ground, phase 2, 
test 41 

E. Steady-state 60-cycle voltage on phase 1. 

Prior to test 42 
Time progresses from left to right 
Scale: 1 centimeter=4,400 microseconds 


starting of the magnetic oscillographs, 
From one to five records were taken on 
each film depending on the needs of the 
testing schedule, 

Since magnetic oscillograms of the 
voltages on the bus side of the breaker 
were taken, it was possible to obtain 
voltage calibrations for the capacitance 
dividers by comparing the magnetic os- 
cillograms with the cathode-ray oscillo- 
grams at times when the breaker was 
closed and steady-state voltages were 
present, Calibration for the resistance 
divider was obtained from direct measure- 
ment of the resistances R; and Ry, 

Oscillograms were obtained for 52 tests, 
including both opening and closing opera- 
tions of the breaker. A film speed of 90 
inches per second and beam duration of 
a half-second were used again and zero 
lines were provided as before. A sample 
record is shown in Figure 8, 
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Conclusion | 


The preceding paragraphs have given a 
description of a special cathode-ray oscillo- 
graph incorporating a number of new fea- 
tures. This oscillograph uses the inexpen- 
sive low-voltage tube found in thousands 
of small oscilloscopes used in practically 
every laboratory, radio service shop, and 
engineering classroom of the country. It, 
however, utilizes the features of moving 


film recording and automatic-beam con- 
trol ordinarily found only in high-voltage 
equipments. In addition it uses two 
tubes to provide for the simultaneous 
recording of two phenomena, 

It also has been shown how this oscillo- 
graph by actual performance in the field 
has proved itself well-suited to the meas- 
urement of long-time transients. It 
compares favorably with the high-voltage 
cathode-ray oscillograph if high recording 
speeds are not required, especially if cost 
and size are factors to be considered. It, 
of course, is not to be considered as a 
general substitute for the magnetic oscil- 
lograph since it does not have so many 
recording elements. Rather it is an 
additional measuring device which re- 
alizes with low cost and simplicity the 
peculiar advantages of the cathode-ray 
oscillograph, low energy drain and in- 
ertialess response, for the problem of 
long-time transient measurement. 
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ELECTRICAL ENGINEERING — 


Factors Involved in the Selection of 
Railroad Motive Power 


H. C. WILCOX 


\i NONMEMBER AIEE 


Synopsis: The paper presents the position 
of the three types of motive power in rail- 
road service and offers a brief historical 
background to show how each one arrived 
at its present status. <A table lists advan- 
tages and disadvantages inherent in each 
type and includes supplementary informa- 
tion to explain the listings in the table. The 
subject is presented from the viewpoint of 
the user, and a method of determining more 
closely the place for each type of locomotive 
is suggested, An appendix lists all of the 
considerations which must be included in 
a complete cost study. 


OR 60 years the steam locomotive 

was without competition, as a form 
of motive power, on American railroads. 
Its first serious competitor, the electric 
locomotive, appeared in 1895 and during 
the following 40 years displaced steam 
in several specific applications. The 
reasons for this were that the electric 
locomotive possessed certain inherent 
advantages that made it both more de- 
sirable and economical for these appli- 
cations. Electrification did not displace 
steam operation completely, because ex- 
perience demonstrated its limitations. 
The Diesel-electric locomotive made its 
initial appearance in this country—in 
switching service—in 1925, but, as in the 
case of the electric locomotive, almost 
ten years went by before the industry 
accepted it as a competitor. From 1935 
to date the Diesel-electric locomotive 
forged ahead more rapidly than either of 
its competitors—electric or steam—in 
any similar period. ‘There were many 
reasons for this. Outstanding among 
these are that the Diesel-electric has 
most of the advantages of both electric 
and steam motive power without too 
many of its disadvantages, plus an 
appeal to the public that increased the 
revenues of the railroads when an in- 
crease was desperately needed, What, 
now, are the limitations of the Diesel- 
electric locomotive, and to what extent 
can either the electric or Diesel-electric 
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be expected further to encroach upon the 
dominions of steam. 

One hundred years of railroading have 
demonstrated that, in the final analysis, 
any controversy that exists as to which 
is the best type of motive power must 
be decided upon the basis of sound eco- 
nomic principles. Experience has also 
demonstrated that there is no universal 
formula by which the user can determine 
whether one or the other type should or 
should not be used, but there are certain 
fundamentals upon which agreement can 
be reached, through the application of : 
which a final choice may be made. No 
application of these fundamentals can be 
made until the problem is clearly stated. 


Historical Background 


The steam locomotive came into being 
more than 100 years ago as a competitor 
to the horse and the canalboat. From 
that point it grew in size and power, and 
the railroad grew with it, including the 
enginehouse, the shop, water and fuel 
services, and all facilities required to 
maintain and operate steam power. 
Most railroad operation is designed 
around the characteristics and require- 
ments of the steam locomotive. 

The electric locomotive was first ap- 
plied to trunk-line railroad service in 
1895, when it was used to eliminate a 
smoke hazard by hauling trains with 
their steam locomotives through the 
Baltimore and Ohio tunnel at Baltimore 
Md. From this beginning its use was 
extended to the operation of congested 
city terminals where smoke etimination 
was important, to operation of trains on 
heavy grades (including tunnels), to 
suburban passenger service requiring 
short headways and rapid acceleration 
where smoke elimination was also a 
factor, and to heavy-traffie general 
service lines where the added cost of the 
power distribution system could be justi- 
fied by savings in operating cost and im- 
proved service. 

The Diesel-electric locomotive was 
developed from the rail car, the latter 
having been used for several years to 
take care of diminishing traffic on branch 
lines. The first locomotive of this type 
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to be used on American railroads in 1924 
was in fact a rail car equipped with a 
heavy-duty Diesel engine and electric 
transmission. From this beginning the 
application of Diesel-electric locomotives 
to switching service has been extended 
until a railroad purchase of a new steam 
switcher is exceptional. 

Road application of Diesel engines 
began with lightweight passenger trains 
in which the first car contained baggage 
and mail compartments, in addition to 
the space occupied by the power plant. 
These trains were increased in size, and the 
motive power grew from one to two, and 
finally to a three-unit Diesel-electric 
locomotive. Four-unit locomotives are 
used in freight service, and some Diesel- 
electfic locomotives are used inter- 
changeably in freight and passenger 
service, 

A common error made by transporta- 
tion engineers, for reasons best known to 
themselves, in dealing with the selection 
of motive power has been to approach the 
problem primarily on the basis of sub- 
stituting one type of motive power for 
another, whereas actually the ultimate 
solution may be an economically sound 
use of combinations of different types— 
each in the place where and to the ex- 
tent to which it is best suited. 


Table 1. Analysis of Motive-Power Charac- 
teristics 
Diesel- 
Electric Steam Electric 
1. Operating Cost 
CO) TROL cyetatoracn oarien © ats een iere nie D...A 
CB) ig. Wintkertrritsts can <2 Ae rrtaripidve cite Ys DT 
(c).: Lubricants...... Ae El EMRE ys eal ieee haces 
(d). Enginehouse ex- 
OURS visie Wat uarccnre = hak) Ontgbaee ic 
(e). Supplies (of no 
great impor- 
tance) 
2. Fixed Charges 
CO) Rate CO Gente ratiynetey atericat ait Lotst claith aay yee a wears D 
(6), Depreciation... An... Ans .D 
(c). Interest, taxes 
BEC TAUSRNCE Ss, chica ined cia Ale mints tule ale’ D 
3. Operating Characteristics 
(a). High acceleration..A.......... Dr arecAk 
(b). Overload capac- 
TEVA Wanton aie Ai cairn ier Di wikestre D 
(c). Availability....... AGL ewnatnees. bie Dr 
(a) Rlextbilitvarss . eres 7 at Pr hea Ce Die cA. 
(e). Use of factor.......... DE Neve iran Al 
(f). Freedom from 
complete fail- 
por or cieecicrcuc sary tat Dix D A 
4. Special Features 
(a). Smoke  elimina- 
RIGW a itieaele ag ee Abecam agen aigheaes Det A. 
(b). Damage to road- 
BGO ditireuescuns Pe ae ec BIE, | 
(c). Merchandising 
appeal’a faa oa Aarts isi eiese Dieses 
(d). Dynamic braking..A.......... D A 
5. Possibility of Eliminating Facilities 
(a). Operating........ 7; Valea a ee Divert 
(b). Maintenance...... Ae ecet oral sla niers De cies 


A—Advantage. D—Disadvantage, 
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The first requisite is to state the prob- 
lem; in simple terms it is how to decide 
whether or not to use steam, Diesel- 
electric, or electric motive power, or 
combinations thereof, for performing the 
required functions of a railroad, A study 
of the problem may, for example, indi- 
cate that, to do a specific job, a railroad 
should use Diesel-electric switchers, Die- 
sel-electrie road locomotives 
and steam freight locomotives, or pos- 
sibly Diesel-électric switchers and electric 
road passenger and freight power. It is 
quite possible that, to the man with an 
open mind, the very effort to prove the 


passenger 


case for one type of motive power as 
against another may demonstrate the 
logic of utilizing combinations. 

The second requisite is the necessity 
of collecting a variety of data relating 
to the specific application under con- 
sideration, The nature of those data may 
be seen by reference to Appendix A. 

Once the basic data have been col- 
lected and studied, an equal familiarity 
with the characteristics of the three 
types of motive power should be ac- 
quired. With that end in view Table I 
has been prepared. For those interested 
in the reasons why any given character 
istic is considered an advantage or a dis- 
advantage, it may be of value. 


Fuel 


When the cost of coal delivered to the 
tender is four dollars a ton, the cost of 
coal is about the same as the cost of 
power required for an electrified line. 
This relation will vary considerably, de- 
pending upon the power contract, the 
amount of transmission and distribution 
losses, and so forth. But experience in- 
dicates that if the cost of coal is less 
than this, no savings in fuel cost can be 
made by electrifying a steam-operated 
railroad, For class I railroads the aver 
age cost of coal delivered to the railroad 
is $2.68. To this must be added the cost 
of distributing it to the coaling plants 
and loading it on the tender. The cost of 
handling coal from the ear to the loco- 
motive (including fixed charges) is about 
15 cents per ton, Obviously, the rail- 
roads which are remote from sources of 
supply pay a greater hauling charge than 
those with short hauls from the mines. 

Fuel costs for steam and Diesel-electric 
locomotives can be compared best from 
performance records. One railroad using 
both types for freight service reports a 
fuel cost of 33 cents per mile for coal- 
burning steam locomotives and 28 cents 
per mile for Diesel-electric locomotives 
in the same service. These figures favor 
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Figure 1. Comparative drawbar-pull-speed 
curves of electric, steam, and Diesel-electric 
locomotives on one per cent grade 


Welght on 
Drivers 


Type 
Locomotive 


Total Weight 


Electrles asi. oa . 360,000. .. .460,000 
Sheati t dtennotteee 281,440. ..1,060,010 (incl. tender) 
Diesel-electric. .. .856,000. . 


856,000 


the steam locomotive somewhat, since in 
this instance the Diesel-electric locomo- 
tives are operated in high-speed service, 
whereas’ the steam locomotives are used 
at lower rates of speed, 

In passenger service one road reports 
fuel costs of 17 cents and 10 cents for 
steam and Diesel-electric locomotives, 
respectively, a saving of 41.1 per cent, 
In two other cases the savings reported 
are, respectively, 16.3 and 39.8 per cent, 

It is in switching service that the 
Diesel-electric locomotive makes the 
greatest saving of fuel. There are three 
reasons for this. One is the inherently 
high thermal efficiency of the Diesel 
engine. Another is the relatively high 
standby losses of the steam locomotive, 
and the third is the electric transmission 
which permits the Diesel engine to oper- 
ate near its full-load rating at all loco- 
motive speeds. Hourly fuel costs taken 


from a recent report are shown in Table 
i 


Water 
The average water cost for a steam 
locomotive is approximately ten per 


cent of the fuel cost. On Diesel-electric 
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| 
and straight-electric locomotives, water 
is a relatively small item, even in pas- 
senger service which requires oil-fired 
boilers on the locomotive for train heat- 
ing and for the steam-ejector type of air 
conditioning. The amount of water used 
for this purpose is only about one tenth 
of the total water used for all purposes 
by a steam locomotive in the same service. 
In freight and switching service, the 
electric locomotive uses no water, and the 
amount needed by the Diesel-electric 
locomotive is practically negligible. 


Lubricants 


An empirical method of approximating 


lubricating costs for Diesel-electric loco- 
motives is to assume that the consump- 
tion of lubricating oil is from 11/, to 3 
per cent of the fuel oil, whereas the cost 
per gallon is ten times as much, Thus 
the cost of Diesel-electric lubricating oil 
is from 15 to 80 per cent as much as the 
fuel cost, Steam locomotives doing the 
saine work will consume lubricants cost- 
ing about half as much as those used 
by the Diesel-electric locomotive, and 
accumulated experience shows that the 
cost of lubricating electric locomotives 
is much less than that for steam. 


Enginehouse Expense 


Enginehouse expense is a disadvantage 
of the steam locomotive. In road service 
it may be from 1.6 to 4 times as much for 
the steam as for the Diesel-electric loco- 
motive, while in switching it may be from 
5 to 12 times as much, Thus on roads 
using both types of power we find such 
costs, as are given in Table III, 

Electric-locomotive enginehouse ex- 
pense is less than that of the Diesel- 
electric, since it is essentially a Diesel- 
electric without the Diesel engine. The 
high steam costs arise from the fact that 
the steam locomotive requires periodic 
attention for the cleaning of flues, boilers, 
grates, and so forth, with the resulting 
need for resteaming and attention to 
fires. 

Locomotive supplies are an item in 
cluded in all locomotive cost accounting, 
but they are a small one, and there is so 
little difference for each type that this is 
not a controlling factor. 


Smoke Elimination : 
Electric locomotives are completely 

effective in eliminating smoke, They 

have been responsible for the transform~- 


ing of smoking yards into first-class — 


residential districts and for the safe opera- 
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tion of trains through long tunnels. 
Diesel-electric locomotives produce little 
smoke, but their exhaust gas and the 
fuel they carry have precluded their use 
in some terminals. 


Damage to Roadbed 


‘\ Electric and Diesel-electric locomotives 
which have no unbalanced weights in their 
wheels do not produce what is known as 
dynamic augment. This adds to the 
problem of steam-locomotive design for 
high speeds and in the case of slipping 
wheels may result in track stresses suffi- 
cient to kink the rails. The smaller 
wheel diameters and lower center of 
gravity used with Diesel-electric loco- 
motives increase shearing stresses at the 
head of the rail, but this is largely offset 
by lower axle loads. It is generally ac- 
cepted that the electric and Diesel-electric 
cause less damage to roadbed than steam 
locomotives, but much work is being done 
to improve the characteristics of the 
latter at high speeds. 


Merchandising Appeal 


Diesel-electric-powered streamlined 
trains were introduced in 1933, and the 
great increase in passenger traffic be- 
tween 1933 and 1941 is good evidence 
that people like them and will desert 
the highway for them. A part of the 
credit for this shift must be given to fare 
adjustments and a part to air condition- 
ing, but undoubtedly the Diesel-electric 
locomotive deserves its share. 

At a meeting of the American Asso- 
ciation of Passenger Traffic officers in 
November 1941, an attempt was made 
to evaluate the influence of passenger 
service on freight traffic. A poll of rail- 
toad traffic officers showed that none 
think it of no importance, and 84 per 
cent of those questioned feel that the in- 
fluence of passenger service is either a 
major or an important factor. A some- 
what different attitude is shown by 
traffic managers who buy transporta- 
tion. Almost half of a number of these 
men who were questioned said that the 
great bulk of freight traffic is routed 
without consideration for passenger serv- 
ice. Even though the latter group is 
most nearly correct, it is obvious that 
passenger service is an important. in- 
fluence. 


Dynamic and Regenerative Braking 
Dynamic braking has been developed 


for the Diesel-electric locomotive. This 
consists of using the traction motors as 
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generators and dissipating the energy 
generated in resistors. The brakes are 
designed to hold, at a definite speed on a 
descending grade, the same train weight 
that the locomotive can haul up the same 
grade at the same speed. In actual 
operation, on descending grades, train 
weight may be heavier, and speeds main- 
tained are higher than on the same grade 


' ascending, so that for controlling such 


trains some assistance for the dynamic 
brake is required from the train air brakes. 
In trials on various grades, the amount 
of train air braking required was re- 
duced to approximately one fourth of 
that required by conventional braking 
with train air brakes. This represents 
an important reduction in brake shoe and 
wheel wear and reduces damage to wheels 
by overheating. It is also a safety de- 
vice. 

The electric locomotive is capable of 
employing regenerative braking—of re- 
turning the power generated in the 
motors to the power system. It is 
definitely superior to dynamic braking 
for itnproving train operation, since it 
allows closer speed regulation on the 
down grades, and in actual practice on 
heavy grade lines it makes an appre- 
ciable saving of the electric energy re- 
quired by the railroad. 


Fixed Charges 


In the matter of fixed charges against 
operation, we are concerned with two 
major factors: first cost and service life, 
Originally, the Diesel-electric locomotive 
was at a distinct disadvantage with re- 
spect to steam because of high initial 
cost. However, progress in design and 
production methods, as well as an in- 
creased volume of production, has re- 
duced the initial cost of Diesel-electric 
locomotives to approximately $87.50 
per engine horsepower as compared with 
approximately $35.00 per cylinder horse- 
power for steam. 

The cost of an electric road locomotive 
is about $65.00 per continuous horse- 
power at the rail. To this must be 
added the cost of the power-distribution 
and contact system, but no close esti- 
mate of its cost can be made since, 
roughly speaking, the same system that 
serves ten locomotives can also serve a 
hundred. If a substitution of Diesel- 
electric or electric locomotives for steam 
is being considered, some credit should 
be given to the replacing units for fuel-, 


' water-, and ash-handling systems and 


such enginehouse and shop facilities as 
are not required by electric or Diesel- 
electric power. In any plan for im- 
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provement some real thought should be 
given to the elimination of terminals 
made possible by improved locomotives 
and better operation. 

To become involved here in any dis- 
cussion of the depreciation question 
would serve no good purpose. Experi- 
ence with steam and electric locomotives 
has demonstrated that a depreciation 
rate somewhere in the neighborhood of 
4.5 per cent well serves the purposes of 
the railroad industry’s present methods 
of accounting. In the matter of Diesel- 
electric locomotives, the question of de- 
preciation has been approached in a some- 
what different manner than has been 
the case with steam. By this is meant 
that recognition has been taken of the 
fact that a Diesel-electric locomotive 
is, for example, 40 per cent Diesel en- 
gine, 40 per cent electric equipment, and 
20 per cent mechanical equipment. 
Because of this fact, three depreciation 
rates might be desirable: one to the 
mechanical equipment, one to the electric 
equipment, and one to the Diesel engine. 

Years of experience with both mechani- 
cal and electric equipment, such as is 


’ now used on Diesel-electric locomotives, 


have simplified the problem of establishing 
depreciation rates. The unknown factor 
has been that of the service life of the 
Diesel engine. It is quite probable that 
time will demonstrate that the economic 
service life of railway-type Diesel en- 
gines may be longer than was anticipated 
in the early days of their service on the 
railroads. To summarize this matter of 
depreciation without offering any con- 
clusion, it may be said that individual 
roads have established depreciation rates 
for Diesel-electric locomotives all the 
way from four to ten per cent annually. 


Operating Characteristics 


High acceleration is an inherent char- 
acteristic of both Diesel-electric and elec- 
tric locomotives and a characteristic 
which has been lacking in steam locomo- 
tives, particularly of older designs. 


Overload Capacity 


The electric is the only one of the three 
types of motive power which has real 
overload capacity. Steam locomotive 
horsepower depends upon mean effective 
piston pressure and speed, and horse- 
power outputs near the maximum are 
obtainable over only a short portion of 
the speed range. 

The maximum horsepower output of a 
Diesel-electric locomotive is dependent 
upon the capacity of the Diesel engines. 
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Table Il. Hourly Fuel Costs 
Diesel- 
Steam Electric Saving 
Railway A—600-hp 
Dyeselsirnj. sierra eras $0.801 ..$0.224 ..$0.577 
Railway B—600- 
and 1,000-hp Die- 
SIS Hen teleierened orneye tra 1.120 .. 0.370 .. 0.750 
Railway C—1,000-hp 
Diesels: ciaveteee re faieycta a 1.0636.. 0.3267.. 0.7369 


It cannot be increased above this amount, 
but the electfic transmission permits the 
use of this horsepower over a relatively 
large part of the speed range. 

The relation of continuous tractive 
force to maximum tractive force of an 
electric locomotive is shown in Figure 1. 
Because the electric locomotive can draw 
from the power-supply lines up to the 
heating limits of the motors, it can for 
short periods deliver horsepower out- 
puts which are almost twice the con- 
tinuous rating. Thus a locomotive hav- 
ing a continuous rating of 4,860 horse- 
power at 65 miles per hour may be capable 
of outputs at the driving wheels up to 
9,000 horsepower when the service con- 
ditions demand. In so far as perform- 
ance is concerned, it may be looked 
upon as the ideal locomotive. In actual 
practice, an electric locomotive having 72 
per cent of its weight on drivers can 
exert enough tractive force to slip its 
drivers at any speed. 

To obtain this overload capacity, opera- 
tion must be so arranged that the motor 
temperatures are well below maximum 
permissible values before the extra horse- 
power is called for. One overload must 
not be superimposed on another. Within 
the limits of its horsepower capacity the 
Diesel-electric locomotive is similarly 
limited. : 


Availability 


When a steam locomotive arrives at 
its terminal, it requires certain servicing 
and repair operations. A study recently 
made by one railroad indicates that steam 
freight locomotives are in service ap- 
proximately 12 hours out of a 24-hour 
period, that they spend eight hours at 
terminals undergoing servicing and re- 
pairs and the other four hours waiting 


Table Ill. Enginehouse Expense 
Diesel- 
Steam Electric 
Freight service (per mile). ...$0.04 ...$0.01 
Passenger service (per mile). . 0.02 . 0.012 
Switching 1 (per hour)....... 0.393 . 0.088 
Switching 2 (per hour)....... 0.2279... 0.0427 
Switching 3 (perhour)....... 0.47 . 0.04 
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for something to do. This corresponds 
to an availability factor of 66/3 per cent. 
As compared with this figure, the Diesel- 
electric locomotive will have an avail- 
ability factor of possibly 90 per cent and 
the electric locomotive perhaps 95 per 
cent. Availability of any type of motive 
power can be improved by the intelligent 
use of modern terminal facilities. 


Flexibility 


The flexibility of Diesel-electric loco- 
motives is an “advantage characteristic” 
brought about by the fact that it is 
built in the form of “packaged power’’: 
for example, in 1,000- or 2,000-horse- 
power units, from one to four of which 
may be used to provide the power re- 
quired for a variety of operating con- 
ditions. When, for example, a 5,000- 
horsepower steam locomotive is used on a 
“1,000-horsepower job,” the loss to the 
operating company entailed by the re- 
sultant low load factor is obvious. 

What has been offered in this paper 
may be considered as a pattern or de- 
sign for procedure. It is suggested that 
it now be implemented by setting up a 
set of specific conditions on a railroad 
or a section of a railroad. This specific 
case could then be placed in the hands 
of three groups of recognized transporta- 
tion engineers experienced in the applica- 
tion of steam, electric, and Diesel-electric 
motive power. Each group ‘could then 
proceed to determine the extent that each 
type should be used for this specific case. 
When put together, the three reports 
would indicate to what extent definite 
values can be given to the many factors 
involved. 


Appendix A 


Data Required for the Selection of 
Proper Motive Power for a Specific 
Service 


1. No rule-of-thumb method for selection of type. 


2. Data required for selection of type: 

Density of traffic. 

Permissible hours of operation per year. 

First cost of each type plus attendant facili- 
ties. 

Maximum starting tractive force. 

Maximum running tractive force and speed. 

Limiting track and bridge conditions. 

Clearance diagram. 

Data on all track curves. 

Maximum operating speed. 

Maximum tonnage of train and number of 
cars (empties and loads). 

Complete profile and track alignment. 

All speed restrictions. 

Operating schedule with normal train. 

Operating schedule with maximum train. 

All intermediate stops and stop time. 

Helper zones and conditions. 

Altitude and climatic conditions. 


3. Method of determining physical characteristics 
and capacity: 
Determine weight required on drivers. 
Pick wheel arrangement to meet track curve 
and speed requirements, 
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Estimate power requirements, and justify by 
the necessary speed-time calculations. 
See that this power may be built into the 
clearance limitations and with above wheel 

arrangement. 


4. Data required tq compute operating costs: 

Wage agreements. 

Number of men in crew. 

Coal or steamoil-fuel cost (including all trans- 
portation and handling). 

Steam fuel consumption. 

Diesel fuel cost (including all transportation 
and handling). 

Diesel fuel consumption. 

Electric-power cost (rates 
charges). | 

Electric-power consumption (including losses 
from source to locomotive). 

Combined power-consumption chart (based 
on train sheet). 

Lubrication cost for each type of locomotive. 

Water cost and consumption for each type. 

Cost of other supplies. 


and demand 


Enginehouse expense for each type (actual, 


not assumed). 
Repair costs averaged for 20 years for each 


type. 

Operating cost of distribution equipment (elec- 
trification only). 

Maintenance cost of distribution system (elec- 
trification only). 

Operating miles or hours per year for each 
type of power in each class of service. 


5. Data required to compute fixed charges: 

First cost of each unit of motive power. 

Plotted train sheets to determine number 
of motive power units including spares. 

First cost of all necessary attendant facilities. 

Interest rate on borrowed money. 

Depreciation rate for each locomotive and 
facility. 

Tax rate. 

6. Total cost to own and operate each type: 
Compute cost of operation per mile or hour. 
Multiply by total hours of operation per year 

(including relief). 
Add all fixed charges. 


There is no rule-of-thumb method by 
which the proper type of motive power 
(steam, electric locomotive or multiple-unit 
car, Diesel-electric locomotive or Diesel- 
electric railcar) may be selected for a given 
service. Whereas it is true that experience 
has proved that one or another type of 
power is the most economical for a specific 
operating condition (a Diesel switcher is 
economical where it can be operated 24 
hours per day), general classes of service 
cannot be so segregated. The density of 
the traffic, the permissible hours of operation 
per year, the first cost of the motive power 
and facilities, the relative operating costs of 
each, and other pertinent conditions must all 
be studied. The answer will be found in the 
summation of costs for owning and operating 
each type. } 

The study which must be made in order to 
arrive at an intelligent selection of the most 
suitable and economical locomotive or car 
involves three general steps: 


1. Determination of the physical characteristics 
and horsepower capacity of the vehicle. 


2. Compilation of the comparative yearly operat- 
ing costs of each type under consideration. 


8. Addition of the yearly fixed charges of the 
motive power and its appurtenances (which include 
the power distribution system in the case of elec- 
trification). 


Selection of Locomotive Characteristics 


The selection of the proper locomotive 
weight and wheel arrangement and a deter- 
mination of the power which should be built 


-into the locomotive must be the result of — 


careful study of all of the operating require- 
ments to be met. Among these are: | 


Maximum starting requirements, > 
Maximum running tractive force at a known speed. 
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Limiting track or bridge conditions. 
Clearance diagram. 

Sharpest curves which must be negotiated. 
Maximum speeds of operation. 
Maximum tonnage to be hauled. 
Complete profile and track alignment. 

All speed restrictions. 

Operating schedule with normal train. 
Operating schedule with maximum train 
All intermediate stop time. 

Grades where helpers may be used. 
Altitude and climatic conditions. 


Dhe weight per driving axle is limited by 
track and bridge strengths, the minimum 
weight on all drivers is fixed by the maximum 
tractive force required (starting or running), 
the permissible rigid wheel base is deter- 
mined by the sharpest curves to be negoti- 
ated, the use of guiding axles or trucks is a 
function of the maximum speeds, and the 
power which must be applied is determined 
by the train weights, profile, speed restric- 
tions, and necessary schedules to be met. 
The steam or electric locomotive selected 
may be one which has been built previously 
or a modification thereof, while the Diesel- 
electric is usually the nearest commercial 
size (in production) which fulfills the condi- 
tions. : 


Operating Costs 


With the operating conditions known, and 
a locomotive of each type selected (or pos- 
sibly a railcar or multiple-unit cars), the 
next step is to determine the operating 
yearly costs for each system. There are 
seven general cost items which form the 
basis for compiling these figures. In addi- 
tion, electrification carries two other charges 
—operation of substations and maintenance 
of distribution system. These charges, then, 
are: 


Wages—enginemen and train crew. 

Fuel (steam or Diesel-electric) or power cost (elec- 
tric) at the locomotive. 

Lubrication. 

Water (only for train heating boilers in Diesel- 
electric or electric locomotives). 

Other supplies. 

Enginehouse expense. 

Repairs—running and class. 

Operation of distribution equipment (electrification 
only). 

Maintenance of distribution system (electrification 
only). 


Since wage rates, fuel consumptions, and 
other cost items may vary with different 
train consists, all such figures should be 
compiled on the basis of yearly aggregates, 
taking into consideration the hours or miles 
(and costs) operated by relief power of 
another type. 

Wage rates are subject to agreement be- 
tween the railroad brotherhoods and the 
railroad, and wage-rate books are normally 
available. Enginemen are usually paid on 
the basis of weight on drivers, so that excess 
weight should be avoided. 

The cost of coal for the steam locomotive 
should be the base rate (cost at the mine 
plus the freight charges to the lines of the 
railroad under study), plus a charge for 
hauling cost on its own line. To this must 
be added the handling cost per ton, which 
includes the operating costs on the coaling 
station. The fuel consumption rate and 
therefore the cost per mile or per hour must 
be determined from previous steam records 
for each train consist. 

The cost of fuel for a Diesel-electric loco- 
motive should be the cost in tank-car lots 
plus the two freight charges and the 
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handling already enumerated. Approxi- 
mately 260 gallons of Diesel fuel weigh a 
ton, so that the cost of transporting on com- 
pany lines is small. The fuel consumption 
and therefore the cost per mile or per hour 
for each train consist may be determined by 
a consideration of the profile, Diesel-engine 
fuel rates, and engine loading for the com- 
plete service cycle, including engine idling. 

The cost of electric energy must be ob- 
tained from a known power cost (rate plus 
demand charges), starting with the loco- 
motive power consumption and adding 
transformation losses (transformers, recti- 
fiers, rotary converters, motor generators, 
power-factor correction, and so forth, as 
used in the system considered), and distri- 
bution losses. The aggregate power con- 
sumption and the peak demands are deter- 
mined by a close study of the power re- 
quired by the individual trains over the pro- 
file and the train sheet from which a com- 
bined load curve is made. 

Lubrication costs for each type of motive 
power are fairly well known. Lubrication 
costs of the Diesel-electric, because they 
include that of the engine, are usually much 
higher than for either of the other types of 
locomotives. 

Water costs for steam locomotives are 
relatively high, as the other two types use 
water for train heat only. 

Other supplies are a minor item but are 
usually higher for steam than for either of 
the other two motive-power units, although 
for multiple-cab Diesel-electric locomotives 
this cost may exceed that of steam. 

Enginehouse expense is somewhat difficult 
to obtain. A steam locomotive requires 
considerable handling and care, including 
ash handling, boiler washing, and so forth. 
The Diesel-electric locomotive requires less 
attention than the steam locomotive, but 
more than is necessary for the electric loco- 
motive. This item of cost is usually recorded 
as cost per engine handled (per engine 
turned). 

For Diesel-electric power there is a 
tendency to assume that the enginehouse 
expense is low and arbitrarily to include a 
low figure in the cost comparison. This is 
sometimes an erroneous method, however, 
for unless the use of the Diesel-electric loco- 
motive actually results in a reduction of 
enginehouse personnel, there is no real sav- 
ing to the railroad. This is often the case 
where one or two Diesel-electric locomotives 
operate out of an enginehouse handling 
many steam locomotives. The best way to 
figure the Diesel-electric enginehouse ex- 
pense is to compute the actual enginehouse- 
expense saving (not to be confused with sav- 
ings in personnel as a result of lower repair 
labor required), and subtract this from the 
normal steam expense to give the Diesel- 
electric expense figure. 

In an electrification it is frequently pos- 
sible to eliminate all steam power from the 
enginehouses, and this will effect very sub- 
stantial savings in enginehouse costs. 

Repair costs for steam power must be 
prepared from averages of similar operations 
over a long period of years corrected 
to the present-day value of the dollar. 
The reason for this is that certain costly 
repairs (classes I, II, and III) occur more 
or less infrequently and yet must be 
considered in the averages for the life 
of the locomotive. Similarly, Diesel- 
electric and electric motive-power-repair 
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expense figures must have a contingent 
amount included over and above normal 
current repair costs to cover reconditioning 
of long-life items. It may be pointed out 
that while the repair costs of the running 
gear and electric equipment are nearly com- 
parable for Diesel-electric and _ electric 
locomotives, the repair cost of the Diesel- 
electric will always be much higher than for 
the electric unit, because of the engine- 
repair costs, and also because it may be 
necessary to use a multiplicity of Diesel- 
electric cabs to do the work which may be 
performed by a single electric cab. 


Locomotive Utilization 


With all of the costs tabulated, the operat- 
ing cost per year for each method of pro- 
pulsion may be determined by combining 
these with the cost of the necessary relief- 
locomotive costs where the relief locomotive 
differs in type. In the case of steam or elec- 
tric operation, it may be assumed that suf- 
ficient reserve motive power is available to 
fulfill the scheduled service with that type of 
power, but where relatively few Diesel- 
electric motive power units are available, 
the total miles or hours of Diesel-electric 
operation are lower than the yearly requisite 
by the amount of relief necessary. The 
total hours and cost must then be filled out 
by steam-locomotive relief time and cost. 

In the case of switching locomotive power, 
it is often found that the Diesel-electric will 
cut the number of hours of service required 
to do a given amount of work. This is par- 
ticularly true in congested yard service, where 
a Diesel-electric locomotive will switch from 
20 to 88 per cent more cars per hour. In 
isolated service, however, a one-to-one 
ratio usually holds, except that the Diesel- 
electric locomotive will frequently reduce or 
eliminate the overtime hours which are 
necessary with steam. To determine the 
actual ratio of hours (straight and overtime), 
it is necessary to analyze all switching-loco- 
motiveassignments. In preparing a switching 
comparison of operating costs, it is usually 
desirable to segregate the cost tabulation 
into those services where the operation is 
continuous, where locomotives are assigned 
16 hours per day, and where assignments are 
for one trick per day only. In the last case, 
an economic justification of Diesel-electric 
locomotives depends upon a very low Diesel- 
electric first cost as compared to steam. 


Fixed Charges 


To figure the total cost of owning and 
operating any type of motive power, it is 
necessary to include those annual charges 
which are applicable. These fixed charges, 
independent of the intensity of utilization, 
are: 


Interest on the investment. 
Depreciation charge. 
Taxes. 

Insurance, 


Since it is necessary for railroads to bor- 
row money to purchase new motive power, 
the annual interest charge should be figured 
on the purchase price plus the first years’ 
interest charge, which is usually paid in 
advance. 

The depreciation rate is usually higher for 
Diesel-electric locomotives than for either 
of the other types of power. When added 
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experience with this type of motive power 
has been obtained, it may be found proper 


to establish a rate of depreciation com- 
parable to that used for other types of power. 

Taxes and insurance vary for different 
localities and must be determined on the 
same investment as is used for calculating 
the depreciation charge. 


Total Yearly Cost of Each System 


By totaling the fixed charges for any type 
of"power and adding to its yearly operating 
cost, the annual cost of owning and operat- 
ing each type is obtained. Since the selec- 
tion of a system of motive power is usually 
based on financial considerations, the results 
of the tabulations should have considerable 
weight in determining the type of locomotive 
which should be purchased. 


Comparative Figures Must Be Fair 


In order to be of value in analyzing the 
relative merits of the different types of 
power, all figures and calculations must be 
fair. If the approach to such an analysis is 
biased by a predilection for any one of the 
types, there are many ways in which a pref- 
erence may be shown. The results of sucha 
tabulation, however, are valueless. 


Field for Electrification 


The traffic conditions which must exist 
in order to justify electrification are fairly 
well known. Unless the traffic density is 
high, or special conditions exist to warrant 
the cost of erecting a power distribution sys- 
tem, consideration of electrification is seldom 
warranted. It must be understood, how- 
ever, that, where concentration of loco- 
motive power is essential, no other type of 
propulsion as yet devised can compete with 
the electric locomotive. 


Field for Diesel-Electric Motive Power 


Diesel-electric motive power is extremely 
flexible in its range of operation and has 
fairly low operating costs. Where it may be 
used intensively, so that the fixed charges per 
mile or hour are low, the total cost of owning 
and operating units of this type is in its 
favor. For the large bulk of the locomotive 
operations in the United States, however, 
freight locomotives average but 102 miles 
per day and passenger locomotives but 166. 
Until the first cost of Diesel-electric power is 
not more than 50 per cent greater than that 
for satisfactory steam power, the savings 
which may be made by Diesel-electric road 
power will not justify the replacement of 
steam power in the average service. How- 
ever, as the existing steam power must be 
retired because of age, the Diesel-electric 
savings need only justify the additional 
price necessary to acquire the Diesel-electric 
instead of new steam power. 

Diesel-electric locomotives may be used 
more intensively than steam power. This 
tesults, in some instances, in replacing sev- 
eral steam locomotives with one Diesel- 
electric locomotive of the same train-haul- 
ing capacity (two or three to one). 


Fundamental Basis for Motive Power 
Study 


It should be emphasized that all compara- 
tive studies should start with a consideration 
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The Power-Recovery Syste } of Testing ; 


Aircraft Engines 


G. E. CASSIDY 


ASSOCIATE AIEE 


OR its part in the development of the 
power-recovery system of testing air- 
craft engines the electrical industry may 
properly take pride. It has aided the 
war effort by helping to give to the air- 
craft-engine industry a testing technique 
that contains advantages not previously 
available. In this system of testing 
worth-while energy can be saved—more 
than half that required to operate an air- 
craft-engine manufacturing plant—and 
power demand can be reduced to the ex- 
tent that power-demand costs and the 
capacities of power-supplying apparatus 
are materially reduced, engines can be 
tested with the ease and the quietness 
typical of electric machinery, testing can 
be carried on in buildings of simplified de- 
sign, accurate electric load readings can 
be obtained to check and substantiate 
readings taken by conventional engine- 
testing methods, and, as reported by an 
aircraft engine builder, testing may be ac- 
complished more quickly than with other 
systems. All of this can be done too on a 
basis that is economically sound. 

What is the power-recovery system of 
testing aircraft engines? It is the purpose 
of this paper in its entirety to answer 
that question. How was this system of 
testing started, and what were the reasons 
for developing it? The answer to this 
latter question can be given in a few 
paragraphs. 

The development of the power-recovery 
system of testing aircraft engines started 
in the fall of 1937 as a result of an inquiry 
from Pratt and Whitney Aircraft, division 


Paper 43-41, recommended by the AIEE committees 
on industrial power applications and air transporta- 
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of United Aircraft Corporation, East 
Hartford, Conn. 

In substance, Pratt and Whitney Air- 
craft asked: Can a system of testing be 
devised which will be economically effi- 
cient and which will make the loading of 
large engines easy and simple, and which 
will, at the same time, conform to the re- 
quirements of aircraft-engine testing? 

The following, again in substance, is an 
explanation of why such an inquiry was 
made: 

Extensive engine testing under loaded 
engine conditions has always been a neces- 
sary part of aircraft-engine design and de- 
velopment and a necessary part of regular 
everyday aircraft-engine manufacture or 
production. Such testing is necessary dur- 
ing development, because new designs, 


either of complete engines or of engine © 


parts, must be verified by test. Such test- 


"ing is necessary during manufacture, be- 


cause it is by test only that each engine 
coming through production can be proved 
satisfactory and acceptable. The former 
class of testing, generally referred to as 
laboratory or development testing, is only of 
incidental interest in the present purpose. 
This development testing is generally ac- 
complished by means of some form of 
cradled dynamometer or by means of such 
a dynamometer and a test stand on which 
the engine can be mounted and loaded by 
means of a propeller, The mainissue and 


the real point. of discussion is the latter - 
form of testing, testing during manufac- | 


ture, or what is commonly referred to as 
production testing. 

Associated with production testing of 
aircraft engines to such an intimate degree - 
that it becomes an inherent part of this 
testing is the breaking in of the engine. 
When an aircraft engine is placed in an 
aircraft, it must be ready to deliver its 
rated output. It must be ready to take 
off and fly. 


of the characteristics of the railroad (pro- 
file, alignment, speed restrictions, and so 
forth) and of the maximum size of train to 
be handled. Where existing locomotives are 
handling a service, it is frequently possible 
to apply larger Diesel-electrie or electric 
locomotives and show excellent economies. 
On the other hand, new steam power of the 
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larger hauling capacity would also show im- | 


proved economies. The exception to this, 
of course, is where the electric locomotive 
will afford a power concentration not avail- 
able in either of the other types and thus 
effect savings or improvement in service 
not obtainable with other than electric 
locomotives. ’ s 
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Thus, for production testing of aircraft 
engines the aircraft-engine industry has 
always used testing techniques that in- 
volve several relatively lengthy loaded en- 
gine operating periods during which an en- 
gine is simultaneously proved in and bro- 
ken in. 

The situation in 1937 was that the only 
schemes used for production loading of 
aircraft engines were those involving pro- 
pellers, water brakes, electric brakes, and 
similar devices, all of which involve dis- 
posal of engine power by complete wast- 
age. The fuel consumed accomplished no 
useful purpose other than to permit test- 
ing the engine. Furthermore, engines 
were growing in size to the extent that 
testing schemes involving the disposition 
of power by wastage were beginning to 
present difficult problems. 

The Pratt and Whitney Aircraft in- 
quiry, therefore, led to the finding of a bet- 
ter and easier way to test aircraft engines 
and one in which the greater part of the 
power generated by the engine was recov- 
ered, 


First Power-Recovery Testing 
Installation 


The first solution was a power-recovery 
system employing a synchronous machine 
with a slip coupling. 

Figure 2 shows schematically the ar- 
rangement of this power-recovery stand. 
This consists of a synchronous machine, 
which acts as either a motor or generator, 
and a hydraulic slip coupling interposed 
between the engine and the synchronous 
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electric power mains. 


Aircraft engine in engine test room 


Figure 1. 
ready for moving in place for connection to 
power-recovery test stand 


View is through the test operator's observation 
window. Test operator’s control bench is in 
the foreground 


machine. Two such equipments were 
placed in operation at Pratt and Whitney 
Aircraft, East Hartford, Conn., in the 
spring of 1940. Figure 3 shows the electric 
part of a similar equipment subsequently 
supplied to another engine builder. The 
hydraulic coupling, to be added to the 
electric unit, will be mounted on the main 
base extension shown. 


Operation of Slip-Coupling 
Synchronous-Machine Test Stand 


It is an obvious truth that the only gen- 
erally universal way to dispose usefully of 
the aircraft-engine output is to convert 
that output into electric energy and dis- 
pose of the resulting electric energy by 
making it available in the engine-plant 
In other words, 
any universally applicable power-recov- 
ery system of testing must be an electric 
system, and it must have as its foundation 
of operation an electric generator of one 
form or another. 

In Figure 2, the generator is a synchro- 
nous machine. It is equipped with an 
amortisseur winding and is started and 
connected to the line by being started at 
full voltage in the conventional synchro- 
nous-motor manner, During starting the 
coupling is set to transmit no torque, so 
that the synchronous machine starts un- 
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loaded, and the engine and engine half of 
the coupling remain at rest. After being 
connected to the line, the synchronous 
machine functions as a motor or genera- 
tor, depending on whether mechanical 
energy is taken from it or delivered to it. 

The synchronous machine operates at 
only one speed, synchronous speed, where- 
as the engine must operate over a range in 
speed. Furthermore, the synchronous 
machine will not control the loading of the 
engine. Within the limits of its capacity, 
it will deliver or absorb as much power as 
may be taken from it or delivered to it. 
Therefore, by itself, it will not meet two 
basic engine-testing requirements, namely, 
the control of the speed and the control of 
the torque at which an engine is loaded. 
Accordingly, the slip coupling is inserted, 
and it is the function of the slip coupling 
to provide these requirements. 

The operation of this combination of 
synchronous machine and slip coupling is 
this: After the synchronous machine has 
been brought to speed and synchronized 
in the manner previously mentioned, the 
coupling is controlled to make the syn- 
chronous machine ‘“‘turn over’’ the engine 
or run the engine mechanically. Then the 
engine is “‘fired,” and after it is warmed 
up, it is brought, by its own power, to a 
speed above that of the synchronous ma- 
chine. The synchronous machine, then 
acting as a generator, loads the engine on 
the power system by slipping in the coup- 
ling. The amount and the speed of this 
loading are controlled by the engine throt- 
tle and the degree to which the coupling is 
“energized.” 

It is of parenthetical interest that in 
this application the hydraulic slip coup- 
ling is used for the first time in a new role. 
Prior to its use here, it had been used 
either at low-slip values or on drives with 
rapidly decreasing power with increase in 
slip, such as fan drives. In the engine- 
loading application, the power to be trans- 
mitted through the coupling increases and 
increases rapidly with increase in coupling 
slip. 


Engine and Test-Stand Loading 


A power-recovery test stand designed 
for engine loading or generating require- 
ments generally will have ample capacity 
for any corresponding motoring require- 
ments. Asa simple illustration of genera- 
tor and coupling loading and power dis- 
tribution between them, assume that an 
engine with the characteristic shown in 
Figure 4 is to be tested at speeds of 1,000 
rpm, and 1,200 rpm, and that the syn- 
chronous machine has a speed of 720 
rpm. Then, neglecting test-stand effi- 
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ENGINE 


ciency which will be mentioned presently, 
the power distribution is as follows: 


Engine-Output 


Shaft Coupling Generator 
(Propeller Shaft) Loss* Loading** 
Speed Horse- Horse- Kilo- Horse- Kilo- 
(Rpm) power power watts power watts 

1,000'02.. °920))....%.2587).4..1927 24662.5..490 
1,200....1,550....620....463....980....695 


* Proportional to slip: (1,000 —720 =280)/1,000 X 


920 = 258 


** Inversely proportional to engine speed: 720/ 


1,000 X 920 = 662 


Thus at 1,550 horsepower output of the 
engine, all of the 1,550 horsepower is not 
lost as is the case with systems of the load- 
dissipating type. The bulk of the power, 
930 horsepower, is made available for use- 
ful purposes by the generator. 

This distribution of engine output be- 
tween power lost and power recovered is 
typical of all power-recovery systems dis- 
cussed in this paper. That is, the power 
lost is proportional to the degree to which 
the engine operates above the synchro- 
nous speed of the generator. The differ- 
ence between the engine output and the 
power lost is, again neglecting efficiency, 
the power recovered. 

Figure 5, which is actual test data, illus- 
trates more exactly the character of power 
distribution. Curve A is the engine out- 
put for atypicalloadrun. Cis the power 
returned to the power system through the 
generator. The difference between A and 
Cis the total power lost and is made up of 
the true slip loss A-B, the same as previ- 
ously mentioned, and the transmission 
loss B-C. This latter loss is made up of 
two parts, the losses in the slip coupling or 
equivalent device and the losses in the 
loading generator. Tests indicate that 
the trarismission losses remain approxi- 
mately constant for all loading conditions, 
and in value are approximately five per 
cent of rated engine output. 

The ultimate interest from the stand- 
point of power recovery is, of course, gen- 
erator horsepower hours or kilowatt- 
hours output. This involves the time fac- 
tors in the engine-testing schedules and 
will be referred to presently. Before do- 
ing so, however, it will be helpful to know 
about the power-recovery developments 
that have been made since the original 
Pratt and Whitney Aircraft installation. 
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Figure 2 (left). Sche- 

matic view of the | 

first power-recovery 
test stand 


Figure 3 (right). 
Power-recovery test 
stand of the syn- 
chronous - generator 
type designed for the arrange- 
ment shown in Figure 2 


The hydraulic coupling will be 
mounted on the base extension 


Power-Recovery Developments 
Since the First Power-Recovery 
Installation 


In the fall of 1940, approximately six 
months after the original Pratt and Whit- 
ney Aircraft installation was placed in op- 
eration, the building of the first of three 
aircraft-engine plants to be erected by the 
automobile industry, using the power-re- 
covery system of testing, was initiated. 
For the purpose of this paper, these engine 
plants can be designated as plant 1, plant 
2, and plant 3. 

For plant 1 the synchronous-machine 
hydraulic-coupling scheme of testing was 
adopted. 

Work on plant 2 was started in the 
spring of 1941, and for this plant the same 
scheme of testing was adopted, except 
that magnetic slip couplings of the eddy- 
current type instead of hydraulic coup- 
lings were used. A modification in the 
testing scheme also was incorporated with 
these magnetic couplings in that they are 
arranged for braking below synchronous 
speed, as explained presently. 

For plant 3, the most recent of the 
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Figure 4. Curve to illustrate the fundamentals 
of engine horsepowers and speeds as discussed 
in text 
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plants, another system of testing involv- 
ing wound-rotor induction generators was 
developed to meet the requirements of 
this installation. 
stands will be described presently also. 

At this writing there are now installed 
or on order for these various locations a 
large number of power-recovery testing 
equipments through which aircraft-engine 
production is or will be pushed. This 
total is a growing percentage of the total 
of all types of stands installed since the in- 
ception of the power-recovery system of 
testing. The equipments are made up of 
Westinghouse, Allis-Chalmers, or General 
Electric generators and, where used, hy- 
draulic coupling division of American 
Blower Corporation hydraulic couplings 
or Dynamatic Corporation magnetic 
couplings. 


Braked Magnetic-Coupling 
Synchronous-Machine Test Stand 


The synchronous machine of Figure 2 
has a relatively high synchronous speed, a 
speed that is in the upper reaches of the 
engine speeds. This high speed is se- 
lected in order to minimize the loss in the 
coupling which, as already stated, in- 
creases with increase in the difference be- 
tween the engine and generator speeds. 
Also, as already stated, the engine cannot 
be loaded on the generator below syn- 
chronous speed, since at any engine speed 


. 
wr 


These induction test — 


below synchronous speed the synchronous _ 


machine will act asa motor. That is, the 
slip coupling is a speed stepping-down and 
not a speed stepping-up device. There- 
fore, the selection of a high generator 
speed presupposes that an engine is ready 
to operate at this high speed before it is re- 
quired to be loaded; that is, it has been 
partially broken in by mechanical opera- 
tion, possibly on the test stand itself, or 
possibly on a separate electric-motor run- 
ning-in stand. ts 
At the plant 2 installation an engine can 
be loaded below generator speed by load- 
ing on the magnetic coupling. To permit 
this, the generator and generator half of 
the coupling are held stationary by means 
of a brake when the engine is operating be- 
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Figure 5. Test-cell performance showing 
typical distribution of power loss and power 


recovery for a power-recovery test stand 


low synchronous speed. In other words, 
below synchronous speed the magnetic 
coupling functions in the same manner as 
any eddy-current loading machine, and 
above synchronous speed, with brake re- 
leased and generator operating, it func- 
tions as a slip coupling. The magnetic 
coupling is water cooled and, designed for 
the slipping operation, has inherently suf- 
ficient capacity for the braked operation. 
The fact is that the loss of power under 
the braked condition of operation is low. 
This is so, because the engine outputs at 
low speeds are low, and the duration of the 
loading runs at low speeds are compara- 
tively short. 


Induction-Generator Power- 
Recovery System 


Thus at the plant 2 installation a modi- 
fication of the original power-recovery 
unit was made which permitted loading an 
engine below synchronous speed by the 
addition of a brake. For the plant 3 in- 
stallation, still broader test-stand require- 
ments were set up. For this installation 
it was desired not only to load the engine 
over its entire speed range but also to load 
the same engine in this manner when 
equipped with gear heads having three 
different ratios of speed reduction and 
consequently three different engine-out- 
put shaft speeds. This requirement 
made necessary a test stand of very con- 
siderably greater range of speed than pre- 
viously used with the synchronous-ma- 
chine slip-coupling stands, approximately 
4:1 as compared with 1.5:1 or 2:1. Also, 
in this installation it was desired to elimi- 
nate the necessity of dissipating losses by 
means of cooking water, a requirement 
which assumes increased importance in 
the light of the increased speed range of 
operation and consequently increased slip 
loss. 
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Figure 6 (right). Schematic arrange- 
ment of induction generator power- 


recovery stand lea 


These requirements pointed to a new 
type of stand, and, as already stated, the 
wound-rotor induction-generator stand 
was developed accordingly. Figure 6 
shows schematically the fundamentals of 
the induction-generator stand. 

As is well known, the induction genera- 
tor is a variable-speed machine with in- 
herent characteristics similar to those of 
the conventional wound-rotor induction 
motor. In its application to the test 
stand, the electrical design of the induc- 
tion machine is such that its synchronous 
speed corresponds approximately to the 
minimum loading speed of the engine. 
When the generator is connected to the 
power system and driven by the engine at 
any speed above its normal synchronous 
speed, the generator will pump part of the 
engine output into the power system as re- 
covered power and remainder into the load- 
ing resistor as lost power. The propor- 
tions of these powers are the same as for 
synchronous-machine slip-coupling stand. 

With this wound-rotor induction-type 
stand the sequence of operation will be 
somewhat as follows: The first operation 
consists of a cold start and run-in test for 
testing mechanical operation and lubrica- 
tion of the engine, the same as with the 
synchronous stand. This is done by start- 
ing up as an induction motor by secondary 
resistance control. After starting, speed 
is gradually increased up to approxi- 
mately synchronous speed of the motor. 
When ready to “‘fire,” the ignition switch 
is turned on and the engine throttle ad- 


_justed for approximate idling speed. 


When ready to load, the throttle is 
opened, and, as the generator speed passes 
through synchronism, load is applied au- 
tomatically to the engine. By the proper 
manipulation of the loading resistor and 
the engine throttle, any desired values of 
load and speed are then established and 
maintained. 
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Figure 7 illustrates the nicety of speed 
and torque control available with this 
form of drive. In this figure the synchro- 
nous speed of the induction machine is 
33 per cent of normal rated engine speed. 
The upper left-hand quadrant is the mo- 
toring range and the lower right-hand 
quadrant the generating range. The mul- 
tipoint vernier control indicated is super- 
posed on any one of the main loading 
points with the result that a very close 
speed and torque control is obtained over 
the entire range of operation. 

Figure 8 shows the horsepower-loss and 
horsepower-recovery division of loading 
corresponding to the three gear ratios of 
Figure 7. With an engine passing 
through the usual test time and loading 
cycles the division of horsepower hours or 
kilowatt-hours recovered and lost would 
be somewhat as follows: 


Per Cent 
Engine Gear High Medium Low 
Ratio (A) (B) (C) 
Kilowatt-hours re- 
BOVENGR a tial. a vine Pr OO in cons Eee Hevea? 
Kilowatt-hours 
Ont. aa aie rtaiiGaa solar anes 42 Sst {i Pa icrA 63 


Disposition of Power Loss With 
Induction-Generator Stand 


One of the features of the induction- 
generator type of stand is the ease with 
which a high-loss loading element, the 
loading resistor, can be supplied, and the 
ease with which high-loss power can be 
dissipated. It will be noted from Figures 
7 and 8 that, because of the wide range of 
operation, the amount of power to be dis- 
sipated is relatively considerable. For 
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Figure 7. Torque-speed characteristics of 

induction-generator power-recovery stand de- 

signed for testing an engine with three different 
gear heads 


The solid lines A, B, and C are normal loading 

ranges for high-, medium-, and low-gear ratios 

respectively. The points A’, B’, and C’ are 

take-off loadings. The dive test point repre- 

sents the highest speed to which the stand is 
required to operate 


the more common present large engines 
equipped with gear ratios as previously 
discussed, the loading resistor would have 
a maximum continuous rating of approxi- 
mately 1,200 kw. With the use of a re- 
sistor of the finned Calrod construction it 
is a relatively simple matter to blow this 
energy into the air. With such a con- 
struction no consideration need be given 
to the cost and availability of a suitable 
water-cooling or water-energy dissipating 
system. 


Aircraft-Engine Testing With 
Propellers 


The aircraft-engine industry has made 
testing developments of its own, so that a 
variety of testing schemes from which to 
choose are available to the designer of an 


engine-testing procedure and layout. But 
in the manufacture of the large engines 
produced today, the selection of a testing 
scheme probably would resolve into a 
choice between testing with propellers 
similar to aircraft propellers and testing 
with power recovery. 

Figures 10 and 11 illustrate typical 
physical arrangements for these two 
schemes of testing. It will be noted that 
the structures shown differ fundamentally 
in that with propeller testing the structure 
must be designed to accommodate the air 
stream set up by the engine loading pro- 
peller, whereas with the power-recovery 
system this is not necessary, because the 
air stream is not present. 

For the rest of this paper, the state- 
ments made may be scrutinized with the 
view that, if power-recovery testing were 
not used, propeller testing would be. 


Recovery of Power 


If one knows the engine sizes and rates 
of production and the horsepower-speed- 
torque characteristics of the testing cycles 
it is a simple matter to calculate the ex- 
pected recovery of energy. These calcu- 


Figure 8. Curves 
showing the division 
between horsepower 


B4/-3 


lost and horsepower 


Be 


recovered for the 
conditions of opera- 


tion shown in Fig- 
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responding curve D © 


The difference be- . 


i 
lations will predict minimum or pessimis- 
tic expected results, however, because 


they will not take into account tests that — 


have to be repeated for one reason or an- 
other, tests called penalty runs. For the 
purpose here, therefore, it is preferable to 
use actual test data and records. 

From the standpoint of individual en- 
gines, records show that, from each engine 
of large rating coming off an assembly 
line, there may be recovered anywhere 
from 3,000 to 6,000 kilowatt-hours of 
energy. 

From the standpoint of over-all engine- 
manufacturing-plant operation, Figure 9 
is indicative of what may be expected. 
This figure is the plotting of the over-all 
performance of one of the mew engine 
plants for a period of 72 consecutive 
hours. The plotting is actual normal 
plant performance made from instrument 
readings taken at the plant for the period 
indicated. The top curve shows the plant 
power consumption. The bottom curve 
shows the power purchased from the con- 
nected public utility. The difference be- 
tween the two is the power recovered from 
the power-recovery test stands. It will be 


noted that this recovered power is more ~ 


than half that required to operate the 
plant. 


Table |. Record of Percentage of Total 

Engine-Plant Power Consumption Supplied by 

Power-Recovery Testing for a Large Engine 
Plant During a Period of Six Months 


Per Cent 
Recovery 


Table I is similar over-all plant per- 
formance for a period of six months and 
shows again power recovery exceeding 
half of the total power required to operate 
the plant during that period. 

Reverting to Figure 9, it will be seen 
that power-recovery testing also reduces 
power demand and consequently pur- 
chased power-demand charges. Without 
power-recovery testing, demand charges 
would be based on the top instead of the 
bottom curve. 
pacity of interconnecting apparatus such 


tan 


Obviously, also, the ca-_ 


as transmission lines and transformers _ 


would have to be based on the top instead ‘ 


of the bottom curve. ' 

The power-recovery system saves en- 
ergy, reduces demand charges and inter- 
connecting apparatus capacity, and does 
all this to an important degree. A pro- 
peller test stand will not do any of these 
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Figure 9. This 72-hour total plant power chart 
shows plant load, power recovered from the 
test stands, and purchased power 


The area between the two curves represents 
the power supplied to the plant by the power- 
recovery test stands. In this record, 57 per 
cent of the total plant load is secured by 
power recovery and 43 per cent is purchased 
from the connected power company 


things. These are important accomplish- 
ments that are of direct interest to the en- 
gine builder. 


Measurement of Engine Loading 


Besides the advantages enumerated at 
the outset of this paper, the power-recov- 
ery system of testing carries the important 
advantage that it is still open to expansion 
and improvement. As the paper shows, 
this system of testing is very new. Its 
full possibilities have not yet had time to 
develop. 

One such possibility is the accurate 
measurement of engine loading by electric 
instrument measuring techniques. When 
the mechanical energy output of the en- 
gine has been converted into electric en- 
ergy, the basis for such measurement is 
present. This is an important asset of the 
power-recovery system of testing that is 


Figure 10. 
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The air stream is down the intake 
stack, through the test area and up 
the exhaust stack. The axial flow fan 
shown in the test area draws cool- 
ing air over the engine 


open to the engine builder. It is an in- 
volved subject, however, and entails 
departure from aircraft-engine testing 
procedure of long standing. 


Cost of Power-Recovery Testing 
Equipment 


When all pertinent considerations are 
taken into account, the cost picture sur- 
rounding power-recovery testing is par- 
ticularly favorable. The question from a 
cost standpoint is: how much more does 
a power-recovery system cost than a sys- 
tem in which power is not recovered, for 
example, the propeller system? In other 
words, to justify any greater cost for 
power-recovery testing, it is necessary 
only to justify the difference between the 
cost of power-recovery testing and such 
another system as may be contemplated. 

The cost of the test-stand equipment re- 
quired for a large engine power-recovery 
stand will likely be between $20,000 and 
$30,000. This equipment cost is largely 
offset, however, by the simpler building 
structure permissible with the power-re- 
covery system. Those that are in a posi- 
tion to know building cost differences and 
such other cost differences that enter into 
over-all cost computations have sub- 


Schematic section of a modern propeller test stand 


43 FEET 
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mitted cost differences ranging from noth- 
ing to $15,000 per test stand for a power- 
recovery testing system of the capacity 
being discussed in this paper. 

Assume that the difference standing 
against power-recovery testing is $15,000. 
Assume likewise that 1.5 engines per day 
per stand per 300-day year are tested at a 
saving in kilowatt-hours per engine of 
4,000. Then with power at $0.004 per 
kilowatt-hour the annual saving is $7,200. 
The corresponding amortization rate is 
slightly over two years. In other words, 
the cost difference is eliminated in slightly 
over two years, and thereafter the savings 
continue indefinitely. No nonrecovery 
testing system can present such an out- 
look from an investment standpoint. 

Furthermore, the preceding cost picture 
is not the best that can be presented. It 
does not take into account reduction in 
power-demand charges. Likewise, it does 
not take into account the possibility of 
testing engines more quickly by power-re- 
covery and consequently the possibility of 
installing fewer stands for a given plant 
engine output. 


Use of Critical Materials 


In these times, the use of the critical 
materials necessary with power-recovery 
testing is, of course, a consideration of first 
line importance. New installations of 
power-recovery testing could not be advo- 
cated without a favorable critical-mate- 
rials situation. 


Figure 11. Schematic 
section of a power- 
recovery test stand of 
the — synchronous-ma- 
chine slip-coupling type 
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The approach to the critical-materials 
problem is in the fact that the use of critt- 
cal materials is necessary to generate and 
supply power to any aviation engine 
plant, regardless of what means of secur- 
ing power may be used. If the power-re- 
covery system of testing can supply power 
with less use of such materials, its adop- 
tion should be justifiable, in fact, advo- 
cated. 

Table II shows a comparison between 
the critical materials involved in obtain- 
ing a kilowatt of load capacity from 
power-recovery equipment and from a 
medium-size steam-generating plant: 


Table Il 


Power Recovery 
Critical materials pounds per kilowatt 


Steam Plant 
Critical materials pounds per kilovolt- 


ampere 
COpPOb irate teeieieiereiecliysrsietertsvniateinve etate 50 to 70 
Tromiand steel ic ycwisasmaretereiecosretc 250 to 400 


The data show that power recovery is 
very much favored. Unless the circum- 
stances surrounding a specific engine plant 
are very unusual, the conclusion is evident 
that it is in the best interest of the war ef- 
fort to advocate the installation of gen- 
erating capacity right at the engine plant 
by power recovery rather than to advo- 
cate the installation of an equivalent ca- 
pacity in a distant steam station. 


The Future of Power-Recovery 
Testing 


The advantages of the power-recovery 
system as applied to the testing of aircraft 
engines have not yet had time to be ap- 
preciated universally. The statements 
made in the foregoing recital are simple 
engineering facts, easily checked, and 
they all point to the conclusion that 
power-recovery testing has intrinsic value 
that cannot be passed by lightly. Power- 
recovery testing has advantages that can- 
not be secured from any other form of 
testing. 

But, in the final analysis, it is the engine 
builder and not the electrical engineer who 
will point the way and decide to what fur- 
ther extent power-recovery testing will be 
used. It may be quite possible that with 
the passing of time the engine builder will 
point with more and more favor, because 
he is already pointing toward larger air- 
craft engines—and the larger the engine 
the more advantageous power-recovery 
testing becomes. 
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and Other Wartime Projects 
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I. Method of Estimating Loads 


T present a great amount of engineer- 
ing talent is being utilized in the 
electrical planning and designing of 
various types of military-training bases, 
federal-housing projects, and other war- 
time projects. The Bonneville Power 
Administration has been requested to 
supply electric power to many types of 
war projects and of course was con- 
fronted with the problem of estimating 
the power requirements of each. 
This paper is intended to show the 
methods used in estimating load require- 


derived data illustrating the effect of 
electric cooking on the total load. 

Detailed load estimates of various types 
of military bases and other wartime proj- 
ects in the following sections of the paper, 
are presented as examples from which cer- 
tain conclusions are drawn. 

The general method used is to portray 
for each hour or half-hour period of the 
day the expected fluctuation for the 
various classes of load. The detailed con- 
nected load is first segregated into groups 
which have similar characteristics as to 
the time and nature of their uses. The 
barracks lighting, mess-hall lighting, and 


Table |. Summary of Derived Information From Load Estimates of Military Training Bases 


(S) Section IT Section III Section IV 
Army Training Navy Training Air Training Lighter-Than- 
Base* Base** Baset Air Stationt 

Number ‘of meno, conc sme tne 8B ;000 Nap cess 30,0000 werrcirete 35400). ase. sien 1,000 
Total connected kilowatts.............. 26 8205 tty 22 15,929. Jena 2,698) | svete 4,939 
Average monthly maximum kilowatts.... 6,394 ...... 4,800) So titer 1;180'S eases 2,065 
Annual maximum kilowatts............. TT a0 Wee a onmen 5,800) 2- Gre a7. S400 Tox .ee 2,425 
Demand factors (per cent)® 

Barracks and mess-hall lighting. ...... 44560 2s aise BOD Fagntete ats BONES i etinies 56 

Tetaliload. yeh aacican deere arene PAIN Ponta thos Le Jnaccaciees AGB oat nae 42 
Load factors (per cent)® 

Barracks and mess-halllighting........ 54/4 We ateee 5G) See ee Ue ricy 56 

Total lead: 3.2: ssn ate tae coer 74 Sie 5 Rae 7S) Oescacios B04 Tet ean 67 
Diversity between major load groups 

(pericent)@ sone 1 siento n eee oe 1.48 1. 2e peg cms We re in 1.08 


* Complete electric cooking on one-sitting basis. 
12,885-kw connected cooking load. 


** Electric cooking on three-sitting basis. 
connected electric-cooking load, 


4,481-kw 


} Electric cooking on three-sitting basis. 


c Large 
loads in shop motors and hangar lights. 


ments for various types of military and 
other wartime projects; to present cer- 
tain conclusions pertaining to the result- 
ing demand factors and load factors; 
to present test information on which bar- 
racks lighting and cooking loads are esti- 
mated; and, finally, to set forth certain 
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t Approximately one half of total connected load 
in shop power and helium-repurification-system 
motors. Large load in hangar lighting. 


® Based on a typical average day. 


© See reference 2. 


single-phase kitchen power are first segre- 
gated into one load group. This is done 
in order that the demand factors and 
daily load fluctuations of this type of 
load may be estimated by making use of 
the test information shown in the author’s 
article entitled “Lighting and Cooking 
Loads in Army Barracks.”! The con- 
nected electric cooking load is next segre- 
gated into a single group so that the test 
information pertaining to this load may 
also be applied. In instances where the 
cooking is planned so as to prepare meals 
to be served on a two- or three-sitting 
basis or cafeteria style, the load peaks ap- 
plicable to each meal are broadened to 


ELECTRICAL ENGINEERING 


on 
af 


// 


ef 


Table Il. Electric-Cooking-Load Characteristics Based on Detailed Load Estimates of Mili- 
tary-Training Bases® 
0 SS | 


Se Section II Section III Section IV 
Army Navy Air Lighter- 
Training Training Training Than-Air 
Base Base Base Station 
1. Connected cooking load......... 0:00 ee eens 1D GSS Om choice mS MAST Ghik COT Gah ok 223 
PRMIECOIIEIOD COCR sicvu Go 84,005 veh Sipe be cicie wine 48 caves BS avon Le) agence 4.5 
2.\\ Peak responsibility* 
BeCEEEMLRMOD 0 fon ia scereiite WNC Nes MEO WAN aleve a te 0's DS OrOae 56 ao BOW ictnacen 0: SA icuor 50 
OIA aie is a WMATA UAL, ON RAIN V Cig wae wie S003 Uy bake WO nO Sete ak LO pale ee 2.4 
ER TIRE INGE Get) yrebra tl Ours! «Saye <s Mre ee ce THO Rh isos OS OT shox ese Oho ae aes 50. 0@ 
8. Incremental cooking load 
oo US AS Arent Aes Meee ae Lede a ow viarwt « WORE ew BS) SR uw 50 
SRPIEDRE SHOT 5 sith els cass aa CN a na Ta Lh CHES Gi dprtrga es 257. 8Re Ny os 50.0 
4. Ratio of 
kilowatt peak responsibility 
(per cent)... 20 Rieter ers | eer NE, 26)" Geass 22 


connected cooking kilowatts 


* Demand of electric cooking load at time of the 


total peak, 

** Based on 35,000 men. 
t Based on 30,000 men, 
t Based on 3,400 men, 


an extent consistent with their probable 
variation from the test curves. 

The office, shop, and other daytime 
loads are next segregated into groups 
having similar characteristics, and the 
hourly fluctuations during the day are 
estimated for each group. 

Night lighting of a steady nature such 
as street, protective, and flood lighting is 
considered as a group in which the full 
connected load will be used during all 
hours of darkness. 

The motive-power load is likewise 
segregated into groups of similar nature, 
and the load fluctuation of each group is 
estimated independently. Shop power, 
major refrigeration power, special power 
such as helium-repurification-compressor 
power (section IV) are samples of groups 
frequently found. Water pumping is 
estimated on the basis of the design plans. 
This type of load ordinarily can be oper- 
ated on an off-peak basis. 

Tables I and II present the general re- 
sults of detailed load estimates for the 
four types of military bases presented in 
sections II, III, and IV and for the large 
army cantonment, details of which appear 
in a second article by the author, entitled 
“Estimated Load for 35,000-Man, Army 
Cantonment.”’? 

Table I presents a comparison of im- 
portant derived information on demands, 
demand factors, and load factors. 


Table Ill 

Total connected load...........+55. 1,897 kw 
Average monthly maximum de- 

REMMI Ce ay wale s.!¥, Moan sls 665 kw 
Annual maximum demand,......... 860 kw 
Average monthly load factor... ..... 63 per cent 
AmnuG! lodd factor... 6... cece 49 per cent 
Demand factor of total load. ....... 35 per cent 
Diversity between major load 

ELL OUI ara snes adie ustcuag © 8 1,19 
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® Based on 1,000 men. These ratios high because 
of bakery and recreation building loads. 


© Includes estimated distribution and substation 
losses, 


® Based on a typical average day. 


@ See reference 2. 


The first is the large army training base 
in which full electric-equipped kitchens 
are planned with meals to be served on a 
one-sitting basis. 

The second is a large naval training 
station in which the cooking is to be done 
electrically, with meals t6 be served on a 
three-sitting basis. Considerable steam- 
heated cooking equipment is used in this 
station. 

Third is an air training base in which 
the hangars and miscellaneous power 
form the major part of the load, 

The fourth is a naval lighter-than-air 


Table IV. Summary of Cumulative Demand 
Factors for Typical Average Day 


Maximum - Kilowatts 


at Substation* 
Cumulative Demand 


Groups 

Types of Load 
Connected 
Load 
(Kilowatts) 
Estimated 
Factors 

(Per Cent) 


1 Lighting and 
| small power 
| in living quar- 
| ters and mess 


Fa Gs eee: (0) 
Includes addi- 

tion of gen- 

eral lighting 

and inciden- 

tal heat and 

TO VWOK is aly mca jeine (he dd hie, Fo 
Includes addi- 

tion of street: 

Nebtingiec ccs « 9:979..0% 68,504. 6685 
Includes addi- 

tion of pump- 

ing (off peak), .10,481....3,504..., 
Includes addi- 

tion of motive 


1-2 


18,421... .85 


33 
1-5 


..83 
1-6 Includes addi- 

tion of eclec- 

tric cooking 

and baking. ...15,929....4,890....31 


* Includes estimated ten per cent distribution and 
substation losses, 
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station in which the hangar lighting, 
shop power, and motive power for the 
helium repurification compressors form 
the principal loads. Motive power in 
this base is approximately one half of the 
total connected load. 

The summary of the demand factors 
shows that the barracks lighting is about 
40 per cent for the large bases. The 
smaller bases have higher demand factors 
of 50.4 per cent to 56 per cent. This is due 
to greater diversity being realized in the 
larger bases. The demand factors for the 
total load are reduced to 23.8 per cent for 
the largearmy base having electric cooking 
for meals on a one-sitting basis and 31 
per cent for the large navy base with 
electric cooking for meals on a three- 
sitting basis, Demand factors for the 
total load of the air training base and the 
lighter-than-air station are 45.4 per cent 
and 42 per cent, respectively. These are 
types of bases in which the hangar and 
power loads predominate. 

The load factors for the barracks and 
mess-hall lighting are fairly constant 
at 54.4 per cent to 56 per cent. The load 
factors for the total loads range from 67 
per cent to 74.8 per cent, the higher load 
factors being expected for the large bases. 
The lighter-than-air station has the low- 
est estimated load factor, because the 
helium repurification process is assumed 
to be in use for only six days per month. 

The estimated diversity between load 
groups is 1.48 for the large army base 
having electric cooking for meals served 


Table V. Summary of Cumulative Load Fac- 
tors for Typical Average Day 


i | 5 
are oat: 
% 8 ® i 
3 Cha Ae dic 
ete pi a3 2H 
4 3 os 32 
a a 3 B B o 
Ta ere Bea ar 
6 rs aM sa ga 
1 Lighting and 
small power 
in living quar- 
ters and mess : 
GUS Scns tane QI ZOO ncn ti Olan woo 
1-2 Includes  addi- 
tion of gen- 
eral lighting 
and inciden- 
tal heat and 
Power aavdes 60,510... .3,421... .62 
1-8 Includes addi- 
tion of street 
lighting..,....53,150....3,504....63 
1-4 Includes addi- 
tion of pump- 
ing (off peak). .59,090..,..3,504....70 
1-5 Includes addi- 
tion of motive 
POWEF.....0 00 64,680....3,806....71 
1-6 Includes addi- 
tion of elec- 
tric cooking 


and baking. ...85,720....4,800....738 


* Estimated requirements at the substation, in- 
cluding ten per cent distribution and substation 
losses, 
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Table VI. Peak Responsibility of Warious 


Groups of Loads for Typical Average Da aa SOSHMS WORSOM SHOSONM COS59H |S H a ‘ 
P ve cee g2 | 288252 SE8SE8 ARBSS SSSSEz | 8 * 8 
== 2 Bon HN Hottie onda Hesiod s a 
Per ve te Lr ark ke ee ‘= 8 
Group Type of Load _ Kilowatts* Cent besarte Po fst) peste tia § bo 
AN he cs aL co Rp ge Ce a ra ohh ‘De f a 
° ao “oO . ‘ <a 
Bae A| 38 7a88 Sks:: : F 3 
1....Lighting and _ small a gy (Om ON ; 3 Wee 
power in living quar- 3 Ss a omar peo or Se CSU ey Seis yi Uy As . p a a 
ters and mess halls... .1,540.... 31.5 PDD Delf DP ae aA 
D).1 Generall lighting and . cok Sh OP oS Se oe : leah 
SATE el Ho o BPBOWS SHSHGS O99 19 Ssescoem jo mains 
Fe SE LE SD 1,881 38.5 2S 2 | SASESR S8858S SRSRTE RQeaas |S ™ Slaw 4 
3... . Street lighting......... Oe a a Byes oes] AA AAA ES Seger Towa of erat |e A 3 
4... ‘Pumping (of peak)... ..- OueaeG : OS 
BeeMenrotivetporer cimemnee BOs Hn ONS : MPa ree Rn Or SiS 
6....Electric cooking and a Pag : See Sy 3 se ae 3 : me 
BAe eaean Soammaee (Ween PERG aa : eg ae ia : 1888 BS Seuge? § 8 
45 4 : : ‘ i IAN ANS : F a | 
Total of peaks........ 4,890....100.0 a5 4 : : 7 2 81g 8 agae : i + ea x) 
Group Diversity = 6,188/4,890** = 1.27 5 : : = : ‘i : ¢ 8 2 
* Demands at time of estimated maximum demand oreo eae es ie cui a 2 o 4 : ve : e Py : 
for total load at the substation. Includes estimated fags % 1 AS EN AR SS ISS a yal nee Sy eee S 
ten per cent distribution and substation losses. 28 a3 + pee eee a face ak oer, oo oie aes SS Se 3 § # 
; AO = 
** Sum of peaks of individual groups (see Table ; SOP CDR PR re ie SS es ‘ ; : 3 o 
Vl). < : PoP obt oD Ss eB eee ee) eae » see 
0 F : are : Fi ‘ i 2 % 8 
a 3 : bey 2 pa : : : : ba 
oe ¥ 3g a PRY os eee oo eee : 0 
on a one-sitting basis; 1.27 for the large © a Bok aR Mya Sa reer a : 9 3 
iit ; i 2 ore Soee ono are : ; @ 
naval training base with electrically 9&2 a ince eetrner: eg : ‘g E 
Ace E32 eas Seco ak ote ‘ q 3 
cooked meals served on a three-sitting < Cea aie ERA San Snty co el ca : a a 
oa 5 Sa 5 | C= | ‘ 1D 1919 © 19 1910 nwo oof oomonse Oo = 
basis; 1.14 for the air training base in 8 seus 3 | S82888 SS858NN SRRASe SSnaee |S eee 
which the shops and hangars are operated $ BT ee ee aa Nn a 
continuously day and night; and 1.08 5 : ‘ mae oie ae 
estimated diversity between load groups “G £S | wey oes w 1919 1p 19.19 wd : “de 
Y gr Pp “no ‘ AD A 19 1D 1D 219 OO win Cowl eo 
E he li z "4 ‘ 36 Se = © 00 0 oO Rie ho tt QOHXMGAA Annoaw S 8 3 ‘ob 
in the lighter-than-air base in which the 8 s8 Seabee eye eS id NIST" a a 
. . . a | 7 ae) hes ‘3 
hangars, shops, and helium repurification — Peers ee eae : 7s 
Be % : : : he ah 
system are all operated on a 24-hour per $83: : 2 ee nos 5 8 
day basis. E a4 : Ba Ssissnes ad a 
f : f < cS : : rig A anh GE en | 
In Table II certain derivedinformation a ay Be : ; aie atat er 3 3 
on the electric i i uae (8 : eats |, 
cooking loads in each of the L aug 3 ssssss essees Soe: ‘isss |e 6 6/8 3 
four bases is presented. & EL es Rite eWscie Solent C010) + 1 19 | J 
4 , a : ; SEA a5 i) 7} 
It is to be noted particularly that the & ia : : Se Ree ee oe aS: d q 
connected cooking load for th , OD] oF 4Zg 2 | sHaned ; 35019 es : 3 alae 
connected cooting load forthelargearmy F | gdauf § | EEEESS Eeace@ GeQads g-ace2 |) 
ree times that of thenavy -& Begg So Ei eiiatiened Seah ce ah eevee epenna en °5 a: 
base of approximately the same Heid ee “a RS Pe _ 3 : 
an el She F = ) ae are os : : Sg 
of men in size. This is chiefly due to the s cl A 2 cel ei ae : a= # 
econ lot dA % ya 068 2312'S Siow S ar kane ae ar esseses|;ee ele i 
ef ec of meal planning on one-andthree- Z am UU ANION COT a ae ear BAAaaan |Z * Sle 
sitting bases, respectively. | Se See ie Ha Gk hae - | eon 
: ‘ Q Shwe ser si ee 3 OSes 
In each of the load estimates shown, the 2 cE : 3 Seman. PP) Seer : 3 7 8 
ratio of the cooking demand at the time =) ay : : yore eS Se er ia |b 
Gi ‘ , 2 5 ety Rare i fi : eile 
of the total peak for the training base o I se : Panty iF nna : : § a 
*4.°4° 4 tse) Lol . R Sas $ BBs . A . i ‘i Ms 
(peak responsibility) is always less than aaso. ce : SHORE: abe cokes Weer : | g 
: i 4 © op 19 esos 19 1 pon ' 
the ratio of the connected cooking load = 2egee x | S8S8R8 S83333 Sesser Se3a88 28 9 3 3 
eee _ - ~ aye a. Aaa 
to the total connected load. As anex- % | OS8n% “~ ett, Sy ie Wee ie < Es z 
= — ‘i . . . . . . r 
ample, the connected cooking load of the r e ; ; + Digehaen emai : ; 3 & 
35,000-man army base is 12,885 kw or 48 Sug : : ie pee ee ; ‘|e 3 
3 : ; 19 19 one : ¥ Dy ae See 
per cent of the total connected load, ase : : : Bak $ae ; ci 3 
whereas the cooking demand at the time Sis : Aes Weegee eee > aM Py 
of the t i apwa2 : : : . Bp Nae Beene) = 
otal peak is 2,576 kw or only 40.3 wed oa x | 298482 ooouan a es ey on 
per cent of the peak load. tg eae S AAAARS ANGLHH BHHOGH GNAoaA | B® ~ ME X 
The peak responsibility of the cook- | Sas $3 B37 bela y= g 3 . 
: z ; BEN io et \ Sa 
ing load in watts per man is 73.5 * = ; Pe Sith Z 7 
for the army base, while it is only 38.3 3 a > Beecerk ae 5 E 
Rs: : 4 moo : y r 
watts per man for the similar-sized navy ie ; : a 68S SHA i: : ile eae 3 
x y ¥ $ . . . ae . . . . . . . . . Sol r . . . . L. 
base. The principal reason for this : eee mein oR re : ie 3 
: ; eID eer Os NS De OD i Sigil 
difference is the planning of the meals on oe Ee ere CMT IRAE OIIN RN CoG a iol) se fo hee oe 
a one-sitting basis in the army base and ae PED DE | 
a Ae ye : Se kee he jae ea a 
a three-sitting basis in the navy base. 2 5 : cc coneeeeaeen ee rt ie i 
The incremental cooking load per man Ea Sree sae paleo 2 ‘ 
, M Pipe heat ee : ‘ - 
varies from 25.8 watts to 36.1 watts. 5 MMM gee race a on : aay 19 a 
The figure of 50 watts per man for the a See ee a 
2 3 ; : Ww . . . rl . . . . . . LY ir a 
lighter-than-air station is due to a major- 5 one Loe ee eas) a so eon . Ree | Sous : PS 
: : 20 Mie aes - -OnN <> fie ae “ -OMmN af ~ 
ity of the total cooking load being com- | Rol edeyss nagatt nagwes magni Sesag|o a 
YAN GIS OCHOROT ATNAMHID CNW $4 sare pl ae 
— | ae kA * ¢ “4 
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posed of night baking and ships service 
building loads, which probably will be 
used extensively at the time of the maxi- 
mum demand for the base. 

The most important conclusion relative 
to the electric cooking loads is the ratio 
of the peak responsibility to the connected 
cooking load. This is shown to vary from 
20 per cent to 26 per cent in the four load 
estimates presented. The ratio of 20 
per cent for the army base reflects cooking 
for meals on a one-sitting basis. This 
ratio is increased to 26 per cent for the 
training bases having meals served in 
three sittings. This difference is re- 
flected by the longer duration of the peak 
periods and the reduced diversity of cook- 
ing on the three-sitting basis. Thus the 
general conclusion is that only one fifth 
to one fourth of the total connected 
cooking load in these types of training 
bases may be reflected as actual demands 
at the time of the maximum demand for 
the entire training base. 

Estimated loads are shown in section V 


Table VIII. Summary of Cumulative Demand 
Factors for Typical Average Day 


Esti- 
mated 
Maxi- 
Con- mum 
nected Demand Demand 
Load at Factor 
(Kilo- Sub- (Per 
Service watts) station* Cent) 


1. Lighting in bar- 
racks, officers’ 
quarters,  gal- 
leys, and = so 
MODUL soho) a)e hisiceia = ov 668... $286... .1..50.4 
2. Includes addition 
of ‘lighting and 
power in hos- 
PDEPE sgh ss foinvase o's 782... 2... 890.3. 49.9 
3, Includes addition 
of lighting in 
administration 
building, offices, 
and so 
BOMEM ES fice kicteas sce LpAOGe ee (OSGi ys Onn 
4. Includes addition 
of lighting in 
recreation build- 
BEDS shatters eis!) oer vig 1,448, ...° 676... «48,7 
5. Includes addition 
of lighting in 
PRD ALS ss ixis'se 00 1,638.... 885....54.0 
6. Includes addition 
of lighting in 


streets, run- 
ways, flood 
lights, and so 
CT ae a 1,688.... 940....55.7 


7. Includes addition 
of motive power 
in shops, refrig- 


erators, water 
pumps, and so 
ROCELG ritaier- she al 61 BALE a ORG a, WOL AG 


8. Includes addition 

of electric cook- 

ingin galleys..... 2,485....1,138....45.8 
9. Includes addition 1 

of electric cook- 

ing in hospital 

and _ recreation 

DI avers 00 3 2,598....1,180....45.4 

Diversity = 1,350/1,180 = 1.14 


*TIncludes estimated ten per cent distribution 
losses, 
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of the various types of living units con- 
tained in a large war housing project 
providing housing for 8,700 families and 
4,000 single men. These types consist of 
apartments, dormitories, temporary de- 
mountable houses, and permanent houses. 
The over-all connected load is 87,764 kw, 
including allowances for pumping and 
commercial uses, The estimated maxi- 
mum demand is 10,725 kw, resulting in 
an annual demand factor of 12.2 per cent 
for the entire project. 


Table IX. Summary of Cumulative Load Fac- 
tors Based on Typical Average Day 


pes ee et ee 


Daily 

Load 
Energy* Demand* Factor 
(Kilowatt- (Kilo- (Per 
Hours) 


watts) Cent) 


1. Lighting in bar- 
racks, officers’ 
quarters, gal- 
leys, and so 
POLED sip cheater sielare 8,760. cv (2885... 1846 
Includes addition 
of lighting and 
power in hos- 
pital coon: 6,080)...5. 890... .88,,7 
3. Includes addition 
of lighting in 
administration 
building, —of- 
fices, shops, and 
60 fOLCR: occ cas 8,140..... 683....58.2 
4, Includes addition 
of lighting in 
recreation 
DUGG Ww waland 8,820.... 
5. Includes addition 
of lighting in 
hangare... ese. A VOU en, SOc 00s 
6. Includes addition 
of lighting in 


to 


streets, run- 
ways, flood 
lights, and so 
POPE See ales oes 18,560.... 940....60.1 


7. Includes addition 
of motive 
powér in shops, 
refrigerators, 
water pumps, 
and so forth..... 17,000....1,088....65.4 

8. Includes addition 
of electric cook- 
ingin galleys....18,740....1,188....68,6 

9. Includes addition 
of electric cook- 
ing in hospital 
and recreation 
building........ 19,660....1,180....69.4 


* Includes estimated ten per cent distribution 
losses. 


A short discussion follows on the esti- 
mated loads, demand factors, and load 
factors for a typical army hospital and an 
army reconsignment depot. Similarity 
may be noted as to those factors as com- 
pared with the other types of bases dis- 
cussed, 


ARMY HOSPITAL 


Plans for a typical army hospital de- 
signed for 1,000 beds on a general 1,500- 
bed plan were analyzed. Living quarters 
were planned for an operating personnel 
of 668 men. Complete electric cooking 
was provided for in the nurses’, officers’, 
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Table X. Peak Responsibility of Various 
Groups of Services for Typical Average Day 


ee 


Per 
Kilowatts* Cent 


1. Lighting in barracks, of- 
ficers’ quarters, galleys, 


WUAPO TOR chew cies 275.... 28.8 
2. Lighting and power in hos- 
PIER Fens Cee eres LEG ohn te oe 


3. Lighting in administration 
building, offices, shops, 
MAA ROLCH tera cia. ciple sa a's LOSS ant Loss 


Mile Foire de Bical ceatsewilees © GOs me 2060 
5. Lighting in hangars......... 208.... 17.6 
6. Lighting of streets, run- 

ways, flood lights, and so 

PODEM PEM a sts efaatoce vis aie (pints Soci Bal 
7. Motive power for shops, re- 

frigeration, pumps, and 


WS TESEEM a rau i6iie-b 0 ane yeh Ope LaSare s baed 

8, Electric cookingin galleys.... 82.... 7.0 
9, Electric cooking in hospital 

and recreation building.... 44.... 3.7 

ROU eG tiattaNiead 6 cess wares 1,180... 0100/0 


* Based on estimated maximum demands at sub- 
station for maximum demand period of 6 to 7 p.m 


patients’, and medical-detachment messes 
and in wards, post exchange, and rec- 
reation buildings. 

The results of this detailed load esti- 
mate, which was performed in the same 
general manner used in other studies 
presented in this paper, are shown in 
Table III, 

In this hospital the connected electric 
cooking equipment was 1,048 kw, which 
accounts for 55 per cent of the total 
connected load of the hospital. The peak 
responsibility was estimated to be 319 
kw, or 48 per cent of the total maximum 
demand for a typical day. The ratio of 
the kilowatts of peak responsibility to 
the connected cooking load is estimated 
to be 30 per cent. 


RECONSIGNMENT DEpoT 


This is an army depot which is built 
for the purpose of receiving shipments 
of all types of supplies by rail and then 
regrouping and reshipping the supplies 
to various destinations, The major part 
of the labor will be done by civilians, 
most of whom will live outside the depot. 

The total connected load was found to 
be 1,293 kw, the major portion being 
lighting and space heating in warehouses. 
A limited amount of housing for civilians 
is provided. 

Electric cooking equipment is provided 
in a cafeteria, an officers’ mess, and a 
civilian mess hall. 

The estimated average monthly maxi- 
mum demand was 565 kw, which results 
in a demand factor of 44 per cent. The 
annual maximum demand is estimated to 
be 815 kw. 

Thus the method used in estimating 
the types of loads described in this paper 
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Table XI. Naval Air Training Base—Estimated Load for// 


Sr 


5 \ * vi 
Group Number 1 2 3 4 5 6 
Night 
Type of Load Lighting 
aPC rare ts ichti Streets 
Lighting Lighting in : Lighting (¢ 5 
Ann Lightin, and Annual Offices in Recrea- Annual Flood, 
Max in Living Power in Maxi- Shops, Annual tion Lighting in Maxi- and so Total Motive 
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* 568 kw connected X 51.5 per cent demand factor 
from test informationX90 per cent estimated 
diversity for 36 buildings = 260 kw estimated maxi- 
mum demand, 


begins with the grouping of various types 
of connected loads. These groups are 
compiled on the basis of their application 
to test data available and their similarity 
and nature of probable time of daily use. 
Then, by estimating the fluctuations of 
each group over an average day, the 
maximum demands of the total of the 
groups may be approximated, 

Sections II to V present details of the 
load estimates discussed. 


II. Load Estimate for 30,000-Man 
Naval Training Station 


The details of the estimated load for a 
30,000-man naval training station are 
presented in Tables IV through VII. 

This station has a planned connected 
load of 15,929 kw. The estimated maxi- 
mum demand for. a typical average day 
is 4,890 kw, and for an annual maximum 
day, 5,800 kw. The plans for this base 
called for electric cooking in the mess 
halls, subsistence buildings, ships service 
buildings, dispensary, and bakery. Some 
steam tables and cookers are planned in 
addition to the electric cooking equip- 
ment, 

The demand factors range from 40 per 
cent lighting and small power in the living 
quarters and mess halls to 31 per cent for 
the total load (Table IV). The average 
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** Estimated 50 per cent of lighting on at maximum; 
10 per cent at minimum; 25 per cent in day. 


¢ 252 kw connected X 50 per cent estimate night = 
125 kw; 10 per cent estimate day, or 20 kw. 


daily load factors range from 56 per cent 
for lighting and small power in the living 
quarters and mess halls, to 73 per cent for 
the total load (Table V). 

Table VII presents the basic details of 
the estimated loads of the various types 
found in this training station. 

The maximum demand for the lighting 
and small power in living quarters and 
mess halls was based on test data pre- 
viously mentioned, and is shown by 
footnotes on Table VII. Because a large 
number of barracks was being planned 
(160), the diversity would reduce the 
group demand to an estimated 70 per 
cent of the test demand factors for both 
the average and annual maximum days. 
The load fluctuation during the day was 
prorated on the basis of the aforemen- 
tioned test curves. 

The general lighting and incidental 
heating and power totals 5,715 kw of 
connected load. This load was segre- 
gated into smaller groups of similar char- 
acteristics, and the daily load fluctua- 
tions of each group were estimated in- 
dependently. Included in this general 
group are various segregations such as 
lighting in offices. This load was esti- 
mated on the basis of a 60 per cent de- 
mand factor during the day, with small 
amounts being used at night. Lighting, 
heating, and small power normally used 
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$190 kw connected X100 per cent night, 50 per 
cent day. 


® 423 kw connected X 30 per cent all day. 
© Cooking on three-sitting basis, 374 kw con- 


in the daytime, were estimated on the 
basis of 50 per cent of the connected load 
being used during the day, and approxi- 
mately 10 per cent at night. The de- 
mand for the ships service and recreation 
buildings was estimated at 75 per cent of 
the connected load in the evening with 
small amounts used during the day. The 
evening and night lighting was estimated 
to be in use to the extent of 40 per cent of 
the connected load during the evening 
and late afternoon. This lighting is 
principally in the drill halls, auditorium, 
and bakery. 

The street lighting was assumed to be 
used fully during the night hours. 

The pumping power having a connected’ 
load of 502 kw was estimated to have a 
continuous demand of 300 kw and will 
be operated on an off-peak basis. 

The motive power totalling 967 kw 
connected was likewise segregated into 
smaller groups of similar characteristics, 
and the fluctuations during the day of 
each group were estimated separately. 
Included in this group are loads for the 
incinerator and sewage plant, of which 
the sewage power is the major load. 
These were estimated at the full capacity 
at morning rising hours, 80 per cent after 
meal hours, and about 50 per cent at 
other hours. A group containing the day 
motive power was estimated at 25 per 
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nected X35 per cent demand factor=130 kw 
maximum demand. ‘ 


® 50 percent X113 kw connected = 60 kw maximum 
same fluctuation as one mess barracks; evening 


cent demand factor during work hours, 
with small amounts being used at night. 
This load is principally laundry and shop 
power. The evening motive power, con- 
sisting chiefly of ventilating and heater 
fan motors in recreation buildings, mess 
halls, and ships service buildings, was 
estimated to be used at a 50 per cent de- 
mand factor during evening hours and 
during the breakfast period. The re- 
frigeration motors for the cold-storage 
plant having a connected load of 153 kw 
were assumed to have a demand of 50 
per cent of the connected load during the 
day hours, decreasing to 10 per cent 
during the cooler night hours. 

The connected load for the electric 
cooking and baking was also segregated 
into smaller groups, and the daily load 
fluctuation of each group was analyzed 
separately. The cooking in mess halls 
and subsistence buildings is planned so 
as to prepare meals to be served on a 
three-sitting basis. The demand factors 
found by the test data of 35 per cent for 
the typical day and 50 per cent for the 
maximum day are used to determine the 
maximum demand. No diversity factors 
are used in this instance, as a total of 
‘only nine mess halls and subsistence 
buildings are planned. The fluctuation 
in cooking load during the day is based 
on the test curves in general, except that, 
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loads held high because of cooking in recreation 
building of 57 kw connected. 


@ Includes estimated 10 per cent distribution losses. 
@©Based on separate detail of smaller load groups. 


because of the meals being served in three 
sittings, the cooking periods are assumed 
to be of longer duration. Included in this 
group is the bakery which is planned to be 
operated at night. The maximum de- 
mand is assumed to be 95 per cent of the 
connected load of 231 kw during the 
“warming-up”’ period at the start of the 
bakers’ shift. During the rest of the night 
baking period, the demand is estimated to 
be 75 per cent of the connected load. 


III. Load Estimate for Naval 
Air-Training Base 


This base has a connected load of 
2,598 kw. The estimated maximum 
demand for a typical day is 1,180 kw, and 
for an annual maximum-demand day, 
1,340 kw. 

The base is for the purpose of training 
navy pilots and is planned for an ultimate 
total of 3,400 officers, instructors, and 
trainees. There is planned a 952-man 
electric-equipped mess hall for the en- 
listed men and a separate mess hall for 
the officers. Three hangars, an assembly 
and repair shop, and a recreation building 
are other major loads. 

The demand factors range from 50.4 
per cent for the lighting in the living 
quarters and mess halls to 45.4 per cent 
for the totalload. The average daily load 
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factors range from 54.6 per cent for 
lighting in the living quarters and mess 
halls, up to 69.4 per cent for the total load. 

Table XI contains the basic details for 
the estimated fluctuations in each of the 
various loads during a typical day. The 
same general procedure was used as in 
the preceding section II. 

The electric cooking is planned for meal 
service on a three-sitting basis, as the 
952-man mess hall must feed about 3,000 
men. The demand factors used are based 
on the test information previously men- 
tioned. The load fluctuation during the 
day is based on the test curves in general, 
except that because of longer meal periods 
the peaks are estimated to be of longer 
duration than shown by the test data. 

The maximum demands and daily 
fluctuation of the other types of loads are 
explained by means of footnotes on 
Table XI. 

Tables VIII through XI present details 
of the load analysis. 


IV. Load Estimate for a 
Naval Lighter-Than-Air Station 


This base has a designed connected 
load of 4,939 kw. The estimated maxi- 
mum demand for a typical day is 2,065 
kw, and for an annual maximum day, 
2,425 kw. 

The base is to be used to house, repair, 
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8. Includes addition of 
hangar office and 
shop lighting and 
heating...........2,724 1,842... .49 
4. Includes addition of 
street and flood 
MEDUNE. wart ByCOL Gere WGSO eo, OO 
5. Includes addition of 
shop and miscel- 
laneous power.....4,091....1,766... .48 
6. Includes addition of 
electric cooking 
and baking....... BOL areas LO vs wee 


7. Includes addition of 
helium compres- 
sors, exhausters, 
and air-compres- 
sor motive power, .4,939....2,065.,. .42 
Diversity = 2,228/2,065 = 1.08 


*Includes estimated ten per cent distribution 
and substance losses. 
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Table XIIl. Summary of Cumulative Load 
Factors for Typical Average Day 


fication system. There are two hangars 
planned, each about 1,050 feet in length 


Table XIV. Peak Responsibility of Vinious 
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t On during all dark hours, 
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* 508 X 51.5 per cent demand factor = 


Annual maximum 508X56 per cent =285 kw maximum, 


200 kw maximum (5-6 p.m.). 


each of 
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the separate load groups. 


** Estimated on the basis of individual detail for 
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purification system consists of three 
75-horsepower motors for the high- 
pressure compressors and one 150-horse- 
power motor in each hangar for the low- 
pressure exhauster motors. There is 
also one 50-horsepower air-compressor 
motor in each hangar. The estimated 
load for the average day was based on the 
assumed use of one 150-horsepower ex- 
hauster motor and one 75-horsepower 
high-pressure compressor motor being 
used simultaneously. The load for the 
estimated maximum day is based on one 
150-horsepower exhauster motor and all 
three 75-horsepower motors being used 
at one time. 

The repurification process is performed 
in two stages. The impure helium is 
taken from the balloons at slightly more 
than atmospheric pressure and com- 
pressed by means of the low-pressure ex- 
hauster motor to a pressure of 60 pounds 
per square inch. Thence it is delivered 
to a large storage sphere which is about 
60 feet in diameter. The helium gas is 
then put through purification processes 
which remove the carbon dioxide, nitro- 
gen, and other impurities. The second 
stage is performed by the high-pressure 
compressors. These are three stage, 
tandem, reciprocating compressors which 
compress the helium to a pressure of 
2,500 pounds per square inch and deliver 
it to the tank car. By means of by-pass- 


Loads, Typical Average Day 


Table XVI 


Estimated Annual 


Connected Load Maximum Demands* 
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Périmanent Nouses’ c-.-..0.s se ence = sero s 7.0 (0 isa ac eae 1B Olas savevoa 1g 015 ed Pe Ducouts.nwe 1,584 
Pir PIN evi sie aw = agliatagy wee omer teat es Re aa aaa, DAO Tera OMe tebe test erate afetihe balls 660 
Commercial, street lighting, and 
miscellaneous i? 2). % ee al detest MOE Meche mvavaie gia Kin avaversisie DANN eras > 012i etaveiaiet auxzeve 1,034 
OLA acing g wacemattciele teoncemrct ta cored Seats nba a trance alk fare whan vo levee: as Cy no pape Phy OO e Oe 10,725 


* Including estimated ten per cent substation and distribution losses. 


** Average on three-shift basis of work. 


t Includes mess halls, electric kitchen, administration building, street lighting, and post office. 


ing one of the stages of the high-pressure 
compressor, the helium can be delivered 
at a pressure of 750 pounds per square 
inch directly to the storage tanks. The 
repurification process through the high- 
stage compressors takes about three days 
of constant running. 

Tables XII through XV present de- 
tails of the load analysis. 


V. Load Estimate for a 
War Housing Project 


In order to determine the loads to be 
expected from the various types of hous- 
ing units included in this project, the 
plans were first examined in detail to 


Total Lighting, Helium 
Electric Power, Repurification Total 
Cooking Heating, and Air- 
and and Annual Compressor Annual At Point Annual At 
Baking Cooking Maximum Motors Maximum of Use Maximum Substation 
2-2-2.) SONA D Geoeer hohe Bene pare B2BEM, coc sual Hoe aha shale ake BO30 ER c cctetenn ae Rive intel 24 
OT ts Yerdos. 2 260s catoreceestarsisratice tea Dae Wap ain se preys saree eae AO: Noes eke aycvtebrerre chek, 1,640 
Cle Ae ee US OO eoutapetcusanss octet ny Ow Matdisnclltyamist syle td i aviorsys ING VG ena opene acta area stots 1,775 
LA Petpet MOOD mse rasiete ste ti siieices 2 tamersvaleysieunyare sioleteteteys PS GUD ieee cotermrsee tule) 2) sts areca 1,775 
Ts ASA Sa TA 2Oysoatava crates aheanvacea re OPES = Ahan 6 Poa tne HK ogo ae Cont Ok Che or 1,810 
1) ee ISOS. anata alas ote PON EAD Lic OIE IO SOR peters cere. 6. siercue ate 1,850 
1) aii es PEDO Sip ta eter ete susievede ators CAH Grewal Hic Co Ot L7SORE w ciee sca eicle waters 1,960 
SU Sees FOO Malewurteneerecnwemires DEON leinig wiste mice clatelals | ae AS) NaF Ci CAee CoE DA DRO CR EAC 1,555 
ANY Caer POS baie atta ntotseneretive ONG vaya bux genet ec ois Jess TAQ TON italizuti seca tacae a waietes 1,395 
ET Wao: bts LS VB Sine oiiee rstoueuae tena PEGS TRG TRUE AACR Hy kier Gd peo R Ela Gulctn atte amt catae ale 1,495 
{Ch iG era OBS. zy cares wiebihecens 2 Oe mecatana eel eepsitee eases I rretisl BLO) accep tatatcttes sates 1,440 
BS, «jane: 50 Uj OBD Ai, entyatetoe wei VIPAT aoc) rs BORER CACRENS CRO VEO LEZ BO ce cherstacaschel teks Gee 1,410 
1 LS 9201.75 Wrsisrewiecr mieten D2 OM ieee arate a oe 36, wore LAD eat oe sales te Ser ths Ves 1,260 
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{ Includes estimated ten per cent substation and distribution losses. 
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ascertain the equipment to be used and 
the lighting outlets provided. This in- 
formation was checked wherever possible 
with that actually installed. 

Table XVI shows the connected loads 
and estimated annual maximum demands 
of each of the various groups of housing 
units. The annual maximum demand 
of the total project is estimated to be 
10,725 kw at the main substation. 


APARTMENTS 


The detail of the connected load on the 
4,000 units of apartments is indicated in 
Table XVII. 

The typical A unit (one-room) has two 
ceiling pull-chain outlets (200 watts), 
two duplex plug outlets (100 watts), one 
light switch and plug combined (200 
watts), and a ‘“‘Rangette”’ (1,650 watts), 
totaling 2.15 kw per apartment unit. 

The typical B unit (two-room) has two 
pull-chain outlets (200 watts), four duplex 
plug outlets (200 watts), two light 
switches and plug outlets combined (400 
watts), and a ‘“Rangette’” (1,650 watts), 
totaling 2.45 kw per apartment unit. 

The service units are for laundry, bath- 
rooms, heating plant, and storage rooms. 
The total lighting aggregates 3.6 kw 
connected. The power consists of ven- 
tilating motors aggregating 290 horse- 
power for the total of 150 service units. 

The average connected load per apart- 
ment, including service units and street 
lighting, is 2.59 kw, and the coincidental 


Table XVII 


——— — 


Connected Load 


Units Type Per Unit Total 
1;034.°.A Groom). sais osha 2.15 2,202 
2,976..B (2-room).......... 2.45 7,291 
(150). .Service units 
Mebttig .<.- ss citer. 3.6 . 540 
DOWER stele tictsls Hite 1.93 (Avg.).. 290 
(70). .Street-lighting units. .0,2 me 14 
4,000 apartments............ 2.59 . .10,337 
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Table XVIII 
AGRE Sr steieerersl ete 0.8 kw \ A i 
Sriallappiiunces .. WO ky ieee ee 
Refrigerator....... 0.2 kw 250 kilowatt-hours 
RAUE. cs cistsia ise she 11.0kw 1,100 kilowatt-hours 
Water heater...... 2.5kw 3,000 kilowatt-hours 
Motaliancsrteretetetere 15.5kw 4,850 kilowatt-hours 


demand at the time of the system peak 
averaged 0.39 kw per unit. The resulting 
demand factor is 15 per cent. 

The war apartment units were first 
separated into three groups of units, each 
group representing the apartments to be 
used by each working shift. The relative 
number of apartments assigned to each 
shift was determined on the basis of the 
number of workers currently employed 
on each shift. On this basis 1,600 apart- 
ments were considered to be on the day 
shift, 1,600 on the night shift, and the 
remaining 800 on the ‘‘graveyard”’ shift. 
The load fluctuations during the day were 
estimated for each group separately. On 
this basis the coincidental demands at the 
time of the system peak were estimated 
to be 832 kw for the first shift, 521 kw 
for the second shift, and 209 kw for the 
third shift, making the total of 1,562 kw 
for the 4,000 apartments. 

The basic estimate of 0.4 kw aver- 
age maximum demand per unit was 
used. After analysis of the load fluctua- 
tion on the three-shift basis, the average 
was lowered to 0.3 kw per unit. Allowing 
for seasonal fluctuation and distribution 
losses, the resulting maximum demand 
per unit was calculated to be 0.39 kw per 
unit. 


DORMITORIES 


The dormitory units consist of ten 
dormitories, each housing approximately 
400 men. A large complete electric 
kitchen furnishes meals at all hours for the 
men housed in them. 

Each of the ten dormitory units has 83 
kw connected in lighting and 17 kw con- 
nected in ventilating fans and boiler- 
room power. This makes a total con- 
nected load of 100 kw per dormitory. 
Each dormitory consists of 148 double 
rooms, 96 single rooms, and 4 lounges or 
club rooms, 

An administration building has a con- 
nected load of 50 kw. The connected 
street lighting load is 50 kw. 

The kitchen and mess halls have a 
total connected load of 267 kw. This 
consists of 180 kw in electric cooking and 
baking equipment; 59.8 kw in kitchen 
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lighting, mess-hall lighting, and small 
kitchen motive power, and 27.2 kw in 
refrigeration, ventilation, and boiler- 
room motive power. 

The load fluctuations during the day 
were estimated separately for each of the 
various load groups within each of the 
dormitory groups assigned to the three 
shifts. Similarly, the load for the kitch- 
ens and mess halls was estimated by 
analyzing the daily fluctuations for each 
load group separately. 

The total connected load for the ten 
dormitories, administration building, 
street lighting, and the mess halls and 
kitchen was 1,367 kw. The annual maxi- 
mum demand was estimated to be 725 kw. 


TEMPORARY HOUSES 


The temporary houses consist of 4,000 
demountable units, each unit having the 
connected equipment and using the 
estimated energy per year shown in Table 
XVIII. The average monthly maxi- 
mum demand per unit is estimated at 
1.5 kw, based on test information which 
was secured from various sources. 

The houses were segregated into groups 
applicable to each shift on the same basis 
as were the apartments. When the daily 
fluctuations of the combined groups on 
the three shifts were analyzed, the aver- 
age monthly maximum demand at the 
point of use was estimated to be one 
kilowatt per unit. After accounting 
for seasonal variation and distribution 
losses, the annual maximum demand 
resulted in an average of 1.29 kw per 
unit. 


PERMANENT HOUSES 


The permanent houses consist of 700 
units, each unit having the connected 
equipment and using the estimated 
amounts of energy per year shown in 
Table XIX. The average monthly maxi- 
mum demand per unit is estimated to be 
1.75 kw, based on test data. 

The load on this class of houses was 
estimated on the assumption that most 
of them would be occupied by families of 
the permanent employees and not subject 
to shift variations. The annual maximum 
demand at the substation, including dis- 
tribution losses, is estimated to be 2.29 
kw per unit. 

The demand requirements for both the 
permanent and temporary houses appear, 
perhaps, to be higher than ordinarily 
would be expected on an ordinary system. 
This is due to a realization of 100 per 
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Table XIX Ht 


Lighting........... os) é 

Smallappliances.... 1.3 kw 600 kilowatt-hours 
Refrigerator....... 0.2kw 420 kilowatt-hours 
Range. hiws/« mies 11.0kw 1,380 kilowatt-hours 


3,600 kilowatt-hours 


6,000 kilowatt-hours 


re 


cent saturation of ranges, refrigerators, 
and water heaters. This equipmentis all 
standard household size, the water heater 
having a 1,000-watt base element with a 
1,500-watt booster, both thermostatically 
controlled. 

The use of this equipment where no 
individual house meter is provided places 
this service in the unmetered category. 
People living in these housing units will 
probably not be educated to unmetered 
use of electricity and will use much more 
than the general average. It is to be ex- 
pected that on cool mornings many 
people will take advantage of the un- 
metered service and partially heat the 
house by means of using either the surface 
or oven elements. 

Because of the three-shift working and 
living conditions, the load peaks may be 
of longer than usual duration. The 
morning cooking peak for those going to 
work on the day shift will probably be 
around 6:30 to 7:30 a.m. This peak will 
be followed by another one probably 
from 7:30 to 8:30 a.m. for those coming 
off shift at 8:00 am. Thus the peak 
period of the combined project will 
probably extend over a three- or four- 
hour period, during which there will not 
be a great variation between hourly 
peaks. 


PUMPING AND COMMERCIAL 


Water supply to the project is fur- 
nished by means of five 150-horsepower 
and one 80-horsepower pumps. At the 
time of the peak on the system it was 
considered that the demand would be 
660 kw. 

It was estimated that the commercial, 
industrial, and street-lighting require- 
ments would approximate 2,000 kw of 
connected load. The maximum demand 
was estimated at 1,034 kw. 
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The Rating of Power Transformers as De- 


termined by the War Emergency 


R. J. SALSBURY 


MEMBER AIEE 


Synopsis: Accurate rating of transformers 
is one of the most important elements in the 
problem of providing continuous service to 
the customers of the utility industry. 
Rather than attempt to follow a general rule 
for the loading of transformers it is be- 
lieved that the urgency of wartime needs 
amply justifies the effort required to place 
individual ratings on each transformer bank 
of the utility under consideration. Experi- 
ence has shown that such ratings vary 
widely. The transformers cover a wide 
range of sizes, designs, manufacturers, and 
periods of manufacture; with weights per 
kilovolt-ampere ranging from 7 
pounds, excitation voltages ranging from 
95 to 110 per cent, their daily load factors 
from 25 to 100 per cent, and their seasonal 
loading from 0 to 100 per cent. The con- 
sequent saving of ‘‘critical’’ material is self- 
evident when each case is considered indi- 
vidually. 

During the war it is desirable to base 
station ratings on the thermal capacity of 
all the transformers normally available for 
service, rather than attempt to set up station 
ratings based on abnormally high emergency 
ratings of the remaining units after the 
assumed failure of one unit. It is essential 
that these higher station ratings be properly 
applied so that the danger of failure is 
minimized. 


N order to evaluate this program of 
individual transformer ratings, only 
dry units are considered. Since moisture 
accelerates the rate of insulation deteri- 
oration! and lowers its dielectric strength, 
increased ratings are not assigned to a 


questionable transformer until its mois- . 


ture content has been reduced to a satis- 
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factory value. Once this factor is elimi- 
nated, consideration of the other fac- 
tors can be taken with greater accuracy 
and safety. Insulation deterioration and 
oil sludging are affected both by the 
magnitude and the duration of their tem- 
peratures. However, because of the sim- 
plicity of the rating method, it is neces- 
sary to consider only the magnitude at 
first. But as the load increases, the dura- 
tion as well must then be taken into 
account if a maximum utilization of 
transformer capacity is to be realized. 
The capacity of bushings, tap changers, 
and other current-carrying parts must be 
checked since they may prove to be the 
limiting factor. 

Such a program of calculating trans- 
former capacities based on load cycles, 
ambient temperatures, manufacturer’s 
test data, and operating conditions is a 
large undertaking unless the work is 
systematized and carried only as far as 
load conditions warrant. Therefore, a 
system has been set up wherein the rat- 
ings are progressively increased as the 
load increases. The more detailed com- 
putations are needed only when the load 
approaches the ratings based on the more 
general and, consequently, more con- 
servative method of rating. This pro- 
cedure reduces the amount of calculating 
and load supervising to a minimum. 


Method Used in Rating 
Transformers 


This progressive method of rating 
transformers is divided into four steps: 
1. The ambient temperature. 


2. The manufacturer’s test data and oper- 
ating conditions. 


3. The thermal capacity. 
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4. The length of time at each hot-spot 
temperature. 


This last step which is called the equal- 
life method of rating takes the variations 
in daily peak loads, the variation in am- 
bient temperatures, and the hot-spot 
temperature cycle into consideration. 
Each successive step which usually re- 
sults in a higher rating utilizes the data 
obtained from the previous step. 


Increased Ratings for Oil-Insulated 
Self-Cooling Units Due to 
Ambient Temperatures Below 30 
Degrees Centigrade (First Step) 


The first step in rating transformers is 
to take advantage of the ambient tem- 
peratures lower than 30 degrees centi- 
grade. Ratings are assigned, based on 
the Pittsburgh Weather Bureau average 
monthly temperatures over a 64-year 
period (see Table I). In order to take 
care of the deviation from the average 
temperature, six degrees centigrade is 
added to the mean values to obtain ac- 
ceptable values for rating purposes. The 
actual daily average temperatures ex- 
ceed the accepted monthly values used 
for rating less than 15 per cent of the time. 
The American Standards Association 
rule” which states that the ‘capacity can 
be increased 1 per cent for each centigrade 
degree the average temperature is below 
30 degrees centigrade’’ is then applied to 
obtain monthly ratings. It may be 
noted that in Table I, column 2, the ac- 
cepted ambient temperature for July is 
30 degrees centigrade and for December 
seven degrees centigrade, which results 
in a 100 per cent rating for the month 
of July and 123 per cent rating for 
December. 

When the banks are located indoors, the 
assumed ambient temperatures are in- 
creased five degrees centigrade under 
good ventilating conditions and ten 
degrees centigrade for average conditions. 
If the differential between indoor and 
outdoor temperatures exceeds ten de- 
grees centigrade by measurement, the 
ventilation is usually improved. If the 
difference is less than ten degrees centi- 
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Figure 1. Life units versus hot-spot tempera- 


ture for various degrees of insulation strength 


One life unit equals one hour of operation 
at 95 degrees centigrade hot-spot temperature 


grade, improvement is not usually justi- 


Ty 


es 
i 


ed. 

Monthly ratings are of particular ad- 
vantage in distribution substations where 
the lighting load is a considerable part of 
the total, since the shape of the seasonal 
load curve approximates that of the 
rating curve based on the outdoor am- 
bient temperatures. 


Increased Ratings of Oil-Insulated 
Self-Cooling Units Due to Design 
and Operating Conditions 
(Second Step) 


When the load exceeds approximately 
90 per cent of the rating as determined 
by the previous method, calculations 
based on the manufacturer’s test data 
are made. In this, the losses in the 
transformer during the factory thermal 
test are calculated and compared with 
the actual losses in service of units built 
to the same specification. In determin- 
ing the losses, corrections are made for 
the tap connections, operating tempera- 
tures, and applied voltages. In making 
these calculations the high- and low- 
voltage copper losses and the stray losses 
are considered separately, each being 
corrected to 95 degrees centigrade aver- 
age copper temperature for the normal 
ratings. The core loss is corrected by 
some power of the ratio of the applied 
voltage to the rated voltage, the former 
voltage being determined from annual 
system voltage surveys. The exponent 
used is based on tests made at 100 per 
cent and 110 per cent excitation. If 


tests are not available at overexcitation, | 
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an exponent of 2.5 is suitable for most 
modern transformers. In the older 
designs this exponent ranges from 1.7 to 
4.0. It must be remembered that this 
exponent is empirical and applies only to 
ratios near unity. 

The temperature rises for the trans- 
former under operating conditions at 
100 per cent of rated name-plate current 
for the tap used are obtained by correct- 
ing the factory test values of both the hot 
spot over top oil and the top-oil rise by 
the ratio of the losses for the two condi- 
tions raised to the 0.8 power. The total 
losses are used for the top-oil tempera- 
ture correction and the load losses for 
the hot-spot rise over top-oil correction. 
Curves of hot-spot rise over oil, hot-spot 
rise, and top-oil rise versus per cent load 
are then plotted, assuming that the rises 
vary as the 0.8 power of the losses as ex- 
plained. (See appendix, Figure 5). This 
exponent is substantiated by information 
published in reference 3. 

Before the ratings are assigned, it will 
be necessary to set up limiting tempera- 
tures for both the insulation and tke oil. 
For normal ratings 105 degrees centi- 
grade has been chosen as the limiting 
hot-spot temperature if the load factor is 
not too high. This agrees with the 
American Standards Association rating of 
105 degrees centigrade for eight hours. 
The top-oil limits are set at 75 degrees 
centigrade for open or free-breathing 
transformers, 80 degrees centigrade for 
conservator-type units, and 85 degrees 
centigrade for inert gas units. These 
values are based mainly on experience, 
and the fact that sludging depends to 
some extent on the contact of the oil with 
oxygen as well as temperature and time. 
It is possible that these values may be 


Table 1. Outdoor Ambient Temperatures 


Used as a Basis for Rating Transformers 
Degrees Centigrade 


Average 

Average Daily 

Average Daily. Maxi- 

Average Daily Maxi- mum 

Daily Tem- mum Tem- 

Tem- pera- Tem- pera- 

pera- tures pera- ture 

Month tures* +6C ture* +6C 
January. oo... cc OMe Soe Gti ka i erat 10 
FPebruary........ Onan 65 ene ee ate 10 
Marchi. 42 Ae Dirtonia ci th Ses EOeee cle 16 
Apel. 52 ieee LO eeesc 16. gee TGie sys: 22 
May AS s te een sy AN Xray PS Ee ae 22 Pion 28 
Jadens dubs Soo. C2 re 28 Fa ced OT aiken 33 
July. & 4 eee yee |) eee ee 28 cco O8 
AUGOSE FSG ee yee 29 in Meee 285 eee 34 
September....... RS aes DN Jacien yee 31 
October. so... LS Fee ihe ce 18.5%)..8 24 
November....... G@iscoe 1 ey Dis 17 
December. ...... Baers. (eign = Peete et lL 


* Based on 64-year period from 1874 to 1938, 
Pittsburgh Weather Bureau. 
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EQUIVALENT HOT-SPOT TEMPERATURE —C 


10 2008 a0 8 16. 20 30 40 
AMBIENT TEMPERATURE — C 

Figure 2. Illustrative equivalent hot-spot 

versus ambient-temperature curves for con- 

stant ambient temperatures and constant loads 


revised upward if further experience justi- 
fies this action. The values chosen de- 
pend somewhat on the inspection period 
set up for oil reconditioning or filtering 
and the type of oil used. 

Monthly ratings can now be assigned, 
based on the limiting hot-spot and top-oil 
temperatures, the ventilation, the cut- 
door temperatures, and the hot-spot and 
oil rise versus load curves. The ambient 
temperatures used for this method are 
the average daily maximum values plus 
six degrees centigrade as is indicated in 
column 4, Table I. It will be noted that 
the ratings are based on ultimate tem- 
perature rise and accepted maximum 
hourly temperature rather than the actual 
temperature rise and the daily average 
ambient temperature. This results in a 
somewhat conservative rating, which 
does not change with load cycle and re- 
quires little office supervision. Increased 
ratings of considerable magnitude are 


re 


A 


possible with this method of rating; yet 


periodic inspection of the load cycles and 
close scrutiny of the ambient tempera- 
tures are not necessary. 


Increased Ratings Due to Thermal 
Capacity (Third Step) 


When the load approaches the values, 
assigned to the units by the preceding 


method, it is then necessary to take ad. a 


vantage of the thermal capacity of the 
units. Load cycles for a peak winter and_ 


a peak summer day are plotted and aa 
When transformer thermal 


blocked. 


+ 


5 
ws 
7 


transient calculations are being made, the ye 


shape of the load cycle curve at the time 
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of the peak load is most important. 
More conservative ratings are obtained 
by averaging the peak load over a period 
of hours. For base load stations a four- 
hour average and for residential stations 
a two-hour average are about the shortest 
periods that should be used. 

\ny of the published methods of mak- 
ef thermal transient calculations may 
be used, but since curves have been pre- 
pared for the previous method of rating, 
advantage should be taken of this infor- 
mation, Load-cycle calculations for two 
or three assumed peak loads should be 
made for the winter and summer cycles, 
using the step-by-step method, The 
assumed peak loads should be of the order 
of magnitude expected for the monthly 
ratings; for example 110 per cent,120 per 
cent, and 1380 per cent may be assumed 
for the sumimer cycle if the ratings for 
these months are expected to be between 
these values. The curves of Figure 5, the 
transient-heating equation, the time- 
eonstant curve, and the various tables 
as explained in the appendix are of con- 
siderable assistance in making 
computations, Monthly ratings are ob- 
tained from curves of peak hot-spot rise 
and peak oil rise plotted against per cent 
load for both the winter and summer 
cycles. The curves for the spring and fall 
months are obtained by assuming values 
halfway between the summer and winter 
curves, Various simplifications in the 
method of calculating become obvious as 
experience is obtained in making these 
computations, Hereafter these ratings 
which are used as a basis for normal 
everyday recurrent loading will be re- 
ferred to as “recurrent” ratings. 

These three methods of rating pro- 
gressively applied result in considerably 
higher than naime-plate ratings as is 


these 


Table II. 


Comparison of General and Indi- 
vidual Bases of Rating 


Aliquippa Substation, Three-Phase, 
Kva, 22.5/4,33 Kv, 400 Amperes 


Location—-Outdoors 
Time Constant T—3.9 hours 


3,000 


as sellin kt ii hectare aa 
Comparison of Rating 
(Per Cent) 
Method of Rating July December 
I. General (step |—ambient- 
temperature basis).........,100...... 123 
Il, Individual (step 2—test- 
POOHORMIB) Staal Galen sandy lL Sag ries 143 
111, General (interim report, 
MMCN AD Myc y tga ue as v LOB s srtits 132 
IV. Individual (step 8-—load- 
MPOIM DARE) Tos bsced site ene LOOT is 5 154 
V. Individual (step 4—equal- ' 
ESEABS) ci tay crs vary est Des cs: 416 154% 


*70 per cent load factor in July and 64 per cent 
load factor in December, 


** Limited by current-carrying parts, 
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Figure 3. July temperature- 120 
distribution curve for Pitts- 

burgh and vicinity 100 |— 
The curves give the distri- 


bution for the total 24-hour 
period as well as for 6-hour 
periods 


indicated by Table II, which gives the 
results for these three steps as well as the 
general method of the interim report! 
for a typical suburban distribution sta- 
tion. In this example the general method 
is the more conservative, but this is not 
always true. 


Industrial Versus Distribution Type 
of Substations 


The same methods can be applied to 
rating both distribution and industrial 
However, the monthly rat- 
ings have little meaning in industrial 


substations, 


substations, as they usually have little or 
no seasonal trend, and in these cases the 
July rating would always be the limiting 
value. As the first step in rerating in- 
dustrial substation transformers which 
have no seasonal trend, the load-factor 
method as given in the interim report 
which states “that the capacity may be 
increased 0.3 per cent for each one per 
cent the load factor is below 100 per cent” 
is quite satisfactory, However, it must 
be remembered that the magnitude of 
the hot-spot temperatures experienced at 
two stations having the same load factor 
but different load-cycle characteristics 
vary considerably. For example, a 
customer operating on one eight-hour 
shift may have the same load factor as 
one working three eight-hour shifts but 
would) have considerably different hot- 
spot temperatures. More accurate meth- 
ods for calculating the ratings are the 
individual methods discussed previously. 


Increased Ratings Based on a 
Summation of the Life Consumed 
at Various Hot-Spot Temperatures 
(Fourth Step) 


The fact that loads in most industrial 
plants show no seasonal trend suggests 
that one can afford to take more life out 
of the units during the summer months, 
as the insulation deterioration during the 
winter months may be almost negligible. 
This suggests a summation of the life 
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consumed at each hot-spot temperature. 
This method of rating may be applied 
to either the distribution type or the 
industrial type of station, but the result- 
ing rating increases are much greater in 
the latter stations. This method which 
has been called the equal-life method is 
now in the development stage and has 
not been proved by field experience. 

In this method of rating, one hour of 
operation at 95 degrees centigrade is 
defined as one life unit. Assuming that 
the rate of transformer insulation deteri- 
oration varies in accordance with the 
data given in reference 1, Figures 6 and 7, 
a curve of hot-spot temperature versus 
life units can be plotted as shown in 
Figure 1. 

The method of rating can be explained 
by giving a typical example. Three 
typical ambient temperatures such as 35, 
25, and 15 degrees centigrade are added to 
the 24-hour hot-spot temperature-rise 
cycle for three different peak loads such as 
110, 125, and 140 per cent and set down 
in table form. The three temperature- 
rise cycles are obtained from the previous 
method of rating (step 3). The hot-spot 
temperatures are then converted to life 
units by using Figure 1. The trans- 
former assumed was considered to have 
deteriorated to 50 per cent of its original 
insulation strength. When the life units 
for the periods and coustant ambient 
temperatures assumed are averaged, they 
can be reconverted into an equivalent 
continuous hot-spot temperature. The 
summary of this work for Aliquippa sub- 
station is shown in Table III, and the 
curves of equivalent hot-spot tempera- 
tures versus ambient temperatures for 
the three loads are given in Figure 2. 
The per cent load figure used in this 
method refers to the highest peak occur- 
ring during a 24-hour period, The day is 
divided into four periods, because in this 
type of station the heavy load occurs 
during the high-ambient-temperature pe- 
riod and the light load during the low- 
temperature period. A similar group of 
curves should be obtained for the Decem- 
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Table Ill. Reduction in Life Measured in Life Units for Aliquippa Substation Temperature 


Per Cent Load 110 125 140 ni? 

Ambient Temperature 15 C 25C 35C 15C 25 C 35C 15 Cc 25C 35C 
Period 

Total Life Units Consumed During One 24-Hour Period 

MeO St Wt es vavtasegecseys este 0 nee iO. 2 O06 242.60) se OO sO ae 0 0.05.. 0.30 

7 a.m.-noon “10 (CSM OU 2bs wand COremeOtolons in OGmn Aro aie y elo 6229 See 27 

1 Fe cal 87h) oe Lo ie aah Tae QUO OD ARE IDES 7 tee Or ADE AE MO lO Uer RG aera 9.95. 31.50 

7 p.m.-12 midnight... 0,02 .. 0.14 .. 0.78... 0.09 .. 0.57 .. 2.74... 0.44 .. 2.20... 8.77 

24-hour period....... Gals 2.6 (OUST) sea Olea mi O daca e eon ae 16002); UPD Ve peed We 42) 57.84 

Average Life Units Per Hour for Above Cycle 

RO Mats Glenraavenes 0 Ais 5 OO OLG WO we QO ROU ait ORO Lisa .. 0.008 0.050 

Yavin NOON acs 4 a sks 0.008 O04" OR 216) Se) 02085. we ORU Ta. cO sate 0.217... 0.882 2,880 

1-6 p:m.:.. oe 0,013.. 0.080 0.395... 0.070... 0.350 1.460 0.418.. 1.660 5.250 

7 p.m,-12 midnight... 0.0038 0.023 On. t80R.0. VON OL: 0). 095). 0 456 0 O74. . 0. 367 1.465 

24-hour period....... 0.006.. 0.036.. 0.188... 0.080.. 0.156.. 0.675... 0.175.. 0.7380 2.410 

Equivalent Hot-Spot Temperatures” for Life Units in Above Table (Degrees Centigrade) 

MOL sie ules tere ovation i ¢$<60) t<60 5.68 t<60) a t=60 vu went <60 8 OO we 0. 

7 a.m.-noon.....,...66 the. soe hates eae . .84 ..93 11 85 . 94 . 108 

1-6) Pete cp eats epaeiane tank 69 79 ..89 Dati) . 88 ..98 . .89 «+99 ., 108.5 

7 p.m.-12 midnight. . .62 wile, 1232 : 70 .80 ..90 Si ori!) : 88 98 

24-hour period...... .74 84 74 83 oa9e . .83 ..93 


64 


* Plotted in Figure 2. 


ber temperature cycle if it differs to 
any great extent from the July cycle. 

The next step is to obtain a curve show- 
ing the distribution of the outdoor am- 
bient temperature versus hours for the 
months of July and December based on 
a number of years. Such curves for July 
based on the same four periods of the day 
are shown in Figure 3. A summation of 
the life units consumed during the month 
for the actual ambient temperatures and 
the three assumed peak loads can then 
be obtained by applying the July tem- 
perature-distribution values to Figure 2. 
This summation is given in Table IV. 
The summation of the life units divided 
by the number of hours in a month gives 
the average rate of consumption of life 
units and an equivalent hot-spot tem- 
perature for each per cent load. 

A curve of per cent load versus equiva- 
lent monthly hot-spot temperature can 
then be plotted (Figure 4). Since the 
loads for the various days of the week 
usually vary, it is necessary to express 
the peak loads for each day in terms of 
name-plate rated current and convert 
to life units, make the summation, and 
reconvert to an equivalent monthly 
hot-spot temperature. This calculation is 
given in Table V. The limit for this 
method of rating is assumed to be the 
consumption of an average of 0.5 life 
units per hour which is equivalent to 
continuous operation at 90 degrees centi- 
grade hot-spot temperature. The rate of 
deterioration is fairly high at this tem- 
perature, and so the limit may have to be 
reduced as experience in this method is 
obtained. 

When the summer and winter load 
cycles differ, calculated values of equiva- 
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lent monthly hot-spot temperatures for 
two months, July and December, usually 
suffice, as similar values for other months 
can be obtained by weighing the two cal- 
culated values, taking the accepted 
monthly ambient temperatures into con- 
sideration. From the monthly values the 
total life units expended annually and an 
equivalent annual hot-spot temperature 
can be obtained by the method given in 
Table V. 

A word of caution should probably be 
added here. In order to take advantage 
of these increased ratings, it is essential 
that the transformer be in good condition, 
that is, the moisture content should be low, 
the current-carrying parts such as tap 
changers and bushings should have suffi- 
cient capacity, and the oil-expansion 
space should be ample. It is also neces- 
sary to check the oil temperatures to 
see that the rate of sludging is not too 
high, 


Other Methods of Increasing 
Capacity 


Rating transformers on an individual 
basis has an additional advantage in that 
it indicates what corrective measures 
are necessary to increase their capacity. 
For example, if oil temperature is the 
limiting factor, improved ventilation, 
the installation of additional radiators, or 
the installation of inert gas equipment 
which permits operation at higher oil 
temperatures will usually result in rela- 
tively large increases in capacity. If 
overexcitation is limiting the rating, 
installation of boosters in the neutral 
of star-connected transformers is the 
logical solution. 
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One result of the war has been the shift /’ 


in the policy of rating two bank stations 
from the emergency rating of one trans- 


former bank to the recurrent ratings of 
two banks. This has resulted in con- 
siderably increased station ratings, but 
it may necessitate load curtailment during 
some emergencies. 


i 
' 


The rapid increase in the war industry 


and the difficulty in obtaining materials 
has necessitated the shifting of units from 
lightly loaded stations to release capacity 
for new war plants. Here again individu- 
ally calculating bank capacities pay 
dividends, as banks having high time 
constants can be applied to the stations 
having peaked load cycles, and low time- 
constant banks can be applied to high 
load-factor stations where it is mot 
possible to take advantage of the thermal 
capacity of the units. If the amount of 
inert gas equipment is limited, the ratings 
indicate the transformers on which this 
equipment can be used most profitably. 


Auxiliary Cooling 


When the other methods of increasing 
capacity have been exhausted, it is neces- 
sary to install some auxiliary method of 


cooling such as air blast, water-spray 
rings, or heat exchangers. 
fans is usually the most convenient 


The use of 


method, and, when sufficient fans are per- 
manently installed, a 20 per cent increase 
in name-plate capacity is added to the 
recurrent rating without field tests. If 
more capacity is required, it is desirable 
to run tests on the units in the field. 
When tests are made, and the top-oil rise 
and gradients are established for the new 
conditions, the same three methods of 
rating as discussed previously can be 
applied. However, it must be remem- 
bered that the exponents used in this 
case will be 1.0 instead of 0.8. Additional 
capacity up to approximately 50 per cent 
is possible with this method of cooling. 


Emergency Ratings 


In spite of all precautions failures will 
occur. So emergency ratings still have 
an essential purpose in system operation, 
because they point out the bottlenecks 
in case of such failures. Wherever it is 
possible that emergency ratings may be | 
exceeded, plans must be made to take 
care of the various contingencies that . 
may arise. ” 

In calculating emergency ratings, the 
usual method employed is that dis- 
cussed under step 3; with higher tem- 
perature limits being assumed, 115 de- 
grees centigrade is used for the hot-spot 
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limitations and 90 to 95 degrees centi- 
grade for the top-oil limitation, the cal- 
culations being made for a typical 24- 


Table IV. Aliquippa Substation—Summ 


hour load cycle at the station con- 
sidered. This calculated rating based on 
average conditions is used mainly for 


ation of Life Units for the Month of July 


110 Per Cent Load 125 Per Cent Load 140 Per Cent Load 
\\ Equiva- Equiva- Equiva- 
lent lent lent 
Hot-Spot Hot-Spot Hot-Spot 
Ambi- Tem- Tem- Tém- : 
ent pera- Life pera- Life pera- Life 
Tem- ture Units Total ture Units Total ture Units Total 
pera- (De- Per Life (De- Per Life (De- Per Life 
ture Hours grees) Hour Units grees) Hour Units grees) Hour Units 
1-6 A.M 
LO ber TET Ci el (1) hie Reg ees a 1<60 
it i ae ACB EIU tee drs aia n odin Te iafita afsiter & 1<60 
Ree ME SO F< OO: phe male ayer as, kde t<60 
ELON Cnn P< OO, oc sacs ce ce emcee int 1<60 
TE) OO CR ESOU trans oa vie. ¥ a ebsites t<60 
Oo a DS 2 i a 1<60 
SOREL dS sty <OOm essing ce sts be, det Bele oes BB Ola ra a ley ipetiay nei ste Aateter staat 60 50,0025... Ol 12 
eA TOO ci POO. a2 wisi ae Ws bunts lee ele a BAO! Cor are a rin trate ’s abthaie kieraele 62 ..0,0086.. 0.15 
AREER MTR MTL 6 OO sath O Oars scien «inde oles mvc 8 ow wre 61.2...0.003 0.051. 64 .. 0,005 .. 0.09 
250... Bees PR So GS Pe a Seite nina ces) Sige ats, sk 9) 8 62.5 0.004 0.020... 66 ..<0,0074,. 0.04 
26.7... 2.18. .60.3...0.003 0.006.... 63.8 0.005 OL OP eae OF cb. Oke ot Oe 
28.3.. 0.25. .62.0...0.004 0.001.. 65.0 0.006 0.002 69.0 0.013 
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7 A.M.-Noon 
3 UEY fen 0.38..63.0.,.0,.004... 0.002 . 71.0... 10.019 0.007.. 81 +O Le 0.04 
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Figure 4. Illustrative curve for a distribution 

substation transformer showing the July 

equivalent hot-spot temperature versus per 
cent load 


planning. Other short-time emergency 
ratings with higher temperature limits 
are used for special conditions where the 
load can be relieved by switching or by 
the installation of fans. When an actual 
emergency occurs, the load-carrying abil- 
ity of the units is calculated on the spot, 
based on the actual ambients, loads, and 
probable duration of the emergency. 
It is desirable that all essential infor- 
mation on the transformer affected at 
the time of the emergency be available 
so that every possible kilovolt-ampere of 
capacity can be utilized without undue 
damage to the units. Curves or charts 
showing the variation of top-oil tempera- 
ture and hot-spot gradients with load, 
together with the actual top-oil tempera- 
ture and hot-spot readings, are very help- 
ful in determining the allowable overload. 
In an actual emergency, every effort is 
made to relieve the overload by trans- 
ferring load or by the use of fans, al- 
though the emergency ratings are not 
necessarily being exceeded, as it is de- 
sirable to prevent abnormal rates of in- 
sulation deterioration. 

In the majority of cases, hot-spot 
meters are not installed, so in these cases 


Table V. Aliquippa Substation Transformer 
Rating on an Equal-Life Basis for the Month 


of July 
Equivalent 
Per Hot-Spot 
Cent Tempera- 
Load ture Life Units 
5 weekday} ..187...91.5 ee ho hours = 
peaks* 73,20 
Saturday cease SLL .,f0.81X24 hours= 
peak 7.24 
Sunday peak... .100.. .60.0 (Dieta hours = 


90.0**. 0.48168 hours = 
80.50 


* All the weekday peak loads are the same magni- 
tude and shape. The Sunday peak has a slightly 
different shape, but, because of its comparatively 
low magnitude, it has little effect on the results. 


** The limit for this method of rating is assumed 
to be the utilization of an average of 0.5 life units 
per hour which is equivalent to continuous operation 
at 90 degrees centigrade hot-spot temperature. 
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it is necessary to add a calculated hot- 
spot rise to the top-oil temperature as 
read, to determine the transformer operat- 
ing temperature. A running curve of 
the load, top-oil temperature, and hot- 
spot temperature plotted during the 
emergency is very helpful in determining 
when load curtailment is necessary. If 
service being fed by the stressed units 
is vital to the war effort, higher rates of 
depreciation would probably be accepted 
as long as a Second failure is not imminent. 
Usually, however, when emergencies do 
occur, the ambient temperatures are 
lower, the loads are lighter, or the dura- 
tion is shorter than the conditions as- 
sumed for calculating the ratings. 


Conclusion 


Individual transformer ratings for 
recurrent loads are amply justified by the 
additional capacity which is then known 
to be available for the war effort. 

Some 20 customers have already been 
carried with loads up to 60 per cent 
above name-plate rating. AIEE limits 
of hot-spot operation have not been ex- 
ceeded as yet. 

So far there have been no failures of 
transformers due to loading nor any cases 
where it is believed that the rate of in- 
sulation deterioration is excessive. 


Appendix 


The following development is given to 
indicate a desirable form of the standard 
heating and cooling equations to use when 
a large number of calculations are to be 
made, using the step-by-step method of 
increasing ratings: 


W=W,;+Wa 

K6,}1.25 = Cpo+ Ko1.28 
K (1-25 —6;1-25) 

ara C a 


Initial slope of temperature heating curve 
Ou 4; 


= p0;= = 


Therefore 


1 _ K(6y}-?5 —6;1-25) Ko,!-25 (1— R12) 


ip CF)" 2G (1—R) 
fotg ap ae fra eae a 
u ‘8 (Wrz)8 FL (N+1)08 
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Figure 5. Illustrative curves for 
a typical transformer 


These curves are used for 


RECIPROCAL OF TIME CONSTANT—HOURS 
022 024 026 028 0.30 


0.32 336-5 


rating transformers on an ulti- 


mate oil-temperature basis and 
for the thermal transient calcu- 


lations 


ve 


TEMPERATURE RISE — C 


° 
te) 20 
Therefore 
1 K@pz,9-2 (Orx) (P?N+1)%2 (1—R!.25) 
if G (Oep) (N+1)°-2 (1—R) 


1 (Wpyy) (P2?N+1)%? (1—R125) 


T (COp,) (N+1)%2  (1—R) 
(1) (2) (3) 

1} Gee 

TAT eee ee re 


(4) 


1. The constant (COy,)/(Wez) is used as a 
time-constant reference figure for the trans- 
formers. 


2. The term( P?N+1)/(N+1) for expo- 
nents of 0.2, 0.8, and 1.0 are set up in table 
form for values of N from 1 to 4 and P 
from 0.2 to 1.6 in 0.2 steps. 


3. The term (1—R!-%5)/(1—R) can also be 
set up in curve or table form. 


4. Accurve of 1/7, versus top-oil tempera- 
ture is also plotted as shown in Figure 5. 


5. A table of (1—e~’/7) for various values 


of =t/T is also of considerable assistance in 
solving the transient heating equation 
(6;—4) = (04 —0;)(1—e-/7), 


When one is solving the transient-heating 
equation for a 24-hour period, it is desirable 
to start the calculation at the end of the 
minimum load period. This is usually about 
six o'clock in the morning. The initial oil 
temperature (0;) which must be assumed for 
the first step, is usually about two or three 
degrees above the ultimate temperature rise 
for the minimum load. With a little experi- 
ence, it is possible to estimate this tempera- 
ture in advance within one degree centi- 
grade. If the error in the original assump- 
tion is too great, the transient calculation 
should be continued until the maximum oil 
temperature is obtained. The values of 
(0) and (1/7,) are obtained from Figure 5, 
the values of (1/7) are obtained by multi- 
plying (1/T,) by the function of R as ex- 
plained above. The values of (1/7,) for the 
heating portion of the cycle corresponds to 
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40 60 80 100 120 140 160 = =180 
PER CENT LOAD 


(@,) and for the cooling portion of the cycle 
to (0;). 


List of Symbols 


C=thermal capacity 
N=ratio of copper to no-load loss 
P=ratio of load amperes to name-plate 
rated amperes 
p=d/dt 
R=ratio of (@,,/0;) for cooling cycle and 
(@;/0,) for heating cycle 
{= time in hours 
7 =time constant 
T,=time constant for zero initial rise 
W=watts loss in transformer 
W a=watts dissipation 
W,=watts stored 
Wy. =watts loss at full load under operation 
conditions 
W,,=watts loss at load which would pro- 
duce 6, ‘ 
0p, =oil-temperature rise at full load under 
operating conditions 
6,=initial oil-temperature rise 
6,=ultimate oil-temperature rise 
6;=final oil-temperature rise : 
@q=temperature gradient between hot- 
spot and top-oil temperature (ulti- 
mate values are used throughout) 
645 = hot-spot-temperature rise 
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Protective Relaying for Long Transmission 


Lines 


A. R. v:n C. WARRINGTON 


ASSOCIATE AIEE 


P to a certain length of transmission 
line, conventional distance relays 
will readily distinguish internal faults, for 
which the line should be opened, and 
external faults, load conditions, and power 
swings, for which the line should not be 
opened. This distinction is based on the 
magnitude of the impedance or reactance 
of the line as it appears to the relay. This 
impedance will be referred to hereafter as 
the input impedance and is determined by 
the current and voltage existing at the 
relay location. 

The magnitude of the input impedance 
will distinguish clearly between internal 
and external faults for any length of 
lines, but, as longer lines are considered, 
the difference in impedance between load 
and fault conditions becomes less and 
may even be reversed. On the Kansas— 
Nebraska line, using conventional dis- 
tance relays, there would be undesirable 
tripping on power swings from which the 
system can recover easily, such as those 
that may occur when the line is reclosed 
instantaneously after clearing a tempo- 
rary fault. The power swing in this case 
is caused by the two terminals having 
drifted apart slightly during the reclosing 
period, because the sending end has lost 
load, causing it to speed up, and the re- 
ceiving end has lost power, causing it to 
slow down; therefore, when reclosure 
occurs, a large amount of power flows and 
tends to draw the two ends together and 
thereby reduces the flow of power, and 
an oscillation is started. 

Although there is little difference in the 
impedance magnitude during fault and 
load conditions on very long lines, there 
is, fortunately, a considerable difference in 
phase angle. During load conditions the 
heavy charging-current component tends 
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to make the input impedance have a 
leading power-factor, whereas during an 
internal fault much of the line capaci- 
tance is short-circuited and the input im- 
pedance is therefore lagging considerably 
as shown in Figure 4 on curve Z,. 

As a result of the foregoing, impedance 
magnitude was once more used to dis- 
tinguish between internal and external 
faults, but the distinction between faults 
and load conditions was based on phase 
angle, a quantity which was so Selective 
that it was possible to differentiate fur- 
ther between load conditions, so that 
tripping was prevented on normal loads 
and power swings but allowed on out-of- 
step conditions. 

No special relay construction was used. 
All the relay elements were of standard 
design with the reactance and resistance 
of their potential coil circuits arranged 
to obtain the desired characteristics. The 
equipment has certain advantages over 
the conventional distance-carrier-relay 
equipment and is not limited to ex- 
tremely long lines; it can be used also for 
lines as short as about 50 miles. The 
equipment was developed for the 270- 
mile 154-ky interconnection between 
Nebraska Power Company and Kansas 
Gas and Electric Company systems to 
meet the general performance specifica- 
tions laid down in a companion paper,! 


and it has been applied since to the ~ 


“Ark-La”’ 154-kv line, approximately 
200 miles long in Oklahoma and 
Arkansas. 


Impedance Diagrams 


If capacitance and shunt loads are 
neglected, the transmission of power over 


— 


Figure 1. Connections of re- 
lays relative to transmission line 
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a simple single-line system can be rep- 
resented vectorially as shown in Figure 
2 wherein V, and V, represent the volt- 
ages behind the terminal generator im- 
pedances, and the voltages V,, Vy, and 
so forth, are the voltages existing at 
various intermediate points. The system 
interchange current J, and the angle 
6 will both increase in magnitude as the 
power transmitted is increased. 

The relays located at the various inter- 
mediate substations will see impedance 
values determined by the relation between 
the substation voltage (such as V, or V2) 
and the current J,. This value is the 
equivalent input impedance of the system 
and will be referred to as tne input im- 
pedance. As the load changes, 0, Va, Vo, 
I,, and the input impedance will change. 
In a companion paper! the loci of the 
input impedance at a given location for 
various ratios of line-terminal voltages 
are shown to be circles on a resistance- 
reactance diagram. Furthermore, it is 
shown that, for the special ratio of line- 
terminal voltages /,/E,=D, where D is 
one of the “general line constants,” the 
radius of such a circle is infinity, and the 
circle becomes a straight line. 

For short lines where capacitance and 
shunt loads can be neglected the general 
line constant D=1, and thus, if the 
terminal voltages V, and V, are always 
equal, the loci of input impedance as 
“seen” from terminals R and S (Figure 2) 
are straight lines coinciding with the 
0 per cent and 100 per cent lines of the 
distance scale on Figure 3. When these 
straight-line loci obtain simultaneously 
at the two terminals of a circuit, the loci 
of the impedances ‘‘seen”’ at intermediate 
poiuts on the circuit are likewise straight 
lines and form a family of parallel lines 
as in Figure 8, which was first presented 
to the Institute in a discussion by J. H. 
Neher.’ 

Under the conditions for which it is 
valid, that is, systems with negligible 
capacitance, no shunt load, and equal 
terminal voltages, Figure 3 shows that 
the input impedance, as seen from any 
particular point, is a minimum when the 
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~©2#23 154-KV_ LINE £34236, 


terminal voltages 180 


are displaced 
degrees, and is infinite when the equal 


terminal voltages are in phase, since 
under this condition there is no current 
flow. 

This type of chart is very convenient 
for determining whether or not a particu- 
lar relay will operate for a particular 
amount of load transfer or for a particular 
angular displacement under swing con- 
ditions. To determine this, it is necessary 
only to plot the relay pickup character- 
istics on the diagram (being sure to plot 
both characteristics to the same scale) 
and observe at what value of the line- 
displacement angle 6 the relay character- 
istic crosses the line characteristics. 

In the more general case for which 
Figure 3 is not valid (that is, where ter- 
minal voltages are not equal, line capaci- 
tance is large, or there are important 
shunt loads), it is evident that the 
families of input-impedance circles ap- 
plying to each relay location must be 
examined and compared with the relay 
pickup characteristics to determine if 
that relay is suitable for the proposed 
application. 

In Figure 4, which represents a typical 
input-impedance circle for the 270-mile 
Kansas—Nebraska interconnection point 
A represents the system impedance for a 
fault at the far end of the line, and point D 
the impedance for a more remote fault up 
to which backup protection is desired. 
The third zone of the conventional im- 
pedance relay set to operate in backup 
time up to D would also operate on the 
maximum load of 50,000 kw. The con- 
ventional reactance relay with the same 
setting would not operate on this load, 
because it is outside the characteristic 
of the starting unit, but it could not be 
used as a basis for carrier relaying, be- 
cause the impedance fault detector would 
experience the same trouble as the third 
step of the impedance relay and would 
transmit carrier and set up the out-of-step 
blocking circuit, and thereby delay trip- 
ping on faults. 

A further margin of impedance would 
be required with either kind of relay to 
take care of the drifting apart of the two 
generating sources during the period of 
reclosure, because of the leading and 
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Figure 2 (left). 
Vector diagram of 
circuit in Figure 3 


Figure3(right). Input- 
impedance diagram 
for relays at various 
locations along a line 
with X/R=tan 75° 
connecting two sys- 
tems or machines, 
applicable to the 
special case in which 
V.=V, assuming no 
shunt load and ne- 
glecting shunt 

pacitance 


Cee -160 


-200 120 
D=Distance of relay location from equivalent 
internal voltage of the leading end Vs, in per 


cent of total impedance trom S toR 


The co-ordinates are scaled in per cent of total 
impedance from Sto R. Abscissas are resist- 
ance; ordinates are reactance 


losing load end speeding up and the lag- 
ging end losing generation and slowing 
down; otherwise, the relays would trip 
reduced impedance condition 
caused by the two stations swinging apart 
before reclosure. 

The problem then was to design re’ays 
which would: 


on the 


1. Trip instantaneously for faults up to 4, 
including arc resistance. 


2. Trin on out-of-step conditions and 
swings from which the system will not re- 
cover. 


3.. Not trip on loads up to the steady-state 
power limit. 


4. Trip in delayed time up to D, for backup 
protection. 


5. Not trip on swings from which the 
system would be likely to recover, that is, 
roughly up to 6=110 degrees. 


6. Provide carrier blocking for external 
faults. 


The Solution 


Items 1, 2, and 3 require that the 
relays should trip instantaneously for 
conditions within the area A-A’ 120 
degrees—B-B’ 240 degrees. A circle fits 
very well around these points (see 
Figure 4), the center of the circle being 


on the line-impedance line AB, about 


60 degrees lagging the R axis, though it 
also includes some loads which should be 
excluded under item 3. Such a circle is 
the characteristic of a directional relay 
with a voltage restraint, which is similar 
to the starting unit of the standard\re- 
actance-type distance relay. This uhit 
measures a quantity of the form J-f(¢) / 
=YV-f(¢) which is ‘admittance at a 
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-80 


=26 120 160 200 
angle.” Since this quantity is in mhos, 
the unit is called a ‘‘mho unit,’ corre- 
sponding to the term ‘‘ohm unit’ applied 
to the reactance-measuring unit of the 
distance relay, which measures “i 


im- 
pedance at an angle.” 


Items 4, 5, and 6 require a relay com- 
bination which will operate within the 
shaded area of Figure 5. The straight 
sides of the area are similar to the char- 
acteristics of a reactance unit except that 
they represent constant impedance at 
20 and 30 degrees leading the unity- 
power-factor position instead of lagging 
it by 90 degrees. The ends of the area 
were cut off by the circular characteristic 
of an impedance unit as shown in Figure 
5. In other words, by connecting a con- 
tacts of the impedance unit and the two 
ohm units in series with a timing unit, 
backup protection with delayed tripping 
occurs in the lightly shaded area KPQ. 
By connecting a set of 6 contacts of the 
three units in parallel in the carrier-con- 
trol circuit, carrier blocking is provided 
over the same area KPQ, which disposes 
of items 4 and 6. 


In reference to items 2 and 5, by con- 
necting the contacts of the ohm units in. 
series with those of the mho unit, the 
value of 6 at which tripping occurs can 
be controlled accurately by the settings 
of the ohm units; otherwise, this limit is 
determined by the mho unit, whose setting 
is based on the length of the line and 
hence cannot be adjusted to a value of 0 
also. With the present line, Figure 5 
shows that the mho unit would prevent 
tripping on swings up to about 6=75 
degrees, but it was decided that about 
100 degrees would be required to provide | 
sufficient margin for power swings, es- 
pecially after instantaneous reclosure Of} 


the breakers following a fault. pe 


Relay Settings 


At this point it will be apparent why 
20- and 30-degree characteristics were 
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Impedance diagram of load and 
fault conditions on long line at terminal B of 
Figure 1 


Figure 4. 


Angles marked on Zz circle are angles between 
terminal voltages 
AB=impedance of line to three-phase fault 
at end of line =370 ohms 
AA’ =arc resistance with single-end feed, 60 
miles per hour wind and minimum generation— 
fault at A—125 ohms 
BB’ =ditto with fault at B, near bus—32 ohms 
AD=reach of backup (zone 3) protection 

Mw =megewatts sent from A to B 


chosen for the ohm units. As the char- 
acteristics were pulled in closer to the 
origin in order to prevent tripping on 
swings up to 6=110 degrees, they had 
to be made parallel to the boundaries of 
the tripping area in order to insure trip- 
ping for all fault conditions. 

The 20-degree characteristic can be as 
close to the line-impedance vector as 
desired but, the closer it is, the lower the 
ohmic pickup, and hence the higher the 
potential burden. A pickup of 42 ohms 
was chosen first for this unit but was in- 
creased later to provide higher relay 
torques. 


N as 


Lay 


Figure 5. Tripping characteristic on phase 
faults and out-of-step conditions 
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Figure 6. Blocking and backup 
protection on phase faults and 
power swings 


Carrier blocking and time 

backup are provided in the 

shaded areas. Carrier is shut 

off by the mho unit in the 

double shaded area allowing 

instantaneous tripping for in- 
ternal faults 


The 30-degree characteristic has to 
allow for the maximum arc voltage, which 
will be during minimum generation and 
single-end feed. 

Some approximate calculations of arc 
resistance for this circuit indicated that 
it might be between 50 and 70 ohms for a 
nearby fault and between 100 and 150 
ohms for a fault at the far end. To allow 
for these are values and to prevent trip- 
ping on swings required a setting of 72 
ohms. 

The diameter of the mho-unit circle 
represents its setting in ohms. To cover 
the fault area AA’ BB’ it was made 
initially about 375 ohms but was in- 
creased later to provide greater pickup 
torque and consequently faster action on 
far-end faults. The setting of the im- 
pedance unit was merely a rough margin 
between nearby and remote faults, so as 
to prevent the carrier and the timing 
unit from being operated unnecessarily ; 
the value chosen was 500 ohms. 

The effect of combining these circuits 
and their characteristics is shown in 
Figure 8, and explained in the next few 
paragraphs. 


Over-All Operation of Protective 
Relays 


Figure 8 shows the various zones of 
operation, and Figure 9 is a schematic 
diagram of the d-c connections. 

A phase fault on the 154-kv line is 
within, both the carrier and tripping 
zones (see Figure 8 zone 7,). The ohm 
units QO, and O, and the Z unit in the same 
phase open their b contacts in the carrier- 
control circuit, turning on carrier. The 
mho units M pick up the MX auxiliary 
relay which by-passes the contacts of the 
O and Z units and restores negative 
direct current to the grid of the oscillator 
tube in the transmitter stopping carrier. 
Another contact of the MX relay de- 
energizes the receiver-relay holding coil, 
and, with carrier off, the receiver relay 
then closes its contacts and causes trip- 
ping in a total time of about 11/, cycles. 

A ground fault picks up the over- 
current fault detector G whose b contact 
removes negative direct current from the 


Warrington—Protective Relaying 


J3b-% 
jx CARRIER 
CONTROL 


NEGATIVE 
D-c 


transmitter grid while the current polar- 
ized directional relay GD reapplies nega- 
tive direct current and stops the carrier. 
Other contacts of GD de-energize the re- 
ceiver-relay holding coil and complete 
the tripping circuit through the contacts 
of the receiver relay. 

An external fault within the range of 
the mho unit will not trip instantaneously 
through the receiver relay, because, at 
the faulted end, the mho unit is reversed 
and hence does not shut off carrier, so 
that instantaneous tripping is prevented, 
but the relay will trip in intermediate 
time (7»), if the fault is not cleared by 
the correct breaker. 

An external phase fault within the 
range of the ohm and impedance units 
turns on carrier as before and starts the 
timing unit (see zone 73C of Figure 8), 
but at the faulted end the mho unit is 
reversed and hence does not shut off 
carrier, so that instantaneous tripping is 
prevented, but backup time (73) tripping 
will occur if the correct breaker does not 
trip. If the carrier is off for maintenance, 
the receiver-relay contacts R are short- 
circuited by the switch SC, so that trip- 
ping occurs directly when the mho unit 
closes (zones JT; and T»). Instantaneous 
tripping with “carrier off’ is limited to 
the line and a little beyond the windings 
of the transformers at the far end by the 
setting of the mho units. If the fault is 
beyond this zone, the mho unit does not 
operate, and the timing unit operates in 
backup time (T3), if the fault has not 
already been cleared. A fault within the 
reach of the mho unit but beyond the 
location of the opposite mho units will 
be cleared in intermediate time (J») if 
not cleared already by carrier relays. 

An external ground fault within the 
range of the overcurrent blocking unit 
(G;) turns on carrier, but at one end the 
directional unit (GD) is reversed and does 
not turn off carrier, so that instantaneous 
tripping is prevented. In that case, the 
time overcurrent ground relay (type JA C) 
provides backup protection, unless the 
proper differential relay has already 
operated. 
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Receiver Blocking Relay, RB 


Carrier is started for all fault condi- 
tions, though it may be stopped almost 
at once by the directional relay, if the 
fault is in the tripping direction. If trip- 
ping occurs, the carrier will not be main- 
tained for more than the time taken for 
the directional relay and its auxiliary 
relay to operate, which will be one to 
three cycles. The persistence of carrier 
for more than three cycles would indi- 
cate an external fault and would operate 
the RB relay which is arranged to pick up 
in three to four cycles and drop out in 
six cycles. 

The RB relay energizes the holding coil 
of the receiver relay, so that, during ex- 
ternal faults, the RB relay maintains the 
blocking action for another six cycles 
after the carrier has been shut off by the 
resetting of the relays after the fault 
has been cleared. This arrangement 
prevents tripping through the carrier 
relays unless the condition is maintained, 
as would be the case if a second fault 
occurred just after the first one had been 
cleared. 


Tripping on Out-of-Step 
Conditions 


The conventional relay equipment for 
short lines employs blocking relays which 
prevent tripping on both power swing 
and out-of-step conditions. These condi- 
tions are recognized by means of an im- 
pedance unit which applies blocking after 
a time delay of about 0.1 second, unless it 
is prevented by an instantaneous im- 
pedance unit with a lower ohmic setting; 
in other words, a swing is distinguished 
from a fault by the rate of change of 
impedance. To effect tripping during 
actual out-of-step conditions requires a 
somewhat expensive relay which requires 
several power oscillations before it can 
be sure of the out-of-step condition. 

With the present equipment not only 
are the foregoing features inherent in the 
telay characteristics, but they trip in- 
stantly when the angle crosses a threshold 
value. Not only is no time required for 
the decision, but the angle itself can be 
set accurately from system impedance 
curves. In the present case a setting of 
72 ohms prevents tripping for power 
swings up to 6=110 degrees. 


The Mho Unit 


The mho unit is a four-pole induction- 
cylinder unit, see Figure 7a; the two long 
poles have a potential winding whose flux 
induces eddy currents in the induction 
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Figure 7a. 


Type CGZ special distance relay 


The upper is the mho unit 
The lower is the Z unit 


cylinder or rotor which react with the 
fluxes from the two short poles to produce 
torque. One of the short poles has two 
current windings excited by the currents 
in two of the phases, so as to make a flux 
proportional to their delta sum. The 
other short pole has a potential winding 
excited by the potential between the 
same two phases. The polarizing poten- 
tial winding has voltage from the next 
lagging pair of phases. As an example, 
phase 1-2 relay has-a torque proportional 
to: Vos[(i—I2) cos (s —¢—30 degrees) — 
Vy» sin o], where o is the angle between 
Vy and V3, so that it operates when 
(1-12) cos (B—$—30 degrees) > Vi» sin 
o, or when the admittance of the circuit 
(11-1) cos (—$—30 degrees) 
Vy sin o 

The value of Y is adjusted by an 

auxiliary potential transformer with nine 


Y mhos. 
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Figure 7b. Type PDM d-c timing unit 


(Tq and T3) 

Figure 7c (right). ee 
Schematic connec- ——— 
tions of mho unit in fom 

ohaventee | saudi. 

Mo | Me 

Figure 7d (below). ees rant 
Schematic connec- a othe 
: ae Wh Hl 
tions of ohm unit in SS 

phases 1-2 1 "Ie 
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ten per cent and ten one per cent taps, so 
that one per cent steps can be obtained. 

Apart from its suitability for this appli- 
cation, the mho unit has the great ad- 
vantage over the ohm unit of the con- 
ventional distance relay of not requiring 
a directional unit, since it is itself direc- 
tional. On long lines, where arc resistance 
is not a large percentage of the total im- 
pedance, its accuracy for distance meas- 
urement is as good as that of a reactance 
or an impedance unit, and it is less likely 
to operate on loads and swings than 
either unit. — 

On the Kansas—Nebraska line ¢=72 
degrees for faults on the line, and for a 
fault at the end of the line there would be 
very little collapse of the voltage triangle, 
because most of the impedance is in the 
line, so that o is about 115 degrees. Con- 
sequently, the ratio of the ohmic reach 
of the mho unit on three-phase faults to 
its reach on phase-to-phase faults is — 


Three-phase-reach 


Phase-to-phase reach . : 
* _ sin 120° cos (115°~72°-30°) 

* sin 115° cos (120°-72°-30°) 

_ 0.866 0.974 _ 


= =0.9 
0.906 X 0.951 : 
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Figure 8. Over-all relay characteristics 


In other words, the reach on three- 
phase faults is approximately the same 
as on phase-to-phase faults. 

In order to provide fast operation on 
three-phase faults close to the station, 
the polarizing potential coil of the mho 
unit is made resonant, so that, when the 
line potential is suddenly reduced to sub- 
stantially zero by the fault, the potential 
across the relay winding is maintained 
long enough to insure reliable operation. 
The connections of this circuit are shown 
in Figure 7c and are the same as are used 
in the standard GCX distance relay. 


The Impedance Unit 


The impedance unit is of the eight-pole 
induction-cylinder design (see Figure 7a), 
three of the poles producing current- 
operating torque and three producing 
potential restraining torque. 

The windings on the three current poles 
are im series, but the middle pole has a 
copper sleeve, so that its flux is out of 
phase with that of the other two poles 
and hence produces torque. A similar 
method is used in the potential circuit 
where the middle pole is dephased by a 
series resistor. In the appendix, it is 
shown that this arrangement produces 
a steady torque, irrespective of the angle 
between the pole fluxes. 

The induction-cylinder construction 
not only provides a high-torque low- 
inertia device, but it also has a pickup and 
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dropout which are very close together; 
this is advantageous in a fault detector 
for very long lines where there is little 
distinction between the system impedance 
during load, swing, and fault conditions. 

Its operating torque is proportional to 
the current squared, and its restraining 
torque is proportional to the adjacent 
voltage squared, so that the relay oper- 
ates when the system impedance falls 
below its calibration. The pickup is in- 
dependent of phase angle within four per 
cent, because of the steady torque of the 
induction cylinder. 

Since the relay has only one current 
circuit, the reach on three-phase faults is 
15 per cent more than on phase-to-phase 
faults, but this is of no consequence, 
because this unit controls the operation 
of carrier and time backup protection and 
hence need not be accurate. 


The Ohm Unit 


The ohm units are the same as that of 
the standard reactance-type distance re- 
lay, see Figure 7a, except that one is 
arranged to measure the 20-degree and 
the other the 30-degree component of im- 
pedance, instead of both measuring the 
reactive component. The change from 
the standard ohm unit was accomplished 
simply by changing the constants of the 
potential circuit to obtain the desired 
phase angle. 

Each unit has four double-current 
windings arranged as in Figure 7d, so as 
to create a magnetic flux between the 
front and back poles of the unit. The 
left-hand pole has a potential winding 
whose phase angle is adjustable by a series 
resistor between 70 degrees and 55 degrees, 
so that the relay characteristic can be 
adjusted for maximum torque between 
20 and 35 degrees. The right-hand pole 
has another double-current winding which 
is shifted 90 degrees in phase from the 
first by a floating secondary winding 
having a parallel capacitor and resistor. 

The current flux from the front and 
back poles reacts with the flux from the 
right-hand pole to create an operating 
torque K(J,;—J»2)? where J, and Jy are the 
currents in the double-current windings 


IIS- 9% 


Figure 9. Circuits of carrier 
relays for long transmission 
lines 


Figure 9a (left). D-c and trip- 
Ping circuits 


SC switch contacts shown in 


position for carrier on 
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of the relay associated with phases 1 and 
2. It also reacts with the flux from the 
potential pole to produce a restraining 
torque Ep(i—I2) cos (6—A) where A is 
the angle for maximum E/ torque. 

At the balance point the two torques 
will be equal so that Hy, cos (6—A)= 
K(,—-h), but Eey_=A—-k=(h-h)Z, 
where Z is the impedance of a line con- 
ductor between the relay and the fault, 
therefore, Z,; cos (P—A)=K. K is ad- 
justable by means of a transformer with 
one per cent taps. 

The two ohm units in each phase have 
their contacts in series and are polarized 
in opposite directions (the 20-degree unit 
operates on incoming Ky and the 30- 
degree unit on outgoing Ky) so that the 
system impedance has to be between their 
characteristics in order to turn on carrier 
or to trip (see Figure 6). 


Timing Unit 


The timing unit is controlled by the 
same relays that control the carrier and 
is of the same design as used in the stand- 
ard distance relay. It provides a short 
time delay for faults in the protected zone 
in case the carrier tripping is inoperative 
and a longer time delay for faults in the 
low-voltage windings of the transformer, 
and, during minimum generation at the 
other station, the third zone may reach a 
short distance into the system beyond the 
power transformer at the other station. 

The speed of the timing unit is con- 
trolled by a centrifugal friction governor 
(see Figure 7b). A d-c solenoid winds up 
the spring which operates this unit. Two 
adjustable insulated contact arms close 
the intermediate and backup time con- 
tacts. The timing scale is graduated in 
tenths of a second up to three seconds. 
A time setting is made easily by loosening 
a knurled nut on the main shaft and set- 
ting the contact arms. 


Ground Relays 


The relays and connections for ground 
faults is the same as in the standard 
carrier-pilot relay scheme, except that the 
overcurrent tripping relay was made 
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Figure 9b. Carrier control circuits 
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directional, thus eliminating an extra 
directional relay. The blocking unit is a 
plunger overcurrent unit which operates 
in a fraction of a cycle to remove nega- 
tive bias from the grid of the oscillator 
tube in the carrier transmitter (see Figure 
9b) and thus starts carrier. The tripping 
unit is an eight-pole induction-cylinder 
unit with alternate poles provided with 
a copper sleeve to lag their flux, so that 
a torque can be preduced, An induction 
unit is used for the tripping function, 
because it is least liable to trip undesir- 
ably on transient conditions. 


Transformer Differential Relays 


These are the standard high-speed type 
JFIDD relays restraint 
which were 
paper.’ Because of the absence of break 
ers on the line side of the transformers, 


with harmonic 


described in a_ previous 


it was necessary to provide a means of 
tripping the breaker at the other end for 
a transformer fault, 
arranging the differential relays to close 


This was done by 


a three-phase grounding switch on the 
fault and 
causes tripping at the other end. 


154-kv line which creates a 


Reclosing Relays 


After the breakers at each end of the 
line have been tripped, they can be re- 
closed in four different ways: 


1. Manually using the synchroscope, 
2. Manually by automatic synchronizing. 
3. Automatically with instantaneous or de- 
layed reclosing. 


4, Automatically with automatic 


chronizing. 


syn- 


Figure 10 shows a detail of the reclosing 
circuit. Manual closing is done by clos 
ing the manual control switch (CSW) and 
the synchronizing switch on the right of 
Figure 10, Automatic synchronizing is 
initiated by turning switch 43 to position 
S; then the contacts 25 of the automatic 
synchronizing relay (type GES) will 
energize the reclosing circuit, provided 
that the voltage check relay 83 has 
operated, closing contacts 83X of its 
auxiliary relay, 

In normal automatic operation it is 
customary to set the switch 43 at the 
position marked R and SS at each end of 
the line. his provides one immediate 
reclosure at both ends of the line through 
the instantaneous step of the type AC-1 
reclosing relay; this reclosure is made as 
fast as possible by connecting the initiat- 
ing relay 79X in parallel with the trip 
coil, so that the timer is started at once, 
and the closing coil will be energized as 
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Figure 10. D-c connections of automatic re- 

closing circuit 
soon as the breaker b switch is closed. 
If the fault persists and one end recloses 
first and energizes the line, the voltage- 
checking relay 83 at the other end oper- 
7-8 of 83X and 
control to the automatic 
synchronizing relay 25, Similarly, if only 
the other end can only 
reclose through the synchronizing relay 
20. 


ates; 
transfers the 


this opens contact 


one end trips, 


A number of combinations are possible: 
for instance, one end may have the selec- 
tor-switch 43 set to R and the other to S, 
so that one end recloses at once and the 
other through the synchronizer, and, of 
the two may be interchanged. 
If both ends are at RK and have similar 
AC-1 time settings, immediate reclosure 
will occur at both ends three times unless 
the breaker stays in after the first or 
second reclosure; with different timer 
settings only the early end will reclose 
immediately, Other combinations are 
R with R and S, S$ with R and S, and S 
with SS, Three reclosures are provided 
by the type AC-1 reclosing relay at ad- 
justable intervals, the maximum set- 
ting being three seconds; after the third 
reclosure the reclosing circuit is locked 
out. 

The type GES 
relay < 


course, 


automatic synchronizing 
25 gives the closing indication to the 
circuit breaker slightly in advance of 
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Figure 11. Connections of voltage and syn- 


chronism check relays 
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: ‘ / 
synchronism, in order to effect closure of ft 


the breaker contacts at the moment 
of synchronism, regardless of the amount 
of frequency difference, unless it is ex- 
cessive, in which case it will not give the 
closing indication. The angle of advance 
at which the relay functions is proportional 
to the slip frequency. The relay was de- 
scribed in detail in a previous paper.’ 


' 


Reactor Control 


In order to control voltage on the 154. 
kv line three 5,000-kva three-phase shunt 
reactors were provided at each end of the 
line which are connected automatically 
to the power transformer tertiary winding 
whenever overvoltage occurs or when the 
terminal breaker is opened. A short 
time delay is provided to avoid switching 
in the reactors during transient voltage 
disturbances resulting from line switching 
or from faults on the line. 


Phase Faults During Heavy Load 
Conditions 


Before the relay equipment was 
shipped, it was tested thoroughly on an 
artificial transmission line in the factory. 
These tests revealed that the directional 
properties of the mho units could not be 
relied upon above a certain value of load, 
that is, above a certain value of 0, the 
angle between the electromotive forces 
at the two ends of the line. This is 
caused by the fact that the voltage at 
the far end of the line controls the phase 
angle of the fault current, while the phase 
angle of the relay characteristic is con- 
trolled by the voltage at the near end. 
The fault current may therefore be far 
from the maximum torque angle of the 
relay and can be shifted still farther by 
the collapse of the voltage triangle on a 
nearby fault until it is near the zero 
torque position, Finally the super- 
position of the load or swing current 
actually may cause reverse torque, so 
that the mho unit may trip for a fault on 
the other side of the local transformer. 

The likelihood of wrong tripping in- 
creases with the angle @ between the 
voltages at the ends of the system, With 
a bus fault the restraining torque of the 
mho unit is zero, so that it acts as a 
directional relay, and the conditions for 
wrong tripping can be expressed in terms. 
of the components of current in the diree-— 
tion of maximum torque of the relay. hi 

These expressions are derivedin the 
appendix; they show that 0=48 degrees 
is approximately the maximum separa- 
tion that can exist without causing wrong 
operation of the mho unit on incoming 
load. The phase 1-2 relay goes wrong 
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Figure 12. Vector diagram of bus fault with 
outgoing power 


for a phase 2-3 fault; the other relays 
require more separation to make them go 
wrong. 

Since power transfers in excess of this 
are expected, it was necessary to seek a 
solution. The solution to this difficulty 
was the addition of a polyphase direc- 
tional-relay type CAP15A with its con- 
tacts arranged to supervise those of the 
mho unit. This relay has a torque pro- 
portional to the arithmetical sum of the 
70-degree lagging components of the 
positive-sequence and negative-sequence 
volt-amperes and was described in a 
previous paper.® 

The CAP relay operates correctly under 
these conditions of a bus fault for load 
conditions causing up to 6=85 degrees. 
The maximum loads expected would give 
0=53 degrees, so that an adequate mar- 
gin is provided. Under power-swing 
conditions it is, of course, possible to 
have more than 85 degrees displacement, 
but such a separation could only be 
reached during the reclosing period and 
would require a permanent fault; other- 
wise the tripping condition could not 
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Figure 13. Vector diagram of bus fault with 
incoming power 
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occur. While it was found possible to 
take care even of this condition, by means 
of a negative-sequence directional relay 
with a closing mechanical bias to permit 
operation on three-phase faults, yet it 
was regarded as a very improbable coin- 
cidence, and it was decided that even 
the CAP relay might never be called upon 
to prevent wrong operation. 


System Tests 


The calculated settings of the relays 
were checked very closely by their be- 
havior during the system tests which 
are described in a companion paper. 
Internal and external faults were applied 
with zero power exchange and with the 
interconnection loaded approximately to 
its stability limit, all relay operations 
were correct. 


Conclusions 


The magnitude of the input impedance 
of a transmission line is always a reliable 
basis for locating faults, but, as the 
length of the line increases, impedance 
magnitude becomes less reliable for dis- 
tinguishing between load and fault con- 
ditions. Fortunately, however, there is 
at the same time an increasing difference 
in phase angle. 

Distinction by angle has the advantage 
that the degree of system separation for 
tripping can be controlled accurately and 
can be effected without delay. 


Symbols 
V,=generator electromotive force at 
sending end 
V,=generator electromotive force at 
receiving end 
Vq, Vy=terminal voltages at A and B 
A, B=relay locations on transmission line 
5=angle between terminal voltages 
V,and Vy 
@=angle between generator electro- 
motive forces, V, and V, 
a=angle between V,and Vq 
6)=angle between V, and V’, 
o=angle between polarizing and re- 
straining potentials on the mho 
unit 
W=angle between V, or Vy and load 
component of current 
\=angle between V, or V, and fault 
component of current 
o¢=power-factor angle of input im- 
pedance looking into line=tan™! ip 
The following symbols are used on the 
diagrams: ° 


M—Mbho unit (phase directional unit) 
O—Ohm unit 
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Figure 14. Relay panel 


Z—Impedance unit 
R—Receiver relay 
7 U—Timing unit 
MWX—Mho-unit auxiliary relay 
RA—Receiver auxiliary relay 
RB—Out-of-step blocking relay 
G—Ground-fault detector 
GD—Ground directional relay 
GB—Ground backup relays 
SI—Seal-in relay 
T}R—Carrier-test relay 
7S—Carrier-test switch 
SC—Carrier on-off switch 
T—Target 
A, B, C refer to the phases, for example. 
Za, Za, Zo 
1, 2,3 refer to the zone of time or impedance, 
for example, 0:1, Ov, Os, Ti, Ts. Ty 


25 


Synchronizing relay 
438—Transfer switch 

43/—Inspection transfer switch 
52—Circeuit breaker 
79—Reclosing relay 
S$8—Voltage checking relay 
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86—Lockout relay 
X, Y, Z—Auxiliary relays, suchas 83X or 
79Y 


Appendix 


The mho unit has zero voltage restraint 
during a bus fault involving more than one 
phase and therefore acts as a directional 
relay under that condition. The torque due 
to the swing current is Js cos y where y is 
the angle measured from Js to the maximum 
torque position. The torque due to the fault 
current is If cos \ where 2d is the angle 
measured from Jr to the maximum torque 
position. 

The following is an approximate analysis 
intended more as an explanation than 
as a rigid proof. The rigid analysis is ex- 
tremely long and involved. 

Referring to Figure 2, and assuming 
Vs=Vr=V and that a 2-3 fault causes no 
drop in V; 


V p = ji ay, Z 
A COS Be = E0555 i B COS a : 


Then, using values of Z4 taken from the 
system impedance circle for 
Ijs= 


Vs=Vp, 


V cos = 


2 
Z4 cos (@—a) 
at the end with outgoing power or 


V cos = 
2 


6 
Zp Cos (5-s) 


at the end with incoming power. 
to Figure 12, with outgoing power 


Referring 


V cos = 
2 


2 cos (5 
coon B 


The fault current is \/3Vs/2Zs, from 
the sending end to a relay at B, and it is 
V3Vpr/2Zr4a from the receiving end to a 
relay at A. The total relay torque is 
Vpo Is cos ¥+Ip cos \) where V,,; is the 
polarizing potential of the unit, so that the 
relay trips when Js cos ¥y+Ip cos 2 is posi- 
tive. The unit has maximum torque when 
the current is 30 degrees leading the polariz- 
ing potential, so that y or \ are 30 degrees 
less than, the angle between Js or Ip and 
the polarizing potential. 

If one refers to Figure 13, treating counter- 
clockwise angles as positive 


3 3 
Tas= —Ins =5lrs = 2 


Yin = y —60° 

Aw = —90°+6+0—a—60°+180° 
=0+¢—a+30° 

Similarly 


¥ 1=180°+y—60°+90° = y—150° 
\1=180°+¢+8—a—60°+90° 
=0+¢—a+120° 
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The 2-3 relay has no swing component, 
because Iog= —1/sI1s; therefore I2s—Iss=0. 
But 


No: = 180° —90° +6+0—a—60° —90° 
=#+¢—a+120° 
Hence, with outgoing power, the relay 
will trip in anv phase where one of the 
following expressions is positive: 
Relay 1-2: K cos (y—60°)+ 
cos (6+8—a+30°) 


The expression for phase 2-3 has no load 
term, because the load components in the 
faulted phases are in phase and hence cancel 
out. In the case of phase 1-2 with incoming 
power the swing component becomes posi- 
tive and tends to trip when @ exceeds 90 
degrees, and the fault component tends to 
trip when @ exceeds 45 degrees. In phase 
3-1 the load component always tends to 
trip and the fault component to open the 
mho-unit contacts. 

With outgoing power both the swing com- 
ponent and the fault component in phase 


Zr 


cos (¢+8—a+120°) 
Zra 


Relay 2-3: 


Relay 3-1: K cos (y—150°) + 
cos (6+8—a+120°) 
ZRra 


where 


= 


; 2 
Zs cos (ee) 
2 


Referring to Figure 13, in a similar man- 
ner, with incoming power, that is, consider- 
ing the B relay 


vi2= 7 —60° 


Aw = 180° —90°+¢—6+8+30° —90° 
=¢—6+8+30° 


Here again Io35;=0 and 
dos = —90°+¢—0+8+430°+180° 
that is 
As =—8+8+120° 

Likew'se 
¥s1= —180°—y+30° = y—150° 
and 


Xs: = 180° —90°+¢—8+8+430° 
=¢—0+8+120° 


Hence, the relay will trip in any phase 
where one of the following expressions is 
positive: 

Relay 1-2: K cos (y—60°)+ 
cos (6—6+8+30°) 
Zsp° 


cos (¢—6+6+120°) 
ZspB 


Re'ay 2-3: 


Relay 3-1: K cos (y—150°)+ 
cos (6—6+8+4+120°) 
Zsp 


where 
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1-2 tend to prevent tripping. In phase 3-1 
the swing component tends to trip and the 
fault current to prevent tripping up to 
6=90 degrees. 

The worst of these cases is the first one, 
phase 1-2 with incoming power. The 
Midian relay trips when there are 30 de- 
grees between the station voltages, that is, 
6=30 degrees, and 6=48 degrees. From a 
chart similar to Figure 6, y=180 degrees 
and Zs=620 ohms. This is checked as 
follows: 


cos (6—8+8+30°) 
ZsB 

4/3 cos 24° cos (180° —60°) 

620 cos 15° 
cos (72° —48°+8°+30°) 
370 

4/3 X0.914X(—0.5) 0.47 
~~ §200.966 370 
= —0.00132 +0.00127 = —0.00005 


K cos (y—60°)+ 


This shows that the actual point of failure 
is slightly more than 0=48 degrees. It is 
not worth while checking with a slightly 
larger value however, because only a slight 
oscillation would be necessary to reach the 
larger value. 

During the system tests double-ground 
faults were applied on the 66-kv and 132-kv 
busses at each end of the line with both in- 
coming and outgoing power up to 35,000 
kva, and no wrong operations of the mho 
units were observed. It was not possible 
at the time to repeat these tests to check the 
calculated threshold values. 
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Oil-lmpregnated-Paper High-Voltage 


Condenser Bushings for Circuit Breakers 


and Transformers 


H. J. LINGAL 


MEMBER AIEE 


Synopsis: For many years shellac or syn- 
thetic-resin-coated paper has been used in 
winding condenser bushings. Two years ago 
work on the development of oil-impregnated- 
paper condenser bushings was undertaken. 
When a shortage of shellac was imminent be- 
cause of the war, effort to complete the de- 
velopment was greatly increased, resulting 
in its being completed well ahead of the date 
originally set. Manufacturing processes and 
impregnating treatments were developed 
and bushings built and tested. The proc- 
esses and treatments are described, and the 
data obtained from tests on representative 
bushings are given. 

Complete interchangeability for trans- 
former and circuit-breaker bushings has 
been obtained for current apparatus de- 
signs in the voltage ratings in which the 
bushings are produced. To a large extent, 
the new bushings are also interchangeable 
with bushings of older design in the same 
voltage rating. The entire insulating por- 
tion of the bushing is enclosed in porcelain 
and metal and this enables the bushing to 
be held in storage without special provi- 
sions for keeping it dry. 

The oil-impregnated-paper condenser 
bushings, built for voltage ratings 92 kv to 
230 kv, are susceptible to careful control of 
quality in the processing operations. Ex- 
ceptionally consistent performance and high 
dielectric strength are obtained. Con- 
sistently low power-factor readings on both 
hot and cold bushings were obtained. 
Radio-influence voltage measurements were 
below proposed standards. 


ONDENSER-TYPE high-voltage 

bushings 92 kv and above are being 
built with insulating cores of uncoated 
high-grade paper wound on the con- 
ducting stud and impregnated with low- 
viscosity insulating oil. Previously, the 
condenser elements were wound from 
paper coated with adhesive material 
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such as shellac or one of the synthetic 
resins. 

The condenser construction is old in 
the art of bushing manufacture. Its 
ability to withstand both current and 
voltage surges has been demonstrated 
amply by its use for more than 30 years 
in both high- and low-voltage bushings. 
Therefore, the theory of bushing-con- 
denser design is not repeated in this paper. 

The oil-impregnated-paper condenser 
bushings retain the known advantages 
of uniform voltage gradient, high-ca- 
pacitance potential tap, mechanical 
strength, and small external diameter. 
From these features accrue other values 
such as small diameter and high efficiency 
of current transformers and the possi- 
bility of securing the maximum of inter- 
changeability between both new and old 
circuit-breaker and transformer bushings. 
Complete interchangeability has been 
attained between transformer and cir- 
cuit-breaker bushings of 92-kv and 
higher-voltage ratings in. current pro- 
duction, and, although the new oil- 
impregnated bushings cannot be made 
interchangeable with all old bushings, 
they can replace older designs to a 
greater extent than has been possible 
heretofore. 

The development of oil-impregnated 
condenser bushings, although acceler- 
ated by wartime conditions, has been 
planned for several years. Plastics and 
oils were studied. A low-viscosity oil 
was selected to prevent formation of voids 
within the condenser at extreme winter 
temperatures and to facilitate the im- 
pregnation process, and also because of a 
slight superiority in electrical properties 

_ of the impregnated paper.*” 

The insulation in condenser bushings 
under normal service voltage to ground, 
is worked at an average potential stress 
of less than 50 rms volts per mil. In the 
60-cycle withstand test, the gradient is 
approximately 200 volts per mil. Under 
surge conditions, with a 1.5 by 40-micro- 
second full wave, at the basic impulse 
level, the stress may reach an average 
value of 450 crest volts per mil of insula- 
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tion thickness for a few microseconds. 
Steep-front surge flashovers have been 
made in the high-voltage laboratory,!~* 
in which the average stress at the time of 
crest voltage was just under 1,000 volts 
per mil. 

The voltage gradients in these bushings 
are relatively low compared with those 
in other applications of oil-impregnated 
paper insulation. J. B. Whitehead* has 
published accelerated-life-test results for 
voltage stresses starting at 400 rms volts 
per mil and increasing 3.12 per cent every 
four hours until failure. The average 
failures occurred at about 715 volts per 
mil, after about 75 hours, in samples 
comparable to a single layer or step of a 
condenser bushing wound with 0.005- 
inch paper. The bushing condensers 
have an added advantage of being wound 
from a wide sheet of paper instead of 
from narrow strips of tape (except that, 
in the larger sizes, the inner layers more 
than 100 inches long are helically wound 
from paper tape). 

In paper-insulated _ oil-impregnated 
cables, in the same standard voltage 
ratings as these bushings, the normal 
operating stress is approximately 140 
rms volts per mil. Foust and Scott? 
show that such insulation breaks down at 
1,300 to 2,000 crest volts per mil on im- 
pulse voltage .tests using a 1.5-by-40- 
microsecond wave. 

In oil-impregnated paper capacitors, 
using capacitor paper and thinner in- 
sulating walls, continuous 60-cycle rms 
gradients of 250 to 300 volts per mil 
have been used and intermittent d-c 
gradients up to 1,000 volts per mil. 

This experience and test data, sub- 
stantiated by other laboratory tests 
omitted for brevity, indicate a large 
margin of insulation strength in the con- 
denser, even when stressed with the 
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42-inch rod... 20.. 1,745. .0.61..2,860. .3,160 


Flashovers occurred sometimes on the gap or bush- 
ing alone, but generally the flashover occurred on 
both bushing and gap. 
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most severe surges where the average 
gradient was 1,000 volts per mil. 
Successful production of oil-impreg- 
nated-paper bushing insulators requires 
carefully developed and controlled manu- 
facturing processes and treatments. At 
the same time, this construction is re- 
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1—Adapter cap 
9—Nut with lifting 


lugs 
3—Spun copper. 
Differential expan- 
sion taken up by 

flexing 
4—Brazed 
5—Pipe plug sol- 

dered over 
6—Steel shell 


7—Gauge for de- 
termining spring set- 
ting 
8—Coil-spring  as- 
sembly places pres- 
sure on all gaskets 
for upper and lower 


porcelains, Six 
springs 
9—Welded 
10—Connection for 
32 fished-through lead 


for transformer 
11—Asbestos Neo- 
prene gasket 
12—Grounding 
straps 
13—Cork Neo- 
prene gaskets 
14—Stop to limit 
vertical movement 
and prevent rota- 
tional movement of 
condenser 
15—Low - tempera- 
ture solder 
16—Cork Neo- 
prene gasket tor 
transformer 
17—Ball static 
shield for  trans- 
formers only 
18—Cork Neo- 
prene gasket 
19—Low - tempera- 


ture solder 
20—Thimble 
21—Brazed 
22—Removable mag- 
netic oil gauge— 

four-inch dial 


23—Oil level at 75 
degrees Fahrenheit 
24—Gap electrode 
25—Low - tempera- 
ture solder—can be 
unsoldered to re- 
move gauge 
96—Asbestos Neo- 
prene gasket 


sponsive to careful control and treatment 
during production, resulting in a more 
uniform product than has been obtained 
heretofore. A large part of the equip- 
ment previously used for winding con- 
densers from coated paper has been 
adapted, with minor changes, to produc- 
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297—Cork Neo- 
prene gasket 
28—Upper oil cham- 
ber 
299—Upper 
celain 
30—Gauge dial and 
pointer assembly can 
be easily replaced 
31—Copper foils 


por- 


32—Oil - impreg- 
nated condenser 
(oil-filled Kraft 
paper) 
33—Voltage tap 
band 
34—V oltage tap 
connector 
35—Ground foil 
band 


36—Gap electrode 
37—Voltage tap 
socket 
38—Porcelain 
39—Name plate 
40—Sampling valve 
and tubing 
41—Steel flange 


gaskets 


/ 


Figure 1. Typical outline of oil-impregnated condenser bushing 


49—Bevel ring and 
lasbestos 
for circuit 
breaker 
43—Small hole— 
connecting passage 
between upper and 
lower oil chambers 
44—Asbestos Neo- 
prene gasket 
45—Cork Neo- 


prene gasket 


46—Lower por- | 


celain 
47—Lower 
chamber 
48—Cork Neo- 
prene gasket 
49—Asbestos Neo- 
prene gasket 
50—Drain plug 
51—If this bushing 
is used as replace- 
ment of different 
style bushing, use 
the static shield or 
ball from the re- 
placed bushing 


oil 


Neoprene | 


tion of the oil-impregnated condenser. 


Equipment for vacuum drying and de- — 


gassing the bushings has been specially 
developed for this purpose. Oil condi- 
tioning and handling equipment likewise 
is new (igure 2). 


Bushing Construction 


Figure | shows typical construction of 
the oil-impregnated condenser bushings, 
which are built in ratings of 92 to 230 kv 
inclusive. The conductor is a copper 
tube upon which the paper condenser is 
wound and serves as a stay bolt holding 
the entire assembly together under 
pressure of compression springs in the 
cap. 

The stud or lead (the copper tube) is 
prepared by straightening, shot blasting, 
and coating with an adhesive material. 
Bare Kraft paper 0.005-inch thick, having 
a density of 0.82 maximum-0.67 mini- 
mum is wound on the stud to the specified 
diameter. During winding, at precal- 
culated diameters, coated copper-foil 
sheets are inserted to provide a series of 
concentric condensers, Each foil is 
coated on both sides with thermoplastic 
adhesive which binds the foil to the ad-_ 
jacent layers of paper, and the condenser 
at intervals of approximately “every 
quarter inch increase in diameter. When 
the specified number of condenser layers 
has been wound, a layer of paper treated 
with adhesive is wound on the outside to 
bind the condenser structure securely. 
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During the winding operation, the paper 
is heated to 165 degrees centigrade +5 
degrees centigrade and rolled under 
tension and pressure. It is then machined 
in the same manner as the shellac Micarta 
condenser which it supersedes. 

A steel sleeve is pressed on the ma- 
chined condenser and connected electri- 
cally to the outer foil. This sleeve pro- 
vides a means for attaching and mounting 
the condenser to the bushing flange, 
allowing limited movement longitudi- 
nally and rotationally between the con- 
denser and the flange, as required for 
building and for differential expansion 
and contraction. A fabricated steel 
flange with provision for a potential tap 
insulator and oil-sampling valve supports 
the porcelains which encase both the 
lower and upper ends of the condenser. 
Gasketed joints with mechanical stops 
are provided between the porcelain and 
metal members. The pressure on all 
gaskets is equal and is obtained from 
springs within the cap. The condenser, 
being permitted to move longitudinally 
through the flange, within controlled 
limits, permits use of the same springs 
to provide pressure on all of the gaskets. 
All joints in the enclosing parts of the 
bushing, except the gasketed 
adjacent to the porcelains, are made by 
silver-alloy brazing or by soldering. 

It was found during the impregnating 
period, when bushings are subjected to 
hot oil under pressure forseveral days, that 
many castings would show leaks, even 
several days after the treating operation 
began. Therefore, all metal parts of the 
bushing which form oil seals are now 
made from sheet or fabricated material. 
The insulating condensers are enclosed 
completely in metal and porcelain so as to 
temove all possibility of moisture ab- 
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Schematic diagram of bushin 
impregnating equipment 


Figure 2. 


sorption at any time. Oil-level indication 
is provided by a magnetic-type gauge 
soldered into the side of the cap. A valve 
is provided in the flange for obtaining 
oil samples, if required, and removable 
plugs in the bottom and top of the bush- 
ing permit draining or refilling. 


Processing of Bushings 


The assembled bushing is sealed and 
tested for leaks with an internal air 
pressure of 20 pounds per square inch 
and the complete bushing immersed in 
water for 30 minutes. During the test 
there must be no evidence or appearance 
of bubbles caused by escaping air. To 
expedite drying during the vacuum proc- 
essing, the bushing is baked for approxi- 
mately 12 hours at 95 degrees centi- 
grade + 5 degrees centigrade immediately 
before being connected to the treating 
system. During processing, the bush- 
ing is mounted on a support as shown 
in Figure 2, and steam at 120 degrees 
centigrade (approximately 14 pounds per 
square inch gauge pressure) is admitted 
to the inside of the copper tube on which 
the bushing is wound. The top end of 
the tube is closed and sealed. The steam 
gives off heat to the bushing, and con- 
densation occurs within the copper tube 
and is removed from the system through 
a suitable trap. Connection is made to 
the vacuum system at both the top and 
bottom ends of the bushing. An ab- 
solute pressure of less than 5 millimeters 
of mercury is obtained within the bush- 
ing. The drying treatment is continued 
under high temperature and low pressure 
until degassing is complete and the power 
factor does not exceed 0.004. When this 
condition is obtained, a low-viscosity 
insulating oil, previously conditioned 
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by heating and degassing, is admitted 
to the bushing at the lower end and 
permitted to rise until the bushing en- 
closure is ‘filled completely. Pres- 
sure is then applied to accelerate com- 
plete saturation of the condenser with oil. 
Saturation is tested by reading the capaci- 
tance of the bushing with a Schering 
bridge and noting when no further in- 
crease occurs. It has been found that 
the fully treated bushing capacitance in 
creases approximately 44 per cent over 
the dry bushing capacitance. 


Mechanical Tests 


Mechanical tests were made on a 
sample bushing to demonstrate ability to 
withstand handling, transportation, and 
service abuses. They are reported in 
detail in the appendix. 


Electrical Tests 


Electrical tests made on bushings of two 
voltage classes are reported in this paper. 
The first was a 196-ky 1,200-ampere 
experimental bushing. This bushing 
differed from standard in two respects: 


1. There was no potential tap. 


2. The lower porcelain was nine inches 
shorter than standard. 


The short porcelain was used to avoid 
delaying tests while waiting for the 
standard porcelain of the new design to 
be manufactured. 

The second bushing tested and de- 
scribed in this paper was rated 138 kv, 
1,200 amperes. It was of standard de- 
sign and materials in all respects. 

Test results are given on these two 
ratings of bushings, because 138 kv is the 
most widely used transmission voltage, 
and 196 kv bushings are used on 230/ 
196-kv apparatus where they are sub- 
jected to the 230-kv system voltage. 

Electrical tests were made to deter- 
mine if the bushings would meet all 
AIEE, National Electrical Manufacturers 
Association, or other electrical require- 
ments. After these requirements were 
satisfied successfully, tests were con- 
tinued for the purpose of obtaining 
information on the reserve insulation 
strength. An unusually large reserve 
was shown in both bushings, as indi- 
cated in the complete test results given 
in the appendix, but summarized in the 
following paragraphs. 


196-Kv BuSHING TESTS 


Before making high-potential tests, 
power-factor and capacitance measure- 
ments were made at room temperature 
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196-kvy experimental 
flashover curves 


20 


Figure 3. bushing 


Standard rod gap in parallel, 1.5x40-micro- 
second positive wave 
Approximately 40 flashovers for each curve 
observed 


Values of radio-influence voltage that 
are permissible in high-voltage apparatus 
have been the subject of study for some 
years; test methods have been agreed to; 


and considerable data have been ob- 
tained on important apparatus. ‘There 


is still a question as to how far the in- 
dustry can go in requiring low radio- 
influence voltage levels without imposing 
economic hardship. The form of bushing 
here discussed is favorable from the point 
of view of radio interference. This is the 
result of a bushing construction in which 
the insulating material, being completely 
impregnated with oil, is free from voids, 
and the discharges which produce radio- 
influence voltage are minimized. 
One-Minute Dry Withstand Tests, 60 
cycles, 465 kv (AIEE Standard) were 
made at the beginning of, during, and at 
the completion of the high-potential test 
program, The bushing did not give any 


Temperature 
(Degrees Fahrenheit) 


Barometer a 
Weather (Inches) Dry Wet 
50-inch gaps. «a... 99: 26 creer oe [ove Peer ean 52 : 
57. >-inchi sapien DORN Orval WoT eat 56 
62.5-inch gap...... OOO anu nae BO. Di ater. BO): Wagers 
Giis>-inichigap sete OORT Om mceye 7.0 aes rare 53.5 
Novgepiiee takers DOV Dan marin BSUE- ani (oS Ae 


25 degrees centigrade) and at elevated 
temperature (the entire: bushing heated 
to 80 degrees centigrade), 
were: 


The readings 


25 degrees centigrade—power factor = 
0.0049, capacity =366 micromicrofarads 


80 degrees centigrade—power factor = 
0.0076, capacity =371 micromicrofarads 


Comparative power-factor and capaci- 
tance measurements were made up to 
200 kv, using a high-voltage Schering 
bridge (see appendix). The readings 
taken before and at intervals during high- 
voltage testing showed that the curve 
of power factor and capacitance versus 
voltage was practically flat, and also that 
the bushing condenser was not being 
damaged appreciably by the tests. 

Radio-Influence Voltage measurements 
were taken at 10-kv steps from 160 kv to 
200 kv. No measurements were above 
25 microvolts. The same values were 
read on the test circuit alone and with 
the bushing connected to the circuit. 
It therefore seems obvious that the value 
of radio-influence voltage of the bushing 
was below that of the circuit alone. At 
the conclusion of all high-voltage tests, 
after both porcelains had been destroyed 
and the condenser badly damaged, read- 
ings were taken up to 150 kv. No read- 
ing exceeded 150 microvolts. 
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Relative Humidity Total 
Atmospheric Correction Correction 
Density Humidity Factor Factor 
Mim WODBE saver he ORSo ene. TROOS 35; ont nn 1.084 
0.980 ONSOB Males WOODS Aare 1.115 
Rv CLAROD Veit at GULAS wy neue DWwOCSinranvaran Heder 
0.985 OKS83) een 1.093%. 5 at 1.109 
Boel terete QOF.34'S ences ALO Pes AN vant an 1.109 
indication of distress, although both 
porcelains were broken and _ consider- 


able damage done to the condenser before 
the last withstand test was made. 

The Standard Impulse Test for bushings 
of this voltage rating is three shots with 
a 1.5 by 40-microsecond full wave having 
a crest value of 900 kv. After the bush- 
ing was subjected to the standard test, 


seuey 
IFoo) le ea Nt 
va) 
5 1000 }— 
re) 
> 
re} 
2 
¥ 800 ! 
NEGATIVE 
—= POSITIVE 
600 yi 
) 4 8 12 16 20 
MICROSECONDS TO FLASHOVcR 
Figure 4. 138-ky bushing flashover curves 


with 43.2-inch standard rod gap in parallel, 
1.5x40-microsecond positive and negative 
waves 


Type-O condenser bushing 


j 


Table II 
cons ee 
o 
z OG é 
Bors Lae 
Bae ag 6B 4 
a ad s a 4 u q 
«I ae oa 5A g 
es] A a A, Ay AS 04 
Roper 11/s....Up 105, .No damage* 
roos. ve ‘/g... Up . 1,100, .No damaget 
ppiaaia 5/s...60 degrees, 1,000, , No damaget 
clockwise 
lop . o/s... .60 degrees ..1,000..No damaget 
counter- 
’ clockwise 
Bottom... °/s...60 degrees ..1,000..No damaget 
clockwise 
Bottom, . 5/s...Up .. 1,000, .No damage t 
Bottom, &/s...60 degrees. .3,000,.No damage} 
counter- 
clockwise 
DOD nasi 5/s...60 degrees ..2,000,.No damaget 
counter- 
clockwise 


* Drop of 1!/s inch unjustifiably severe; 4/s-inch 
drop comparable with similar tests previously made 
on samples of earlier types of bushings. 


} Bottom end rebounded about !/,-inch high after 
each drop of top end, 


{ Top end rebounded twice (first bounce */i6 inch) 
at each drop of bottom end. Bottom end also re- 
bounded slightly. 


additional impulse tests were made with 
positive and negative 1.5x40-waves hav- 
ing crest values ranging from 680 kv to 
1,800 kv. A total of 203 impulses was 


imposed on the bushing. The values 
provided  volt-time impulse-flashover 
curves shown in Figure 3. Each curve 


represents approximately 40 shots. In 
this set of tests, gaps were used in parallel 
with the bushing for the first 160 tests, 
as indicated in Figure 3. Forty tests 
were then run without a gap. In Figure 
3 these tests are marked ‘no gap.” 
When corrected for standard air condi- 
tions, the actual impulse-flashover values 
are indicated by the curve in Figure 3 
marked ‘“‘corrected curve for standard 
air conditions with no gap.’ ‘Three 
1.5 by 40-microsecond negative full-wave 
impulse tests were made. The third test 
broke a skirt of the lower porcelain. To 
‘conserve the porcelains for additional 
testing, gaps were again installed, and 
77 steep-front impulse tests were made 
having crest values from 1,178 kv to 
1,850 kv. During this series of tests, 
both porcelains were broken. 

The condenser was apparently un- 
harmed at the end of the tests just de- 
scribed. It was then removed from the 
porcelain enclosure and left standing with 
the upper end exposed to air from Friday 


Temperature 
(Degrees Fahrenheit) Relative y Humidity Total 

Barometer ——————_——. Atmospheric Correction Correction 
Weather (Inches) Dry Wet Density Humidity Factor Factor 
Positive......... OES idy ne evans BS). enn TAN RUA Oi: 9655, suns O7SRiarrien Ol VA VeR es crac AWOT 
Negative,......, 2034) eee Ra ce TAs Senin OSGi nee Q'50775 Wa yen, 1.012 


Lingal, Cole, Watts -~Condenser Bushings 


re 


| 


ul 


1200 
f 
5 | 
a l000 
S 
fo) 
= 
~ 800 

boo 

) 4 8 2 16 20 
MICROSECONDS TO FLASHOVER 

Figure 5. 138-kv bushing flashover curves 


with 46-inch special gap in parallel, 1.5x40- 
microsecond positive and negative waves 


Type-O condenser bushing, 4!/y-inch diameter 


indicating that the radio-influence volt- 
age was well within any limits proposed 
for bushings of this voltage rating. 

Dry Flashover Tests. After the stand- 
ard AIEE one-minute dry test (335 kv), 
had been made, it was decided to develop 
the dry flashover strength of the bushing. 
Ten flashovers were made from 403 kv 
to 438 kv. 

Wet 60-Cycle Flashovers were made 
following the ten-sécond wet withstand 
test of 275 kv. Ten flashovers were made 
with voltages ranging from 340 kv to 
369 kv. 

Volt-Time Impulse Tests were made at 


toroid gap the standard value of 650 kv witha 1.5x40- 
Temperature ‘ 
(Degrees Fahrenheit) Relative Humidity Total 
Barometer Atmospheric Correction Correction 

Weather (Inches) Dry Wet Density Humidity Factor Factor 

Positive....... SOGGe.c. ot Sah Wittar.. 09700. ona ok (O11. Oi990. ate. 1.031 

Negative...... OONSS IAN. FE, Bako TA ROI 0.972. oe OUT TOM: yu 0.969 0.996 
night until Monday morning. Theentire microsecond full wave. To obtain 
condenser was then immersed in a large further data on the actual insulation 


tank of oil and given 40 impulse shots 
with a 67.5-inch gap in parallel. Volt- 
ages having a crest value of 1,880 kv 
were attained. This set of tests was 
followed by 25  steep-front impulses 
having a crest value of 1,900 kv. At the 
end of this series of tests, damage was 
indicated in 18 of the 30 steps in the con- 
denser which, however, successfully with- 
stood a 465-ky 60-cycle test for one 
minute. More detailed information is 
given in the appendix. 


138-Kyv BusHING TEsTS 


Power-Factor and Capacitance measure- 
ments were made at 13.8 kv with the in- 
verted Schering bridge. The power 
factor was 0.0037, and the capacitance 
was 399 micromicrofarads. High-voltage 
power-factor tests and capacitance meas- 
urements were made with a laboratory- 
type high-voltage Schering bridge. These 
measurements began at 47 kv and ended 
at 150 ky. The power factor at 47 kv was 
0.0035, and the capacitance was 362 mi- 
cromicrofarads. At 150 kv, the power 
factor was 0.0039, and the capacitance 
was 362 micromicrofarads. The high- 
voltage Schering bridge tests were re- 
peated several times during the series of 
60-cycle and impulse tests. No variation 
in these values occurred throughout the 
series of tests, indicating that the condi- 
tion of the bushing at the end of the tests 
was substantially the same as at the be- 
ginning. 

Radio-Influence Voltage measurements 
were made at several voltages up to 150 
ky. No reading exceeded 150 microvolts, 
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strength of the bushing, additional im- 
pulse tests were made with positive and 
negative waves. A total of 160 positive 
and negative wave impulses were made 
with a 1.5 by 40-microsecond wave, both 
full and chopped, from the results of 
which Figures 4 and 5 were drawn. 
These tests were followed by 180 steep- 
wave-front flashover tests. Crest volt- 
ages ranged from 982 kv to 1,745 kv. 
Additional data on this series of tests are 
given in the appendix. 

The insulation of the bushing was in- 
dicated to be unharmed at the end of 
this series of tests, and the bushing was 
taken to another laboratory for mechani- 
cal tests which are described in the ap- 
pendix. 


Conclusions 


High-voltage outdoor-type condenser 
bushings have been built in which the 
insulation is oilimpregnated paper. The 
bushings are usable and interchangeable 
on either circuit breakers or transformers 
of current design and in nearly all cases 
can be used to replace bushings of earlier 
design. The bushings are assembled 
completely and treated in the factory, 
then permanently sealed before shipment. 
They are designed to pass through bush- 
ing-mounting flange openings and cur- 
rent transformers without the disman- 
tling of any parts, since the entire con- 
denser structure is hermetically sealed in 
metal and porcelain. No special storage 
requirements for protection against 
weather or atmospheric conditions are 
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required. The design provides for emer- 
gency operation of a bushing over a con- 
siderable period of time, even though one 
of the porcelain casings might be broken 
or destroyed. Electrical tests required 
by the industry have been met with a 
wide margin of safety. Very high punc- 
ture strength has been demonstrated by 
the fact that no damage was done to the 
insulating members over a long series of 
electrical tests until after the enclosing 
porcelains had been completely destroyed. 
Power-factor measurements at both room 
temperature and elevated temperature 
Radio-influence voltage 
limits 


are very low. 
measurements were well within 
proposed. 

The tests reported in this paper were 
made on new bushings under good con- 
ditions. Bushings in service cannot be 
kept clean at all times and should not be 
expected to maintain continuously the 
high values obtained in these tests. 

Since 1936 the Detreit Edison Com- 
pany has rebuilt a large number of 132-kv 
condenser bushings using the old con- 
densers. Before the rebuilding, the var- 
nish was removed, and the condensers 
were impregnated with insulating oil. 
The satisfactory service record of these 
rebuilt bushings, with the limitations of 
old materials, is convincing evidence that 
the use of oil-impregnated paper con- 
densers is a valuable improvement in 
bushing construction. 

While the construction and processing 
of the rebuilt bushings and those de- 
scribed in this paper are not identical, 
the authors received valuable encourage- 
ment and stimulation from the early 
work done by the Detroit Edison Com- 
pany engineers in rebuilding bushings. 


Appendix 


Detailed Report of Special Tests on 
196-Kv Experimental Bushing 


Test 1—High-Voltage Schering-Bridge 
Tests at 200 Kv. Comparison standard 
capacitor comprising a stack of coupling 
capacitors, as read by 13.8-kv inverted 
Schering bridge; 0.0024 power factor, 642 
micromicrofarads. 

Apparent power factor and capacitance of 
bushing, mounted in large closed-top testing 
tank of oil, at 200 kv, assuming comparison 
standard power factor and capacitance to 
remain constant: 0.00305 power factor, 
297.5 micromicrofarads. 

This reading was rechecked, with insig- 
nificant small variations, at frequent inter- 
vals during the surge-testing program, and 
this served to prove that no appreciable 
damage was being inflicted on the bushing 
condenser by the tests. 

This reading neglects the unknown differ- 
ence between the capacitance of the com- 
parison standard as read by the inverted 
Schering bridge and as used in the conven- 
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tional high-voltage bridge circuit, because 
of the external capacitance to ground being 
included in the former and excluded in the 
latter, 

Test 2-—Radio-Influence Voltage Measure- 
ments to 200 Ko, Test made with stand- 
ard radio-influence measurement circuit,’ ? 
using 220-ky coupling capacitor, 


Mieroyolts, with bushing, ,,10,, 


25,.15,,20,,16 
System, without bushing,.,.10,,25,,15,,20, ,15 


Test 3—Dry Withstand Test, 465 ky, 60 
eycles, one minute (Schering- 
bridge check test at 200 ky.) 

Test 4—Impulse-Flashover Curve, kilovolts 
versus microseconds 1,5 by 40 microseconds; 
positive wave, 60-inch standard rod gap in 
parallel, 680 ky to 1,150 kv at 2 micro- 
seconds, See Figure 38 (40 shots)——success- 
check test at 200 


suceessful, 


ful, (Sehering-bridge 
kv,) 

Lest 5—Impulse- Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 57'/ineh standard rod gap 
in parallel, 770 kv to 1,800 ky at 1.2 micro- 
seconds, See Vigure 8, (40 shots)—suecess- 
ful, 

Vest 6—Impulse- Flashover Curve, kilovolts 
versus microseconds 1,5 by 40 microseconds; 
positive wave, 62'/y-inch standard rod gap 
in parallel, 820 kv to 1,650 ky at 2 micro- 
seconds, See Figure 8, (40 shots)—sue- 
cessful, 

Lest 7—Impulse- Flashover Curve, kiloyolts 
versus microseconds 1,5 by 40 microseconds; 
positive wave, 67'/ 
in parallel, 
seconds 


winch standard rod gap 
900 ky to 1,650 kv at 2 miero- 
See Figure 3 (40 shots)—success- 
ful, (Sehering-bridge cheek test at 200 ky.) 

No damage of any kind to the bushing 
resulted from any of the foregoing tests, 

Vest S—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave without gap in parallel, Ap- 
proximately 40 shots, 940 ky to 1,770 kv 
at 0,75 mierosecond, See Figure 3— 
successful, (Schering-bridge check test at 
200 ky.) 

In test 8, a small piece was broken off 
the edge of one skirt near the middle of the 
weather casing, 

Vest 9-—Impulse- Flashover Curve, kilovolts 
versitis microseconds 1,5 by 40 microseconds: 
negative wave without a gap in parallel— 
fest not completed, (Schering-bridge check 
test at 200 ky.) 

After three shots, a skirt of the lower por- 
celain was broken by flashover in the tank 
oil, and negative-wave flashover tests were 
discontinued, The standard poreelain for 
this 196-kv bushing is 861/, inches long, but 
to avoid waiting for manufacture of the cor- 
rect porcelain, this experimental bushing 
had been built with a porcelain 27'/, inches 
long, Therefore, performance of this lower 
porcelain was not pertinent, With the 
broken lower porcelain, the testing was 
resumed 

lest 10—Steep- Front Impulse Test, positive 
wave, O3-ineh standard vod gap in parallel. 
Ten shots 1,178 kv (uncorrected), Effective 
rate of rise ky per microsecond =870, 
Mashed on gap, 

Vest 11—Same as Test 10 except 1,709 ky 
(uncorrected), and effective rate of rise= 
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8,200 ky per microsecond. Ten shots. 
Eight shots flashed gap and two shots 
flashed both gap and bushing. 

Test 12——Sameas Test 11 except 1,850 kv 
(uncorrected)and 3,360 kv. Per microsecond 
effective rate of rise. 57 shots. All shots 
flashed both gap and bushing. 

Noises were heard in the test tank on 36th 
and 37th shots, indicating further shattering 
of the previously broken lower porcelain. 
Bridge readings were taken and found to be 
normal. Testing was resumed on the follow- 
ing day, On the 56th shot, a small piece 
was broken off the top end of the top por- 
celain, The 57th shot was taken, and a 
large piece was knocked out of the upper 
porcelain extending down to eighth skirt 
from the top. Apparently the bushing had 
lost oil because of breakage of lower por- 
celain, since none was found in weather 
casing when it broke. 

The bushing was temporarily lifted above 
the test tank for inspection, and the lower 
porcelain was found badly shattered. 

Bridge readings were taken at 200 kv and 
indicated the condenser to be unharmed. 
(0.0084 power factor; 297.5 micromicro- 
farads.) 

The bushing was removed from the test 
tank, 

The porcelains and flange were completely 
removed and the condenser examined. 
Slight markings were observed on the sur- 
face of the lower end, indicating that after 
the lower porcelain was broken, at least one 
flashover had occurred over the surface 
of the lower end of the condenser. 

The unprotected condenser was left 
standing from Friday night until Monday 
morning with the upper end exposed to air, 
the lower end, from the normal flange loca- 
tion down, was immersed in oil. Without 
further treatment, test 138 was made. 

Test 13—The condenser was suspended on 
a string of strain insulators in a 20-foot- 
diameter oil tank with the outer foil 
grounded, ‘To reduce voltage disturbances 
over the surface of the oil, the cap was used 
as a shield on the upper end of the stud, 
about half of the cap being under oil. The 
condenser was given the one-minute dry 
60-cycle withstand test of 465kyv. Results— 
successful. 

Test 14—Still in oil tank, as in test 18, an 
impulse curve, kilovolts versus wmicro- 
seconds, to flashover was run witha 1.5 by 40- 
microsecond positive wave and a 67!/»-inch 
rod gap in parallel to 1,880-kv crest. About 
40 shots were taken. The curve corre- 
sponded closely to the curve for the 67!/o- 
inch gap in Figure 3, Results—successful, 

Test 15—With the same setup as for 
test 14, 25 shots were taken with a positive 
wave rising to 1,900-kv crest, Effective 
rate of rise 3,360 kilovolts per microsecond. 
During the series, some bubbles rose, indi- 
cating breakdowns were occurring either 
over or through the condenser insulation. 
On the 21st to 25th shots, the gap did not 
flash. Inspection showed 18 of the 30 
steps in the condenser damaged, 

Vest 16—The condenser was again sus- 
pended in the tank as for tests 14 and 15, 
465 kv, 60 cycle was applied for one minute. 
The badly damaged condenser passed the 
regular 60-cycle withstand test. 

Test 17—The condenser was unwound, 


and all the breakdowns were observed to’ 


have occurred at the ends of the copper foil 
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or) 
/ o 
cylinders, some at the top and some at the // 
bottom end. Each breakdown burned 
through or flashed over one to three steps. 
The ends of the bushing had been exposed 
to the air after the removal of the porcelain 
casings. The paper was found thoroughly 
saturated with oil throughout the condenser. 


Detailed Report of Special Tests on 
138-Kyv 1,200-Ampere Bushing” 


The bushing tested was of standard de- 
sign and materials in all respects. The proc- 
essing equipment for production was not 
completed, and processing was done on 
experimental equipment. Tests as de- 
scribed in the following were made success- 
fully: 

Test 1—Bushing Mounted in Test Tank, 
room temperature: 


(a). 13.2-kv inverted Scher- 
ing bridge 
Capacitance 
(b). High-voltage Schering 
bridge 47 kv 


=0.00375 power factor 
=399 micromicrofarads 


=0.0035 power factor 


Capacitance = 362 micromicroiarads 
(c). 150 kv =(0 00395 power factor 
Capacitance = 3862 micromicrojarads - 


Test 2—Dry 60-Cycle Flashovers (corrected 
to standard atmospheric conditions): 


438 kv—432 kv—418 kv 
416 kv—403 kv—410 kv 


411 kv 
430 kv 


438 kv 
426 kv 


Test 3—Wet 60-Cycle Flashover (corrected 
kilovolts) : 


340 kvy—353 kv—353 kv—350 kvy—357 kv 
362 kv—369 kv—357 kv—353 kv—359 ky © 


Precipitation—0.2 inch per minute 
Water pressure—40 pounds per square inch 
Resistivity—7,000 ohms per inch cube 


Test 4—Schering-Bridge Test to 150 kv. 

Test 5—Time to Flashover Impulse Curve 
with special toroid gap set at 46 inches in 
parallel, to flash at 670 kv, 1.5 by 40-micro- 
second positive wave—40 shots up to 1,200 
kv. See Figure 5. 

Test 6—Time to Flashover Impulse Curve 
with standard rod gap set at 43.2-inch (700 
kv) 1.5 by 40-microsecond positive wave, 40 
shots up to 1,200 kv. See Figure 4. 

Test 7—Same as Test 5 except with nega- 
tive wave. See Figure 5. 

Test S—Same as Test 6 except with nega- 
tive wave. See Figure 4. - 

Test 9—Schering-Bridge Test at 150 kv in- 
dicated no damage. 

Test 10—Steep Wave-Front Flashover Tests. 
For typical oscillograph data see Table I. 

Test 11—Schering-Bridge Tests up to 150 
ky, together with inspection, showed the 
condition of the bushing to be the same as 
at the beginning of the test program. 


Drop Tests on 138-Kv 1,200-Ampere 
Bushing 


Bushing horizontal, supported on fulerum 
at one end and motor-operated lifting and 
dropping mechanism at other. Drops 21.5 
times per minute (1,290 per hour). See 
Table II. otf 


Elastic Bending De- 


flection of Bushing At Top End At Bottom End ‘ 


(°/s-Inch Drop) of Flange of Flange _ 
When dropping top 

ON). tictenn ike eee nore Vp TCH. 1 way 1/s inch 
When dropping hbot- 

Rom enone ena 8/jginch...... 1/s inch 
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Unusually Long Transmission Lines 
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Synopsis: Analysis of fundamental bases 
of relaying made as part of the engineering 
for the 270-mile 154-kv interconnection be- 
tween systems of Nebraska Power Company 
and Kansas Gas and Electric Company re- 
~veals that, of current, phase angle, im- 
pedance, and impedance angle, none alone 
offers satisfactory discrimination among 
open-circuit, short-circuit, and load con- 
ditions. Combination of input-impedance 
magnitude 2Z and impedance _ angle 
w=tan ‘Y/R is studied by means of “‘im- 
pedance circle diagrams’’ of the intercon- 
necting circuit. On these diagrams is 
charted the dynamic behavior of the inter- 
connected systems during faults and surges 
of synchronizing power. The desirable 
areas of trip and no trip are mapped, and 
general specifications for the performance of 
relay systems are presented in terms of 
impedance magnitude and angle, Z Zy. 
Thereby full advantage can be taken of all 
possible synchronizing power inherently 
available over the interconnection and at 
the same time faults and approach of out-of- 
step condition can be recognized properly. 


E-EXAMINATION of fundamental 
principles of transmission-line re- 
laying for phase protection and the de- 
velopment of advanced methods for cal- 
culating and specifying relay perfor- 
mance for long lines and interconnections 
have been included in the engineering of 
a 270-mile 154-kv interconnection be- 
tween systems of Nebraska Power Com- 
pany and Kansas Gas and Electric Com- 
pany.' This has led to development of 
new long-line-type relays described in a 
companion paper.” Installation and test 
of these relays under conditions of actual 


D.M. MacGREGOR 


E.E. GEORGE 


ASSOCIATE AIEE FELLOW AIEE 


operation are described in another com- 
panion paper.® 

The complete relay requirements for 
this interconnection are quite special, 
because the transmission line is unusually 
long; transformers are connected as parts 
of the line between terminal breakers, 
and automatic instantaneous reclosure of 
circuit breakers is employed to maintain 
synchronism after faults without benefit 
of other parallel ties. 


Bases for Relaying 


As introduction to the problems of re- 
laying this transmission circuit, some of 
the principal bases of modern relaying 
and their applicability to long-line inter- 
connections are reviewed. 


CURRENT MAGNITUDE AND PHASE-ANGLE 
BASES 


Figure 2 indicates as a function of 
length the magnitude of current which 
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F. C. PoaGr, C. A. Strerrus, D. M. MacGRecor, 
and E. E. Georce are electrical engineers with 
Ebasco Services, Inc., New York, N. Y. 


The authors express their thanks to C. W. Minard, 
Nebraska. Power Company; R. B. Gow, Kansas 
Gas and Electric Company; A. R. van C. War- 
rington and L. F. Kennedy, General Electric Com- 
pany, for their advice and suggestions; Teh-Ching 
Li who calculated data and plotted the character- 
istic curves for long lines; and to J. M, Lyon for 
his suggestions on several of the derivations, 


may be expected at the sending end of an 
open-wire transmission line with con- 
154-kv 60-cycle 
operation for open circuit, for a representa- 
tive load, and for short circuit. Study 
of these curves reveals that there is little 
or no hope of attaining discrimination 


struction suitable for 


between load and short circuit by measur- 
ment of current magnitude on lines much 
This 


virtually rules out consideration of over- 


in excess of 100 miles in length. 


current relays for long lines. On the 
270-mile line under study, there would be 
absolutely no margin since the current on 
load swings exceeds the short-circuit cur- 
rent for faults at the far end of the line. 
It should be noted also that the line- 
charging current is nearly equal to the 
minimpm short-circuit current. 

In .this a representative 
load is assumed to be an impedance equal 


discussion, 


to the characteristic impedance or surge 
impedance of the line? 2Z,= Vs 4. 
However, as explained in the paragraphs 
which follow, momentary requirements 
for transfer of synchronizing power be- 
tween large systems easily may result in 
tie-line current considerably greater than 
surge-impedance load and even in excess 
of far-end short-ciacuit current. 
The phase-angle functicn in 
mission-circuit performance and its rela- 


trans- 


tion to relaying can be studied conven- 

iently by beginning with the power circle 

diagram representing power input to the 

circuit terminal at the relay location. 
2 


This diagram is plotted in Figure 3 from 
the sending-end power equation 1 


E,E, -——— 
/(A-8)-~/Brs+ 8) 


The form of this equation, and the 
notation used, are explained fully in 
Appendix I. 

The first term of this equation depends 
only upon the circuit constants and the 
voltage /, at the near end or sending end 


Deflection Tests of 138-Kv 1,200- 
Ampere Bushing 


Bushing mounted vertically by its flange. 
Sidewise stress applied, and deflection meas- 
ured to left and to right, seven times each, 
first at top end and then at bottom end of 
bushing. Deflections apparently were en- 
tirely elastic up to 220 pounds maximum 
applied. 


Deflection per 100 pounds side stress: 
Top end—0.00625 inch. Bottom end—0.0052 inch, 
Vibration Test 


Motor with flywheel unbalanced 0.474 
pound-foot, attached to top of bushing, was 
run 84 hours at 1,300 rpm, exerting a cen- 
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| 


} 


| 
trifugal force of 278 pounds, vibrating the 
top of the bushing to a deflection of approxi- 
mately 0.014 inch from the center line. No 
oil leak or other damage resulted. 
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of the circuit and defines the location of 
the center 0’ of the power circle. The 
second term defines the magnitude and 
direction of the radius of the power 
circle. 

When E,<D&,, the power circle radius 
E,E,/B becomes less than £,2D/B, which 
is the distance 0-0’ of the center to the 
origin, then the steady-state side of 
the locus P, lies between the origin 0 
and the center of the power circle 0’. 
With these conditions, the power-factor 
angle @ lies in the same general direction 
at normal loads as it does for short cir- 
cuits on the line. 

A numerical example will make this 
effect clear. For a line about 150 miles 
long, of uniform symmetrical construc- 
tion and without terminal transformers, 
D=A=0.95 (see Figure 8). Assume 
first that H,=DE,, which means that 
far-end or receiving voltage is 95 per cent 
of the near-end or sending voltage. This 
is a normal condition. The power circle 
for this condition passes through the 
origin of the diagram (P=0, Q=0). For 
zero power flow (P=0), the power-factor 
angle @ is indeterminate. For small flow 
of power from the bus to the line (P>0), 
9 is nearly equal to 90—6+A degrees. 
For a small reverse flow of power (P <0), 
6 is slightly greater than 270—p+A 
degrees. This is a change of nearly 180 
degrees in the value of @ for a very small 
change in load over the line which may be 
a tie between two systems operating in 
synchronism. 

Next consider what happens upon a 
change in the relative voltage levels at 
the two ends of this same line. Assume 
now that #,=0.90F,. Since H,<DE,, 
the power circle for this condition crosses 
the vertical axis Q —Q below the origin. 
For condition of no power flow (P=0), 
the power-factor angle @ is 270 degrees, 
meaning that the near-end or sending 
system is supplying reactive volt-amperes 
(—Q) to the line and to the far-end or 
receiving system. 

LaSteeGhaGe we SINCE 
i, > DE,, the power circle for this condi- 
tion crosses the vertical axis Q —Q above 
the origin. For the condition of no 
power flow (P=0), the power-factor 
angle is 90 degrees, meaning that the 
near-end or sending system is obtaining 


Assume 
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3-15000 KVA 
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3-5 000 KVA 30 
SHUNT REACTORS 


KANSAS 


Figure 1. One-line diagram of interconnection 
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reactive volt-amperes (Q) from the line 
equal to the charging kilovolt-amperes 
of half the line. 

From this example, it may be seen that 
the power-factor angle @ may swing to any 
position within a complete circle of 360 
degrees under normal load conditions. 
It therefore cannot be used alone as basis 
for discrimination between load and fault 
conditions. 

To complete this analysis of phase 
angle, it is necessary also to investigate 
cases of short circuit, open circuit, and 
loads approaching stability limits. 

Points corresponding to open circuit 
at the far end are not readily plotted on 
the near-end or sending power circle dia- 
gram until the sending-end power is 
determined from some other equation. 
The power for this condition is P,=E,? 
(C/A), which is the charging kilovolt-am- 
peres of the circuit. For uniform open-wire 
lines, this falls in the first quadrant of the 
power circle diagram for all lengths 
up to '/, wave length, or nearly 760 miles 
for 60-cycle power lines having low- 
resistance conductors. Thus the power- 
factor angle 6 for this open-circuit condi- 
tion on such lines is always less than 90 
degrees and for most lines less than 600 
miles long is very near 90 degrees. 

For a short circuit at the far end of a 
circuit (H,=0), the power P, at the near 
end is found directly from equation 1, 


—£.E 
a /(6;s+8). 


Since EH,=0, the second term of this 
equation disappears, and the power 
is the first term which locates the center 
of the power circle 0’. Since all such 
centers for all values of EH, and for all 
lengths of uniform lines up to very nearly 
1/, wave length, say to 700 miles for 60- 
cycle power lines having low-resistance 
conductors, fall in the fourth quadrant, 
the power-factor angle @ for short circuits 
on such lines is always between 270 and 
360 degrees and is /(A—8), corre- 
sponding to the length of line to the point 
of fault. 

For analysis of cases near the stability 
limits of a circuit, it is necessary to refer 
again to the power circle diagram and 
power equation. For any pair of values 
of EH, and F,, there is one near-end or 
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Figure 2. Current input to line from 154-kv 
bus as a function of length and far-end terminal 
load 


sending power circle. The maximum 
power (P,max) which can be put into the 
circuit from the near-end bus at these 
voltages is specified by a tangent to the 
power circle drawn to the right-hand side 
of, and parallel to, the Q -Q axis. The 
maximum power (—P,max) which can be 
taken from the circuit into the same bus 
is specified by a similar parallel tangent 
drawn to the left-hand side of the Q -Q 
axis. 

These two values of power (P;max) 
and (— P,max) are not steady-state power 
limits, as might be thought at first glance. 
The true steady-state power limits for an 
interconnection established by such a 
circuit would ordinarily be less than the 
values thus indicated, depending upon 
characteristics of the systems inter- 
connected. However, power loads of 
these magnitudes may be imposed mo- 
mentarily on interconnection circuits 
during power swings following system 
disturbances. Figure 5 illustrates the 
moment-to-moment changes in angle 
between two systems and the two ter- 
minal voltages of the interconnecting 
circuit during a system disturbance as 
obtained from an a-c network analyzer.® 
The angle 6,, is the link or factor con- 
necting this figure with the power circle 
diagram, Figure 3. It is the angle be- 
tween the terminal voltages EH, and &, 
and must not be confused with either the 
phase angle # between current and voltage 
or the impedance angle y=tan—1(X/R), 
used in power and impedance diagrams 
respectively. This angle 6,, is so im- 
portant in the subsequent discussions that 
calibration scales of it are included in 
many of the figures, and diagrams are 


re 


included for the purpose of identifying — i 


corresponding points as related by this 
angle throughout these discussions. 
Referring again to the power limits on 
the power diagram, Figure 3, it is seen 
that on the upper or stable half of those 
| 
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Figure 3. Construction of sending-end power 
circle diagram from equation 1 


power circles which enclose the origin 0, 
that is, circles corresponding to E,>DE,, 
the phase angle # swings continuously in 
one direction through more than 180 
degrees as the power simultaneously 
swings through its full range from 
(P,max) to (—P,max). For fixed near- 
end voltage #, and at one or both of the 
loads, (P,max) and (— P,max), the kilo- 
volt-amperes and the current J, measured 
at the near-end terminal of the circuit 
are greater than the kilovolt-amperes 
and current at the same terminal in case 
‘of short circuit at the far end. 

The very wide range of power-factor 
angles @ and the lack of discrimination 
between magnitude of load and fault 


current previously discussed make over- - 


current, directional, and volt-ampere 
relay elements unsuitable for the phase- 
to-phase protection of long lines when 
used alone, in combination with each 
other, or in combination with impedance- 
magnitude elements. This is likewise 
true for any tie circuit whether long or 
short, if the impedance of the tie is large 
compared with that of the systems. In 
other words, it is true in any case where 
the synchronizing power required to hold 
systems in step causes large angular 
separation (6,,) between terminal bus 
voltages. 


INPUT-IMPEDANCE MAGNITUDE AND 
ANGLE 


It is most helpful and enlightening also 
to look at the general transmission circuit 
from the impedance viewpoint, which is 
probably better understood by communi- 
cation engineers than by most power engi- 
neers. The 60-cycle input impedances of 
uniform lines with a conductor size and 
spacing suitable for 154-kv operation are 
shown for all lengths from 0 to 800 miles 
in Figures 6 and 7. The three curves of 
Figure 6 give the magnitude of sending- 
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Figure 4. Power circle diagram of the 154-kv 
interconnection for condition E,, =154 kv 


end impedance with receiving-end open- 
circuited, loaded with surge impedance 


Z,=V3/9, and short-circuited respec- 
tively. The three curves of Figure 7 simi- 
larly give the angles y=tan—(X/R) of 
these same impedances. 

Study of Figure 6 reveals that im- 
pedance magnitude alone, or measure- 
ment of ohms, does not give a good basis 
for successful discrimination between 
open, load, and short-circuit conditions 
close to the far ends of radial-feeder cir- 
cuits having electrical length corre- 
sponding to more than about 200 miles 
of open-wire line. In contrast to this 
conclusion, study of Figure 7 shows that 
angle of the input impedance is radically 
different, depending upon far-end condi- 
tions. This suggests that measurement of 
circuit-impedance angle, ~=tan—(X/R), 
should provide a basis upon which 
successful discrimination can be made 
between normal and fault conditions 
and upon which relays can be de- 
signed for long lines, possibly up to 600 
milesinlength. A little further considera- 
tion, however, indicates that this basis 
may also have limitations. The deriva- 
tions of the impedance formula given in 
Appendixes II and III indicate that, fcr 
each point on the power circle diagram 
of Figure 3, there is a corresponding im- 
pedance magnitude and, further, that 
the impedance angle y=tan1(X/R) is 
tke conjugate of the power-factor angle 8. 
We have already discussed limitations 
of power-factor angle 0 as arelay quantity 
and, because of the conjugate relation, 
can infer that some of the same limitations 
might apply to the impedance angle y. 
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Combinations of impedance magnitude, 
impedance angle y, and impedance com- 
ponents present possibilities as bases for 
relaying which must be explored For 
analysis of these, it is necessary, or at 
least very desirable, to have circuit char- 
acteristics and performance completely 
expressed in chart form on resistance and 
reactance co-ordinates.7 


Construction and Interpretation of 
Impedance Circle Diagrams 


There are certain well-known advan- 
tages of impedance as a basis for relaying. 
It is independent of system voltage, and 
except in special cases, is independent of 
the number and location of generators in 
service, and is primarily dependent only 
upon circuit constants. Hence it was 
decided to study further the possible com- 
binations of impedance magnitude and 
angle to determine the performance which 
would be required of impedance and re- 
actance relay elements to protect properly 
tke proposed circuit and to find what 
modifications, if any, would be necessary 
in conventional relay elements. 


In this attack on the problem, it was 
desirable to obtain general formulas for 
the sending- and receiving-end imped- 
ances in terms of the ABCD general cir- 
cuit constants and tke sending and re- 
ceiving voltages. With this goalin mind, 
the following equations for near-end or 
sending-end impedance in terms of the 


circuit constants and voltages were 
used: 

By? E,-B, j——— 
P,=——/(A-—8) --——/(6,5+8B) 
s B /(A—-B B /(ors+8 


(see Appendix I) (1) 
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_ (con) Ey) E, 


ae" (2) 
F P, 
D-B 
= - A- ))= 
D9 mn (Foy | Eig)? 
BE, / Es 
r/ i /\o-B) (3) 


Dt— (E,/E,) 
This substituting 


equation | in equation 2 as is developed 


was obtained by 
in Appendixes II and ITT, 

Similarly the following equations in 
terms of farend or receiving quantities 
also are useful, 


Tay By Bh A 
a ae (byg a) /(B— a) (4 
Pw, /(Bpp =| at Al, ) 
,, _ (con) E,) E, (5) 

P, 
B(Biy/ li 
yt / a (b+) 
At (Lh y/ ey)* 

AB 

-/( a) (6) 
A4( Li g/ Foy)* 


This equation 6 is companion to equa 
tion 8 and is derived by the same method 
as given in Appendixes 11 and IIL, 

Symbols appearing in the preceding 
equations and elsewhere in this paper are 
identified in Appendix VIII, 

Krom a relay standpoint, equation 3 1s 
of first interest, beeause it defines the 
impedance of a protected cireuit as 
“seen” by relays at the near-end terminal 
of that 


interest but is of less immediate signifi 


caireuit, Equation 6 is also of 
cance, because a diagram plotted from 
equation 3 gives sinilar results, 
Kquation 3% when plotted on imped 
anee co-ordinates is represented by a 
The 


these 


family of eireles as in Figure 9, 


mathematical relations between 
circles and those of the power cirele dia 
grams, igure 3, 


appendixes, 


are developed in the 
The derivation of the im 
the 
center of each cirele representing a given 
ratio of terminal voltages /,//, lies on 
line O-0 (Migure 9) passing through the 
origin (RO, X=0) at an angle/(p— A) 
with the R-K axis, Vive such eireles are 
of particular interest in this discussion, 
These are the ones corresponding to two 
general and three special values of the 
ratio L,/H,, a8 follows: 


pedance, equation %, shows that 


ii ii ii, 
'>D, =D, —<D, and £,=0 


Hy 1D I 


y=), 
4h 

The first of these circles whieh should 
he examined is one in which the near-end 
or sending voltage ,=0, In this case 
rilio M,/My= ©, This corresponds to 
condition of short cireuit at the location 
of the relays, Since impedance “geen” 
by the relays is Z,*0, the eirele is a point 
which coincides with origin 0, 
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VOLTAGE ANGLE — DEGREES 


Figure 5. Swing curves of bus voltages and of 

equivalent internal voltages of generators dur- 

ing tripout and reclosure of interconnecting 
line 


The second circle falls in the general 
group defined by condition 1,/H,>D. 
(Referring back to the power circle dia- 
gram Figure 3, it is found that this condi- 
tion defines power circles which enclose 
the origin.) By plotting one of this gen- 
eral group of circles, it is found that the 
center lies on the line 0-0 below the origin 
One 
particular case in this group of circles 
is that for which L,=E,, In this case, 
the distance from the center 0, to the 
origin of the diagram is (D-B)/(D?—1) 
and the radius is B/(D?—1), 

The third circle of interest is the special 
case in which ,/H,=D, In this case 
(reference to the power circle diagram, 
Vigure 3, reveals that the corresponding 
power circle passes through the origin of 


of the diagram, for example at Oy, 


the diagram indicating one point of zero 
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Figure 6, Magnitude of 60-cycle input im- 

pedance of a line suitable for 154-ky operation 

as @ function of length and far-end terminal 
load 
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Pie : 1 
power), the circle has diameter of 


and radius of » and is therefore a straight 
line. This straight line is perpendicular 
to the line of centers 0-0 and intercepts 
it at distance B/2D above the origin. 
However, this location cannot be found 
from equation 3 but must be found as 
explained in a later paragraph. 

The fourth circle is one in the general 
group defined by the condition L,/E,<D. 
(Again referring back to the power circle 
diagram, Figure 3, it is seen that circles 
of this group lie entirely to one side of the 
origin of the diagram.) This fourth 
circle has finite radius and its center is 
located on the line of centers 0-0 above 
the origin, for example, at 0,4. 

The fifth of these circles is the case 
where /£,=0, corresponding to short cir- 
cuit at the far end of the line. This circle 
has no radius and is therefore a point. 
Its location is on the line of centers 0-0 at 
distance B/D upward from the origin at 
05. For convenience this point may be 
called the far end of the circuit, and the 
origin 0; can likewise be called the nearend. 

In plotting these circles, the intersec- 
tion of each with the line of centers 0-0) 
on the side nearest to the origin 0, is of 
greatest importance. Since these inter- 
sections are obtained from the impedance 
equation 3 as the difference between two 
quantities which may each be quite large, 
infinite in one case, it is often desirable 
to locate these intersections by other more 
accurate means and then to make the 
circles pass through these points by slight 
adjustments in location of the correspond- 
ing center or radius if necessary. 

Referring back to the power circle 
diagram, Figure 3, the corresponding 
point in that diagram is located at M 
where power circle P, crosses the line of 
centers 0-0’ extended. The power P, 
at that point has scalar value equal to the 
sum of the radius, and the distance from 


the origin to the center 0-0’ which sum is. 


\Pshm= (E,2D)/B+E,E,/B. The imped- 
ance corresponding to |P,|, is therefore 
E,?/\Ps\m A numerical substitution of 
values corresponding to either actual or 
per-unit voltages permits easy calcula- 
tion of this impedance which is then used 
to locate the intersection in question on 
the impedance circle diagram, Figure 9. 
It should be noted that all such inter- 
sections fall between the points 0; and 05. 

As indicated in the appendixes, the 
authors have found no satisfactory way 


of relating the angle } appearing in the 


impedance equation 3 to the angle 4,s 
between sending- and receiving-end volt- 
ages. To date, the impedance circle 
diagrams similar to Figure 9 used in their 
calculations have all had these points 
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Figure 7. Angle of 60-cycle input impedance 
of a line suitable for 154-kv operation as a 
function of length and far-end terminal load 


representing various values of 6,, indi- 
vidually computed and located by the 
following method. 

The impedance angle y=tan1(X/R) 
appearing on the impedance circle dia- 
gram, Figure 5, is the conjugate of the 
corresponding power-factor angle 6 ap- 
pearing on the power circle diagram. 
These angles 9 are measured for each of 
several desired values of 6,, on appropriate 
power circles of diagrams similar to 
Figure 3 and transferred to the corre- 
sponding impedance circle diagrams by 
locating the intersections of lines Z, 
extending from the origin at the conjugate 
angles W and the corresponding impedance 
circles as in Figure 9. 


Locus of Impedance During System 
Disturbance 


If the impedance circle diagram, Figure 
9, is used, it is quite enlightening to follow 
the dynamic behavior of an interconnec- 
tion during a power swing as it is repre- 
sented by the swing curves of Figure 5. 
Prior to system disturbance, the angle 
6,, is relatively small, as can be deter- 
mined from load and terminal voltages by 
referring to the appropriate power circle 
diagram similar to Figure 4. Assume for 
the moment that the direction of the 
power flow is from the bus to the inter- 
connecting circuit at the location of re- 
lays. For purposes of this discussion, we 
may assume the impedance “‘seen”’ by the 
relays to be at A on Figure 9. Upon 
occurrence of a short circuit on the inter- 

‘connecting circuit close to the far end, 
the impedance instantly assumes a value 
closely ccrresponding to ,/H,=0. This 
may be assumed as being at B. 

If relay and breaker action is correct, 
both ends of the interconnecting circuit 
are immediately tripped out, and the 
systems begin to drift apart as indicated 
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in the swing curve, Figure 5. By the time 
the interconnection has been reclosed at 
both ends, terminal voltages will have 
drifted apart by several degrees so that 
the impedance ‘“‘seen’” by relays has 
moved around the impedance circle from 
original position A toward the line of 
centers 0-0 and now occupies position C, 
possibly on another circle representing a 
different ratio H,/E,. Further swing in- 
creases the angle 6,, until the respective 
accelerations of the two systems have 
been overcome and 6,, has reached 
maximum value. 

As has been pointed out earlier in this 
paper, the angle (6,,.max) may exceed 
90 degrees, and the resulting impedances 
may fall in the general vicinity of D. 
Recovery of the system toward normal 
voltages and angles causes the impedance 
to retrace path D, C, A and oscillate about 
the original angle and impedance values 
at A until the systems finally resume their 
original relation. 

A similar step-by-step analysis of be- 
havior based upon the opposite flow of 
power, that is from circuit to bus, is rep- 
resented by a similar group of points, 
i, B, F, G, and #, on the left-hand side 
of the diagram. 


IMPEDANCE REFERRED TO FAR END OF A 
NONUNIFORM CIRCUIT 


Figure 9, which is the plot of equation 
3, has been used in the preceding dis- 
cussion of conditions as ‘‘seen’’ when 
“looking into” the circuit from the near 
end or so-called, but somewhat misnamed, 
“sending end.’’ To complete the study, 
it is necessary to investigate at the same 
time what takes place at the far end or 
receiving end of the circuit. Figure 10 
is the plot of equation 6, which presents 
the same information in terms of far-end 
or receiving quantities. In comparing 
these two Figures 9 and 10, the first thing 
which attracts attention is the fact that 
the diagrams are similar in construction 


_ except | for 180-degree rotation with re- 


spect to the axis of the diagram. The 
A aal corresponds to the change in 
viewpoint required to “‘see’”’ the circuit 
from the opposite end. The dimensions 
of these two diagrams differ from each 
other only for nonuniform circuits in 
which D <A is not equal to A<a. For 
uniform symmetrical lines, or for such 
lines terminated in transformer banks 
having identical electrical characteristics, 
it would be sufficient to use Figure 9 for 
far-end or receiving conditions by making 
the following changes: 


(a). Rotate the diagram 180 degrees. 


(b). Reverse the resistance scales, R for 
—R and vice versa. 
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(c). Reverse the reactance scales, X for 
— X and vice versa. 


(d). Substitute reciprocal values for the 
ratios E,/Ez,. 


(e). Substitute conjugate values for the 
angles 6;,; that is, in place of 6,,=45 degrees 
substitute 6,,=315 degrees, and so forth. 


Application of Impedance Circle 
Diagrams to Long-Line Relaying 


The impedance circle diagrams, Figures 
9 and 10, can be combined on one chart 
to give a very complete picture of im- 
pedance conditions affecting simultaneous 
relay performance at the two ends of an 
interconnecting circuit in the following 
manner: 


1. Cutoff each diagram along the straight 
lines representing the condition E,/E,=D 
in the near-end sending diagram, Figure 9, 
and the condition £,/E,;=A in the far-end 
receiving diagram, Figure 10. 


2. Fit the two diagrams together along 
these twa lines and match lines of centers 
0-0. 


The co-ordinates of the two diagrams 
are thus offset from each other both 
horizontally and vertically. 

Figure 11 is the result of such combina- 
tion for *the Kansas—Nebraska 154-kv 
interconnection. Because transformers 
at the opposite ends of this line are not 
alike, the A and D constants of the cir- 
cuit are not equal, Consequently the 
co-ordinates are skewed slightly, and im- 
pedance values scaled across the bound- 
ary line L-L are not strictly accurate. 
In spite of these minor shortccmings, the 
combined diagrams furnish an excellent 
basis for relay studies. ; 


ANGLE OF A\B&C 


SCALE OF A&C 


° 200 400 609 600 
LENGTH OF LINE —MILES 


Figure 8. Values of general circuit constants 
A, B, and C as a function of length for a line 
having the following constants: 


r=0.252 ohm per mile 
x=0.803 ohm per mile 
b=5.2210-° mho per mile 


bo 
I 
© 
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for this circuit 


noted that 
and D are 0,824 and 0,769 
In no case of steady-state 


It will be 
values of A 
respectively, 
operation is it likely to be desirable or 
practical to have ratios H,/H, or H,/IL, 
as low as these A and D values, There 
fore it is not necessary to consider seri- 
ously impedance circles having centers in 
the areas which were cut off when these 
On the 
combined impedance diagram, Migure 11, 
circles corresponding to /,/M,= 1.00 
0.10, or a total range of 20 per cent in 


two diagrams were combined, 


voltage ratio, are plotted to serve as ap 
proximate boundary lines between which 
normal operation is expected, Distances 
along the lines of centers between points 
K and N are approximate measures of 
fault location, and the boundaries of trip 
and no-trip regions are added on this 
basis, 

This combined diagram not only 
shows the impedance “looking” into the 
interconnecting circuit from each end, 
but on it are also plotted limiting im- 
pedances which relays will “see” during 
open-circuit conditions, zero-power-trans- 
fer condition, and short-circuit conditions, 
The lower part of this diagram shows the 
impedance looking into the Kansas ter- 
ininal transformers toward Nebraska, 
and the origin K of the graph corresponds 
to a short circuit on the Kansas 182-kyv 
bus. Similarly, the upper part of the 
diagram “looks” into the circuit from the 
Nebraska 66-kv bus, and short cireuit on 
the Nebraska 66-kyv bus falls on the origin 
N. This combined diagram is replotted 
in Figure 12, 
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Figure 9 (left). Con- 
struction of sending- 
endimpedancecircle 
diagram from equa- 
tion 3 


Bas SCALES 


30° 


Figure 10 (right). 
Construction of re- 
ceiving-end imped- 
ance circle diagram 
from equation 6 


Analysis of the combined 


diagram 
shows that all solid phase-to-phase faults 
on the line or in the terminal transformers 


would establish impedances, as “‘seen’’ 
from the ends of the line, which would fall 
along the line of centers 0-0 between the 
origins or terminals Vand K, If the fault 
is an arcing type such as one started by 
lightning, the fault impedance as “‘seen’’ 
from terminal K would fall in the shaded 
area B in Figure 12 to the right of the 
line K-N because of the are resistance. 

Similarly, for the same arcing fault, the 
impedance “seen’’ from terminal NV 
would fall in the shaded area // to the 
left of the line K-N, 

Normal operating impedances corre- 
spond to the shaded areas A and A’ for 
power flow from K to N and to the areas 
Hand f’ for power flow from N to K. 
The exact impedances in these general 
areas are determined by the ratio /,/f, 
and the angle 6,,.. Both of these factors 
can be determined for any load condition 
from the power circle diagrams of the 
circuit, 

During system disturbances, the im- 
pedances “seen” by the relays may move 
out of the normal operating areas A aud 
A’, or Hand Li’, into the regions of maxi- 
mum synchronizing power D and D‘, or 
G and G’, as explained in a previous sec- 
tion “Locus of Impedance During System 
Disturbance.” If the systems do not 
recover from the disturbance and thus fall 
out of step, this loss of synchronism is 
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indicated by further movement of the 
impedance across the line N-—K and 
through the areas corresponding to faults 
near the middle of the circuit. 

Impedance magnitudes at the high-load 
edge of areas A, A’, EL, lf’ and in the areas 
of maximum synchronizing power are less 
than some impedance magnitudes in the 
fault areas B and JT. 

This clearly requires that a closely 
drawn border line must be established 
between the power-swing area, from 
which the systems may be expected to 
recover, and the actual fault zone. To 
obtain the maximum usefulness of an 
interconnection, it is necessary for the 
relays controlling the circuit to dis- 
criminate accurately between trip and 
no-trip conditions along this border line. 
On interconnections of this nature, there 
is no harm in permitting tripping on the 
out-of-step swing into the fault area after 
all hope of maintaining synchronism is 
lost. In fact, tripping before the angle 
6,, first reaches 180 degrees rather than 
waiting through two or three cycles of 
slip to recognize the out-of-step condition 
is of utmost importance to prevent propa- 
gation of further system disturbances. 
SUMMARY » 

The characteristics of long lines and 
interconnections differ from those of short 
radial feeders and loops within close-knit 
networks and dictate special relaying 
treatment for these circuits. These 
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characteristics may be expressed in terms 
of impedance magnitude and angle on 
diagrams similar to Figure 9 and Figure 
11. Ifthese impedance diagrams are used, 
it is possible to define completely and 
clearly the necessary relay requirements 
to protect and control a long power-trans- 
meson circuit or interconnection. 


Required Performance of Long-Line 
Relays 


Expressed in the language of these 
diagrams, relays for long power-trans- 
mission lines or for loose-linked inter- 
- connections should: 


1. Close their trip-circuit contacts instan- 
taneously at both terminals for all im- 
pedance values occurring between terminals 
N and K in areas B and H of Figure 12 
caused by either power swings or faults. 


2. Not trip at any time for. values of cir- 
cuit impedance corresponding to high-power 
swings or high kilovolt-ampere transfers in 
the areas A, A’, D, D’, or E, E’, G, G’. 


3. Provide time-delay backup tripping for 
faults in areas B and H which are beyond 
the far end of the circuit. 


4. Prevent immediate tripping of terminal 
breakers, for faults in the systems external 


to the protected circuit, by means of carrier- 
current blocking principles. There should 
be no objection to such tripping after proper 
time delay. 


5. Provide instantaneous tripping of ter- 
minal breakers for ground faults on the pro- 
tected circuit by means of carrier-current- 
controlled directional ground relays. 


6. Provide time-delay backup protection 
independent of carrier-current control for 
all ground faults. 


LIMITATIONS OF LONG-LINE PROTECTIVE 
RELAYS 


From a very brief study of lines longer 
than the 270-mile interconnection cited 
in this paper, it appears that these same 
principles of protective relaying can be 
applied to transmission lines of greater 
length without intermediate switching up 
to any limit at which synchronism can be 
maintained between constant voltage 
systems. This limitation is imposed by 
the fact that the input-impedance angles 
y=tan1X/R for such long lines approach 
the characteristic impedance angle which 
is small, 

In considering the field of unusually 
long-distance transmission of power, it 
appears that but little consideration has 


Figure 11 (left). 
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Figure 12 (below). 
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yet been given to methods of protecting 
the lines to differentiate between faults 
and power swings. It is hoped that this 
analysis of relay performance require- 
ments will stimulate thought and dis- 
cussion on this complex subject. 


Appendix |. Power-Circle-Dia- 
gram Equations 1 and 4 


The general ABCD equations for a circuit 
are 
E,=A-E,+B.-I, 
I,=C-E,+D-I, 


From equation 7, J,=(E,/B)—(A-E,/B.) 


(7) 
(8) 


Substituting this into equation 8, we have 


D-E, ( A”) 
=—— + EF C—=— (9) 
B 
DIESE 
I,=——+—-(B-C—A-D) 
B 
Since A-D—B-C=1 
9 ty oieey oe 
— (10) 
B B 


Using equation 10 and substituting for J, in 
P,=/3 (conj E,)-1;=P+jO 


P (conj E,)-D-E, (conj E,)-E, 
a B B 


(11) 


If 5,; represents the variable angle between 
terminal bus voltages, this equation may be 
expressed as follows (writing the circuit 
constants in polar form): 


Yj Yj / 


Vf 


+ 


VS 


S227 A\ ZAK) 


OM Za 
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Similarly, solving for E, and J, from equa- 
tions 7 and 8, equation 4 for receiving power 
may be obtained. 


ap E,?-A =—— 
BEG Saye /(B—@) 


4 
Be era B oe 


P,= 


In equations 7, 8, 9, and 10, voltages, cur- 
rents, and circuit constants are on phase-to- 
neutral basis. In equations 11, 1, and 4 
power is total three-phase power with volt- 
ages on a phase-to-phase basis, currents are 
phase currents, and circuit constants are 
on phase-to-neutral basis. 


Appendix Il. Basic Impedance 
Circle Diagram Equation 


Q 


In order to derive equations 3 and 6, the 
following review is presented covering the 
method of inverting a complex quantity of 
the form: 


Y,=a/a—b/(s—8) (see reference 8) (12) 


This equation is an admittance form which 
can be converted to the impedance form 
using graphical resolution and some arti- 
fices. 

A plot of admittance, equation 12, is 
shown in Figure 13. a Z @ locates the center 


of the circle, and b/(6—B) is the rotating 
vector with variable angle 6. Principal 
points in this figure are labelled 1, 2, and 3. 

If the reciprocals of points on this circle 
are taken and plotted on a convenient scale, 
another circle will result as shown in Figure 
14, which is the locus of the end of the 
impedance vector Z, (the reciprocal of Y,), 
and points on it are conjugate impedance 
values from Figure 13. An equation may 
be derived for Figure 14 by first comparing 
points along the complex quantity passing 
through the center of the circle with cor- 
responding points in Figure 13. If VY, is 
the distance from the origin to point 1, then, 
if the values from equation 12 for the 


distance to the center of the circle and 
radius of circle are used, V,,=a—) and 
Yo.=at+b. 

The corresponding points in the im- 


pedance diagram Figure 14 are 


Ss 1 
a+b 


1 
Vo ee Zing 


a—b’ 
Diameter of impedance circle in Figure 14 is 


1 1 2b 
a—b a+b a?—b? 


Zor —Z2= 


and radius is 


R= diameter a Zar Zo rs b 
2 2 a’—)? 


The magnitude of the complex quantity 
locating the center of the impedance circle 
is 


(Zo2)+(radius, R) =——4+——— 


By analysis and comparison the angles may 
be found, and hence complete impedance 
equation for Figure 14 is 


Z2= 


a = 
pela /-8) (13) 


a? 
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It is interesting to note how the preceding 
equation 13 is related to the admittance 
equation 12. The constants a and b are 
now divided by (a?—b?). Also the con- 
jugate of Za and /(6—8) are the angles 
of the fixed quantity and radius of the circle 
respectively. But angle 6 is not the same as 
¢@ as discussed later in the following ap- 
pendix. 


Appendix Ill. Equation 3 


The derivation of this impedance equa- 
tion is based on the following fundamental 
equations: 


cony Eyck, LH, 
Zz _ (conj Es) Es _ E;? 


2 
s P 2 P, ( ) 


E,?: 
P,=- 
B 


Di hapee Eris +8) (1) 
—— B 

Equation 2 shows the relation between 
the three-phase power in any part of a cir- 
cuit, the phase-to-phase voltage of that part 
of the circuit, and the phase-to-neutral 
impedance. Equation 1 is derived in Ap- 
pendix I. 

The reciprocal of equation 2 is the admit- 
tance form as follows: 


(14) 


Substituting equation | into the preceding 
equation gives the following general equa- 
tion: 


melt | gy) Mek 3, +) 15 
p MAO y Mite) (8) 


E,? 


on simplifying 


sl 248) (yee 
Yay =p O-B)- FE e/Gnt8) (16) 


Since this is an admittance equation, it is 
not wholly satisfactory for our purpose if 
we discuss impedance relays and their rela- 
tion to circuit impedance. This admittance 
form will, however, be very useful as. will 
be shown later. By taking the reciprocal of 
this equation, as follows: 


He ok l 


[\a-8)-—=/Gnt6) (17) 
Se: Eee rs 
we get an equation for impedance in terms 
of circuit constants, circuit voltage angle, 
and ratio of receiving and sending voltages, 
but it is not in a form for conveniently 
plotting. 

By going through some algebra, equation 
17 may be written in the following form: 


Ly (b1a1 + boas) +(e sin 6,5—1 Cos 5,5) 
1+|A|?—2a, cos 6-4—2a» sin drs 


(boa — bide) +(d1 sin 6r5—b2 COS 5,5) 
‘lee 


8 


i] 
A\?—2a; cos 6,,—2as sin 87, 


(18) 
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which also is not conveniently usable be- 
cause of the large amount of arithmetical 
work required to plot the diagram repre- 
senting it. 

Instead of directly inverting equation 16, 
inverting an admittance equation to an im- 
pedance form as in Appendix II simplifies. 
greatly the amount of work required and is 
a method commonly used. Admittance 
equation 16 was converted to the following 
impedance equation in this way: 


a(n) 
Ps [(b-B) (3) 


=f 


Eg 


This equation for impedance includes the 
general circuit constants, angles of these con- 
stants, ratio of the receiving and sending 
voltages, and the angle ¢. The diagram for 
this equation is Figure 9 discussed in the 
text of the paper. 

Again referring to equation 16, if H, = /,, 
then this equation takes the following simple 
form: 


Yie=/(A=0 eee (19) 
bef 7! 
which is the sending-end power, equation 1, 
with the sending and receiving voltages 
equal to one volt. Thus the admittance is 
expressed in terms of the circuit constants 
and circuit angle, and it does not include the 
load impedance. On analyzing this equa- 
tion, we find it is a circle with the center at 
D/B/(A—£) and a radius of 1/B. The 
angle 6,, is the same as the circuit voltage 
angle in the preceding power equation 1. 
This operation shows that the admittance 
value of a network or transmission line may 
be obtained from the sending-end power 
circle diagram for conditions where /, equals 
E, by simply dividing the power and reac- 
tive values by #,’. The reciprocal of this, 
of course, gives the impedance. It is inter- 
esting to note that Y, is not a function of the 
magnitude of the line voltage, but only of the 
ratio of the sending and receiving voltages. 
Thus for a given transmission line, equation 
19 gives the sending-end admittance, re- 
gardless of the magnitude of the line voltage. 
In reference to equation 3, if #, equal Ey, 
then the following simple equation for im- 
pedance results: 


(20) 


D:B  -—— B 

Sipe = Beare 

As mentioned in the text of this paper, 
the angle # in equations 8 and 20 is not the 
same as the angle 6, in power equations 1 
and 4. They are related for the particular 
problem studied by a curve similar to the 
Figure 15 for which a simple equation has 
not been found. 

ot 


op endin IV. Equation 6 


In a manner similar to that in Appendix 
III, an equation for receiving-end impedance 
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Figure 13. Admittance circle—Y, 


may be derived using the following funda- 
mental formula for impedance: 
: 
CconyE,)>E,. 2,3 


Zz. 
Ps P; 


(5) 


and the following equation for receiving-end 
power derived in Appendix I: 
he a E,2: 


A ; 
B /(B-«) (4) 


we obtain the following equation for re- 
ceiving-end impedance: 


E 
».(2) 
: 


EE ees 
(2) 
E, 
A-B 
E [8 a) (6) 


This equation may be plotted in the same 
manner used to plot equation 3 for sending- 
end impedance circle. Again if E,= Fy, then 
the above reduces to 


ier a 
Similarly to equation 16 


Ey A ae 
Yee pl lon —6) —3 /(8-a) (22) 


Appendix V. Plotting Impedance 
Circle Diagrams 


Impedance circle diagram in Figure 9 was 
plotted by first calculating the vector which 
locates the center of the circles and the 
radii of the circles, using the following equa- 
tion for impedance: 


i Wrote (3) 


Since the angle @ does not bear a simple 
relation to 4,,, the degree points ou the dia- 
grams corresponding to values of 6,. were 
obtained by taking the reciprocal of the 
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Figure 14. Impedance circle—Z, 
derived from Figure 13 


B ;—— A-B 
Bete), — ba) (21) , 


360° ee i 
> 
180°}.----------» 
o° ee | 
o° 180° 360° 
rs 


Figure 15. Varia- 

tion of the angle # 

with respect to the 
angle 5,, 


admittance quantity obtained from equa- 
tion 16 after ratios of approximate system 
voltages and circuit constants had been 
substituted into it. 

Similarly equation 6 was plotted and de- 
gree points for 6,y were located by using 
equation 22 to find the admittance for a 
given value of 5,,. 


Appendix VI. General Circuit 


Constants 


General circuit constants used in the im- 
pedance, admittance, and power equations 
for the Kansas-Nebraska 154-kv intercon- 
nection including transformers are 


A=A/a=a,+jb,=0.824/3.25° 
B=B/p=b, + jbhy =282/77.3° ohms 
C= C/e = 0) + Je, = 1,337 X 10 6/90,.9° mhos 


D=D/A=d,+jd:=0,769/3.56° 


Appendix VII. Auxiliary Formulas 


Using the general ABCD circuit equations 
7 and 8, Appendix I, auxiliary formulas were 
derived for calculating limiting circuit im- 
pedances, 

Sending-end impedance as function of 
load impedance is 


A:Z,+B 
-——— 23) 
' CZ,+D ( 


Assume short cireuit at R end; that is, 


E,=0, then 


on ) 
Zz. D (24) 


with the cireuit open at R end, that is, 
T,=0, then 


A 
Z:=7 
Cc 

The same general equations 7 and 8 and 
same reference angles being used, the re- 
ceiving impedance Z, in terms of the send- 
ing impedance Zy is 


(2S) 


pp Tost a 
ee ary | ei 


Assume short circuit at S end; that is 


Ky=0, then 


Z.=- (27) 


A 
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With S end open; that is J,=0, then 


D 
Z.=-—— 28) 
Cc as 


Appendix VIIl. 


Z,—Equivalent or apparent phase-to-neu- 
tral impedance in ohms looking into the 
sending end assumed for purpose of 
establishing a convention for signs and 
reference angles during calculations. 

Z,—Equivalent or apparent phase-to-neu- 
tral impedance in ohms at receiving end. 

Z—Impedance expressed in vector form. 

Y;, Y,-—Equivalent or apparent phase-to- 
neutral admittances in mhos, 


Nomenclature 


em ae ; 
¥—Tan 'R of impedance Z, 


o—The angle of the variable in equations 3 
and 6, 

bps: -Angle in degrees by which the sending 
end voltage leads the receiving voltage. 

A, B, C, D—General circuit constants ex- 
pressed in vector form. 

P,—Sending-end power expressed as a vee- 
tor=P, +jQ; =P, (6. 

P.-Receiving-end power expressed as a 
vector =P, +70, =P, |_90. 

0—Power-factor angle of 
ceiving power. 

Ey—Phase-to-phase volts at sending end. 
Phase-to-neutral volts in equations 7, 8, 
9, and 10, 

Ey—Phase-to-phase volts at receiving end. 
Phase-to-neutral volts in equations 7, 8, 
9, and 10, 

E,, E;—Vector forms of EF, 
spectively 

(conj E,), (conj £,)——-Conjugate vector 
forms of Hy and #,, respectively, that is, 
with angular rotation measured in op- 
posite direction from reference line com- 
pared to direction of measurement for 
E, and E,. 

(conj Fy): Fy= Ee 


sending or re- 


and &,, re- 
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Measurements Pertaining to the Co-ordi- 


nation of Radio Reception With Power 


Apparatus and Systems 


Cc. M. FOUST 


MEMBER AIEE 


» 


I. Introduction 


XPERIENCE has shown that electric- 
power apparatus and circuits may, 
circumstances, influence 


under certain 


radio reception, Groups* representing 
electric-apparatus manufacturers, power 
companies, radio-apparatus manufac 
turers and service have been co-operating 
for several years on the control of this in- 
fluence, Reports by these groups have 
summarized progress as this work pro- 
ceeded, Standard measurement equip- 
ments and methods have been established, 
Papers have been presented also covering 
various aspects of the general problem. 
This paper gives the results of practical 
experience with standard equipments and 
the 


influence factors, 


methods for measurement of radio 
The various elements 
in the chain between measured character- 
istics of the power apparatus and the 
the 


Quantitative 


noise measured in radio set are 


the 
various factors involved in average cases 


analyzed, values for 


are piven, 

Problems attendant to interference con 
trol by general consent are approached 
with the attitude that we must have the 
services of both power and radio and that 
each must adjust itself to live with the 
other on the practical basis of general use- 
fulness and reasonable economy, Power 
service groups have made progress in con- 
trolling interference phenomena in their 
circuits, In the radio field improved re- 
ception has been realized, Pach group 
is continuing its endeavors to improve its 
own facilities, They are also working to- 


Paper 43-57, recommended by the AIRE com- 
mittees on communication and instruments and 
measurements for presentation at the AIRE na- 
tional technical meeting, New York, N. Y,, January 
26-20, 1948. Manuseript submitted November 1, 


42; made available for printing December 18, 
lade 
©. M, Fousr and C, W, Frick are both with the 


peneral engineering laboratory of General Electric 
Company, Schenectady, N, Y, 


* American Standards Association committee on 
radio electrical co-ordination; Joint Co-ordination 
Committee on Radio Reception of Edison Blectric 
Inatitute, National Mlectrical Manufacturers Agsso- 
elation and Radio Manufacturera Association; 
National Mleetrical Manutacturers Association com- 
mittee on co-ordination of acoustic relations of 
bower and communication apparatus and systems, 
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gether co-operatively to understand the 
problems involved and by joint effort to 
arrive at the most satisfactory over-all 
solution, 


II. General Situation 

The general scope of the co-ordination 
problem ranges widely through many 
branches of the power and radio fields, 
and accordingly a comprehensive plan of 
attack might appear difficult. However, 
the general situation has naturally divided 
itself into four parts, each one of which 
falls automatically into the hands of a 
technical group whose regular interests 
prompt ready response to the attendant 
problems, 

These divisions are as follows: 


1. Power circuit generation, transmission 
and distribution and power equipment, in- 
cluding utilities, industrial and domestic 
classifications. These constitute the genera- 
ting sources of the influence phenomena and 
the circuits which transmit them to points 
of exposure to the radio circuits. 

2, The radio receivers and circuits which 
may be susceptible to the influence of the 
power apparatus, 

3. Magnetic or electrostatic coupling be- 
tween power circuits of 1 and radio circuits 
of 2, 

4, Measuring instruments which are suit- 
able for the quantitative evaluation of cur- 
rents and voltages associated with inter- 
ference or interference conditions. 


The technical problems of the first di- 
vision fall naturally to the electric-power 
group; those of the second to the radio 
group; those of the third to co-operative 
effort between the power and radio groups, 
and the fourth or instrument division to 
instrument technicians of both groups. 


Ill. The Immediate Problem 


Within this situation, as already out- 
lined, the immediate practical problem of 
increasing control and reducing interfer- 
ence is that of recognizing the factors in- 
volved, determining their significant rela- 
tions and evaluating them quantitatively. 
lxperience seems to indicate that the 
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Es 


: : rn 
general problem is concerned with the 


following factors and particular problems: 


1. The design, construction, and calibra- 
tion of instruments suitable for the measure- 
ment of the electrical characteristics of 
radio-influence phenomena. 


2. The measurement of radio-influence 
characteristics of power apparatus of all 
types to indicate the relative influence possi- 
bilities when placed in service. 


3. The measurement of radio-influence 
voltage on power lines to establish a rela- 
tion between the value existing on the line 
and the measured characteristics of the 
apparatus connected to it as found in 
item 2. 


4. The measurement of radio-influence 
voltage under the power line to establish the 
relation between the radio-influence volt- 
age at some standard position adjacent to 
the line but not connected to it and the 
radio-influence voltage on the line as 
measured in item 3. 


5. The measurement of radio-noise voltage 
on the receiver antenna to determine the 
relation between its value and the radio- 
influence voltage measured at the standard 
position under the power line in item 4. 


6. The measurement of the susceptibility 
of the radio receivers and antennas to ex- 
traneous influences. 


7. The determination of limiting values for 
the ratio of signal to noise for good reception. 


8. The determination of limiting program 
signal strengths on which to base a criterion 
of good reception. 


9. The design of suitable equipment or ar- 
rangements for the reduction of radio-noise 
phenomena where prevailing levels are 
above those consistent with good reception. 


This paper will take up these factors 
and problems and endeavor to present 
pertinent data and show the present 
status of each. ; 


IV. Radio-Noise Meters and 
Calibrations 


Satisfactory instruments for the meas- 


urement of radio-interference phenomena | 


have certain unusual requirements: 


1. They must measure a_ standardized 
quantity significant to the noise output of 
broadcast receivers. : 


2. They must be extremely sensitive. 
Voltages as low as a few microvolts (mil- 
lionths of a volt) must be measured. 


3. They must cover a wide range of wave 
shapes and equivalent frequencies. 
interference phenomena vary from single- 
polarity impulses or damped oscillations of 
widely different recurrent times to continu- 
ous waves of constant frequency. ~“Ampili- 
tudes also vary quite irregularly. 


Progress in instrument design and in 
methods of operation have been made, and 
these developments have been reported 
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tan 


as fast as experience justified.1~® For 
some time now, two makes of radio-noise 
meters have been available commercially, 
and considerable experience has accumu- 
lated as to their operational performance. 
To summarize this experience briefly, 
some results on sine-wave calibration, 
square-wave calibration, and noise tests 
on several devices are reported here. 

As regards instrument calibrations, 
both instruments are supplied with a 
self-contained calibrating signal source 
which utilizes the electron shot noise of a 
saturated diode as the calibrating voltage. 
Operating instructions on calibration call 
for the following: 


1. Tune the noise meter to the desired 
frequency. 


2. Adjust the calibration circuit to the 
reference point on the noise-meter scale. 


3. Adjust the noise-meter amplification 
until the meter reads the scale value on the 
calibration curve for the frequency se- 
lected. 


This calibration procedure has been 
followed closely, and, in addition, at fre- 
quent intervals and before each set of 
important noise measurements, a check 
calibration against a signal generator has 
been made, following the settings called 
for on the internal calibrator. Many of 
these complete calibrations have been on 
both instruments, and rather complete 
data are, therefore, now available. The 
general trend of these data is represented 
by the specimen curves of Figure 1. 
These were all made at 1,000 kilocycles. 

These data show that the accuracy pro- 
vided by the use of the internal calibrator 
alone as recommended will be within +20 
per cent for the microvolt range of 10 to 
100. For the higher range 100 to 100,000 
microyolts, the deviation occasionally 
goes above +50 per cent, particularly at 
the upper end of the measurement range. 
For any one instrument calibration a 
high or low trend persisting throughout 
the measurement range is quite evident. 
This trend results in lower accuracy for 
the higher magnitudes of microvolt levels. 
Table |. Comparison of Noise Meters on 

Square Waves 


Noise-Meter 


Square-Wave Measurements Per Cent 
Reference Deviation 
Setting Type A Type B Based on B 

pes See bf Seventies i Penn eye +29 
(PN ae ee LOS ae steutere ‘1 Omistheatanse +40 
ORSS rn Pica cee LO ec enies TSO aac: +40 
(OGS)-Vis Aree LOS er myers DADE Perici gens +41 
GG s wos te vi SAG ceavery «es 200s aad +34 
Seth notes BRO. oe sini BATU Gente an as +37 
CAC ae DaQs ines 4 ALOR NS ste stes. +41 
HOO Cot steers BO ies ous 3 GOO a eta +34 


Average +37 
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Each instrument has a tendency to read 
high or low on an average basis, and each 
one may vary from one calibration to 
another. This calibration experience is 
presented as representative of that ob- 
tained in a laboratory where operators are 
familiar technically with the details of 
such measurements. 

If greater accuracy is desired, the radio- 
noise meter may be used by connecting it 
to the circuit in which the noise is to be 
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Figure 1. Radio-noise-meter calibrations 


Solid lines all apply to an instrument of one 
make. Dotted lines all apply to an instrument 
of another make 


measured and noting the reading. It is 
then connected to the signal generator 
and the output adjusted until the same 
reading is obtained on the radio-noise 
meter. The output of the signal generator 
then gives the radio-influence voltage in 
microvolts. Such a method of measure- 
ment is| slower but results in accuracies 
within eight per cent. 

The preceding comparison has been 
made on the basis of a sine wave of radio 
frequency produced by a signal generator. 
As the radio-influence voltage measured 
on electric apparatus is not usually sinu- 
soidal in character but may consist of a 
very irregular frequency spectrum, it is 
desirable to have some idea of the be- 
havior of the instruments on other types 
of waves. Since square-wave signal gen- 
erators are available, it was decided to 
compare the performance of the radio- 
noise meters on this type of wave. An 
interesting specimen measurement 
wherein the two noise-meter types were 
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compared for response is summarized in 
Table I, 

These measurements were made with 
the two meters connected in parallel on 
the square-wave generator following cali- 
brations of each instrument on a sine- 
wave signal generator at 1,000 kilocycles. 
A definite difference between the two 
instruments is indicated by these data 
over a wide range of voltage magnitudes. 
Type A reads on an average 37 per cent 
higher than type B. The obvious con- 
clusion is that setting on the internal cali- 
brator supplemented by sine-wave cali- 
bration may nevertheless result in con- 
siderable differences in readings for two 
instruments on different wave shapes. In 
view of the wide range of wave shapes and 
equivalent frequencies common to radio- 
noise phenomena, this circumstance shows 
a definite need for further work to reduce 
these differences. 

As regards comparisons between the 
two types of meters on measurement of 
radio-influence voltage of power appa- 
ratus, both high and low voltage, data of 
Table II are interesting. These compara- 
tive tests were made following a sine- 
wave calibration on the signal generator. 
Measurements were made in each case 
with the two instruments connected in 
parallel. 

As these data are backed up by sine- 
wave calibrations and were obtained with 
the two types of instruments connected 
in parallel and measured at the same time, 
they show directly a rather widely differ- 
ent instrument response. This difference 
in per cent ranges up to 35 per cent and 
persists over a wide range of noise-voltage 
magnitudes without any evident trend 
as to magnitude. 

Both types of instruments used in these 
tests are arranged by their designers to be 


Table Il. Comparison of Noise Meters on 
Power Apparatus 
Radio- g 
Influence em 
Voltage cas 
o (Microvolts) MS LN an 
ws Au a 
F $3 Instruments EO 
3 Os SUS 
a >mhoO < -Q O° 5S) 
ve wOF® o o o§ 
3 Dee) ML ee ai ae 
a Re | a a a 4 
1 1Oepes0ueue 450s 1700 
asttaronie sy. 16 .. 2,600.. 2,600.. 0 
22 .. 4,200.. 4,900..—14.0 
28 5,200.. 6,000..~13.0 
) 10 .. 2,100.. 1,900..+10.0 
Taelaken eee 16; We.7,000) 28/200. .— 3.0 
22 ..13,000. .16,000..—19.0 
28 ..20,000. .23,000..—13.0 
3 
Smalligap.. o. .... 14 ..23,000. .17,000. .+35.0 
4 Occitan. § 290%. 250..+16.0 
lst small motor...0.115.. 1,600.. 1,200. .+33.0 
5 OvINSi<, 1800;,. 1,600. 5=— 1970 
2nd small motor...0.115.. 1,900.. 1,750..+ 8.0 
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Figure 2. Summary charts of radio-influence 
voltage data on high-voltage apparatus 


For 1,201- to 15,000-volt range each vertical 

line or dot represents five tests. For all other 

ranges each vertical line or dot represents 
one test 


A—New apparatus 

B—In service without complaints of radio noise 

C—Removed because of radio noise and com- 
plaints 


in general accord with the specifications.° 
Some investigational work has been di- 
rected toward the evaluation of instru- 
ment characteristics, such as detector- 
circuit time constants, to ascertain how 
variations in these might contribute to- 
ward measurement differences. To date 
this has not resulted in improved measure- 
ment accuracies. 

Consideration of the calibration prob- 
lem usually proceeds along the lines of 
specifying instrument-design details or 
specifying certain calibration waves. The 
present specifications cover only such 
over-all design features as seemed neces- 
sary to the duplication of radio-receiver 
characteristics pertinent to noise levels 
and the incorporation of good instrumenta- 
tion qualities. Specific details of circuits 
were not recommended and to the designer 
was left the freedom of selecting these and 
improving them when progress permitted. 
This attitude insures a situation in which 
advances in design are stimulated. 

However, from the above data which 
are believed to be generally representa- 
tive, it is obvious that further specifica- 
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tions are necessary. In view of the indi- 
cated importance of wave shape, it is 
desirable that steps be taken toward the 
specification of calibrating waves of repre- 
sentative shape and equivalent frequency. 
This has been suggested by one of the 
authors,’ and proposals along similar 
lines have been made by others. 

The sine wave now occupies an impor- 
tant place in calibration, is readily ob- 
tained, and should be retained. To it 
might be added a square wave of variable 
duration and frequency. The wave front 
should be the maximum obtainable on a 
practical technical and economic basis. 
This wave should be available in either 
polarities to ground. 

For investigational purposes in arriving 
at the necessary wave shapes, a high- 
frequency damped oscillation of constant 
decrement and variable frequency of oc- 
currence might be tried. The 
might be examined by recording means 
such as a cathode-ray oscillograph. Suit- 
able oscillographs of high-writing speed 
are now available.*’® 

The use of recommended calibrating- 
wave shapes would provide for noise- 
meter calibration or check immediately at 
the place of noise measurement, or at 
least at one or more reference places. 

It seems possible that the circuits for 
such calibrating-wave shapes might be 
standardized in sufficient detail (even. to 
the length of leads, and so forth), so that 
the wave shapes would be very closely 
alike. Thus a certain degree of stand- 
ardization could be accomplished as to 
wave shape while noise-meter design 
problems are left entirely in the hands of 
the instrument designers where they are 
handled most capably. 

To use the radio-noise meter for 
measurement of radio-influence character- 
istics of apparatus, it is necessary in order 
to get comparable results to standardize 
on setup for making tests. A general rec- 
ommendation for the making of such tests 
is given in National Electrical Manu- 
facturers Association publication 107.4 
More specific test codes for particular 
types of apparatus are givenin the NEMA 
publication for that type of apparatus. 


Waves 


V. Relation of Radio-Influence 
Voltages of Apparatus to 
Radio-Receiver Noise 


Two methods have been used whereby 
the radio-influence voltage measured on 
power apparatus at the factory may be 
interpreted as having quantitative sig- 
nificance in terms of radio-receiver noise 
in an average case. In one we analyze the 
measurements made on new apparatus in 
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Table Ill. Limits of Radio-Influence Voltage// 


for High-Voltage Apparatus 


Limits of 
Circuit Radio- 
Voltage Influence 
Ratings Voltage 
(Range in Insulation Classes (Micro- 
Volts) (Kilovolts) volts) 
1,201-15,000 ..1.2-2.5-5.0-7.5/8.7—.. 1,000 
15 
15,001-37,000 . .23/25-34.5 .. 2,500 
37,001-73,000 . 46-69 . 5,000 
73,001-145,000. .92-115-138 . . 10,000 


la. No limits are included for equipment at cir- 
cuit voltage ratings above 145,000 volts because of 
present lack oi data above this voltage class. 


16. These values do not apply to insulators, as an 
independent set of values has already been estab- 
lished for them by NEMA, or to motors and genera- 
tors or thermionic devices, such as rectifiers and 
inverters. 


lc. For switchgear assemblies there are not suffi- 
cient radio-influence voltage data on which to base 
a limit. 

ld. For transformers the 
insulation class only. 


limits are based on 


2. The radio-influence voltage limits given in this 
table apply to new apparatus tested in the tactory 
in accordance with the report of the Joint Co- 
ordination Committee on Radio Reception of EEI, 
NEMA, and RMA, entitled ‘‘Methods of Measuring 
Radio Noise’? (NEMA publication 107) 1940 and 
the apparatus test codes and test voltages for each 
type of apparatus, as approved by NEMA, 


3. If apparatus of any given insulation class is 
used on a circuit of higher-circuit voltage rating, the 
radio-influence limit and the test voltage for the 
apparatus shall be that corresponding to its insula- 
tion class and not to the insulation class of the cir- 
cuit on which it is used. 


4. For special apparatus having more than one 
rating the radio-influence limit and test voltage 
corresponding to the highest rating shall apply. 


the factory and the experience in the 
field with this apparatus to arrive at a 
reasonable limit. In the other we con- 
sider all the factors given in items 2 
through 8 of section III of this paper to 
obtain values for the following: 


1. The radio-influence voltage measured 
on the apparatus under standardized condi- 
tions (apparatus RIV). 


2. The radio-influence voltage measured 
on a power line to which this apparatus is 
connected (line RIV). 


3. The radio-influence voltage measured 
on or referred to a one-meter antenna at a 


standard position under this line (under 


line RIV). 


4. The radio-noise voltage measured on an 
antenna in proximity to this power line and 


re 


referred to a one-meter antenna (antenna — 


RNY). 


5. The signal strength of the radio pro- 


gram being received. 


6. The signal to noise ratio in the receiving " 


set. ; 


7. The susceptibility of the receiver and 
antenna system. 


1. Rapro-INFLUENCE VOLTAGE (RIV) OF 
APPARATUS 


For several years we have been collect- 


ing measured radio-influence voltage 


values on a wide range of types of power 
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Table IV. Comparison of Apparatus to 


On-Line Radio-Influence Voltages 


Measured Measured Radio-Influence 
Radio- Voltage (On-Line) 
Influence 
Test Voltage At End of Line 
Volt- on Ap- At Apparatus (2 Miles) 
age paratus 
(Kilo- (Micro- Micro- Micro- 
yolts), volts) volts Ratio volts Ratio 
BOI teers. < 14,000. ..9,400....1.5....2,600...5.4 


apparatus and circuit voltages. These 
have been classified in three groups, that 
is, new apparatus, apparatus in service 
with no complaints, and apparatus re- 
moved because of radio noise and radio- 
noise complaints. These data have been 
plotted on a summary chart classified 
into three voltage ranges, and this chart 
is shownin Figure 2. In the 1,201—15,000- 
volt range some 950 individual tests are 
summarized; in the 15,001—37,000-volt 
range, 130 tests, and in the 37,001-73,000- 
volt range, 94 tests. Radio-influence 
voltages ranging from a few microvolts 
to 100,000 and above are shown. 

From a study of such data it is possible 
to arrive at recommended levels for the 
limiting value of radio-influence voltage 
of apparatus. This has been done, and 
the recommended levels are shown on the 
curves and are also given in Table III. 
Such an approach to the question of limit- 
ing values is a direct one. It depends 
upon accumuiating sufficient field experi- 
ence with apparatus to obtain statistical 
data on which a conclusion may be 
reached. As time goes on and more data 
are accumulated, these can be used to 
confirm the original conclusions or to sug- 
gest desirable modifications of them. 

Another approach to the problem be- 
gins with the values on apparatus and 
proceeds through the several steps already 
outlined, such as radio-influence voltage 
on the power line, under the line, and on 
the antenna, and signal strength and 
signal to noise ratio. This approach re- 
quires the establishment of representative 
values for each of these quantities and 
then combines them all together to arrive 
at an over-all ratio. The ratio can then 
be used to interpret radio-influence volt- 
age of apparatus in terms of the quality 
of radio reception. This method will now 
be outlined. 


2. Ratio or APPARATUS RIV TO 
On-Line RIV 


Having the RIV of a given piece of 
apparatus when measured with the stand- 
ard factory setup, we must be able to 
form an estimate of the resulting RIV 
when this apparatus is connected to a 
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representative power line. The factory 
tests are made with 600 ohms across the 
apparatus, which resistance is intended to 
simulate line-surge impedance. How- 
ever, a wide range of impedance will al- 
ways be met with on power circuits. It 
is, therefore, necessary to resort to prac- 
tical measurements wherein factory tests 
are followed by connection of the appara- 
tus to line, and corresponding line radio- 
influence voltage measurements are taken. 
One such test is summarized in Table IV. 

This test made on a two-mile test line 
believed to be representative showed a 
ratio of 1.5 to 1 between apparatus RIV 
and on-line RIV. It also indicated an 
attenuation of 50 per cent radio-influence 
voltage per mile, which figure agrees 
closely with a series of tests made with 
sine waves on the same line. 


3. Ratio or ON-LINE RIV To 
UNDER-LINE RIV 


Since in measurements in the field it is 
not possible to make measurements of the 
on-line RIV except in special cases, the 
common. procedure has been to make 
measurements under the line. Such 
measurements of under-line RIV can be 
correlated with the on-line RIV by selec- 
tion of a suitable place under the line 
which can be used as a field-strength refer- 
ence point. The field-strength reference 
position which has been chosen as most 
significant and practical is one immedi- 
ately under the line and midway between 
the poles, The RIV measured on an an- 
tenna of one-meter effective height placed 
at this reference point is designated in 
this paper as the under-line RIV. Since 
this measurement is referred to a one- 
meter antenna, it gives the same nu- 
merical value as the field intensity of the 
noise phenomenon at the reference point 
which has been used by some investiga- 
tors. Corresponding measurements made 
on the line and under the line under speci- 
fied conditions will provide a ratio which 
can be used later to evaluate under-line 


Table V. Comparison of On-Line to Under- 
Line Radio-Influence Voltages 


Ratio 
On Line 
Test Point On-Line Under-Line 

Along the RIV RIV Under 

Line in Feet (Microvolts) (Microvolts) Line 
0 13,0008. oa OS Om cst oats.. 79 
OOO ais ces S) OO rc vars AOOR yah as 42 
LAO0 ie «noe SS;Q00 88s ves 1,040 51 
5,400 . 0. «228,000... .... ADU: tevctcites 2 67 
S,5007 nan, 24,000.:.... SOO anv 80 
LOLOOOS o.cnets iGO nee. sare Ae Oetet ane Meera 61 


Average 55 


noise field strengths. To provide such a 
ratio, a series of measurements was made 
on the experimental line previously men- 
tioned using sine-wave line-voltage excita- 
tion at 15000,000 cycles. This line aver- 
aged 28 feet in height and was terminated 
to ground through a surge impedance of 
600 ohms, and measurements were made 
at several points along the line as indi- 
cated in Table V. 

The on-line to under-line ratios range 
from 30 to 79 with an average of 55. Two 
factors at least are known to have con- 
tributed to this variation. These were 
uncertainties of electrical contact on the 
conductor for the on-line measurements 
and variations in line height. The test 
results of Table V, however, represent an 
average field situation and may, therefore, 
be used to provide the quantitative ratio 
necessary to this particular step between 
apparatus RIV and radio-receiver noise. 


4. RATIO OF UNDER-LINE RIV TO 
ANTENNA RNV 


Next in order, it is necessary to estab- 
lish a ratio between under-line and an- 
tenna voltages. If the antenna voltage is 
expressed in terms of a one-meter antenna, 
as previously described for the under-line 
measurement, such a significant ratio will 
result. A series of tests made in Canada 


by the radio division of the Department of 
Transport and directed by H. O. Merri- 
man include a large number of field 


Figure 3. Under- 


PERCENTAGE OF ANTENNAE TESTED HAVING RATIOS 
GREATER THAN CORRESPONDING ABSCISSA. 


line - to - antenna 
tadio -  influence- 25 5 
voltage ratios 
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Table VI. Test Voltages for Radio-Influence Voltage Measurements 


Voltage Rating of Apparatus Normally Used 


I Il il Distribution Cutouts Lightning Arresters 
ASA ’ 
Circuit Voltage Radio- Transformer Vv vil Switchgear 
(Line-to Neutral/ Influence Insulation IV Un- VI Un- vill 
Line-to-Line) Test Voltage Class Grounded grounded Grounded grounded ..... 
(Volts) (Volts) (Ky) (Ky) (Ky) (Ky) (Ky) (Ky) 
1,440/2;500'S eae A580)F. cc DE Gieavarcicss DEO wee wie Dara weciass SUcteieietle SNrscesgier 2.5* 
2,500/4,330 Dy dio Orena peta Ont wisi SUB cyiers Doll). Gonne Chie Ser Genero ed 
2880/5000 Rte ook OO rene BD sOinre sa SLO zahuris 5 LOS siete Osnerer 6: Ria B08 
5160/7200; on. ce 4,070 una ae 82 TRG Meds Ui hosidn Waray. eee s ers Se 7.5 
5,000/8,660 STH Oeente, rey: (iy be te (ESD wo doe DSO seirecas (Sageiotd 9 Saeed 15.0 
7,200/12,470 7,960 os suns TSO Sai. (kD Marae RNase tee OES store Eo AGO 15.0 
7,960/18,800 2... (8,760.0. 2 .- ORO Neri she GRO) er UENO zateisncre 12*, ib Opiiratataraiet 15.0 
8,650/15,000 OFSO0 sa) 2 15 Oc rete: TSPOF eS ah iG AAO aac LESS eaten ZO terstrers 15.0* 
13,300/23,000 .... 14,600...... PRIN) Seiats d CIO oto SOM CRE OCIS Cer 1 a 25Rie ster 23 o* 
19,990/34,500 .... 21,900...... Eas onic cos ie CCRC chee DECOR eo BES Atos OT Sarees 34.5* 
26,500/46,000 .... 29,300...... SOMO arteries ater tare eee eine atanatersse%e| => 40% Nee BORA eet 46 .0* 
39,500/69,000 .... 48,900...... GSO rere palates ta Nase rare crayon stem beta) axa GORE. 3...) RES? 69.0* 
53,000/92,000 .... 58,500...... ODO tine tamrarlelole ole eieisiciare ale ya lates .siin jn WORE. sare LY Guerre ene 115.0 
66,500/115,000.... 73,100...... Nee Oureretareuatetnistsiaterscele a satan eiel vaiate ras OF. Sean: =) VA nants: 115.0* 
SOO0O/ 138; O00. co SiTi7 OO oan cee LO Ss Ollie aioe s Cosh ratinne lla) ws svers is x eines LOU oer TAO kes: 138.0* 
93,000/161,000....102,400...... HOU). Sigs Jeo0 Go cho Reo TASER oer. 1 S5an 5 161.0* 
113,000/196,000....124,600...... PLS ORNEG 6.5. bo OMS eo cach TLDs En OOF Ey ter 205%) se. 230.0 
132,500/230,000. ...146,200...... AS EO ee Saree staae eiey a cielctns) o Realotes LOGS scccsts , Ve 230 .0* 
165,500/287,500....182,000...... PLY Peay bo Cte: ete CLIC ONCE ECTS PADF esas B02 sas 287 .5* 


* For the apparatus of columns IV through VIII an asterisk is placed on the line which gives the test volt- 


age (column II) for each apparatus rating. 


For transformers, test voltages shall be 110 per cent of the maximum rated line-to-neutral voltage but shall 
not exceed the maximum values (in column II) corresponding to the insulation class of the transformer of 


column ITT. 


measurements bearing on this ratio. We 
are indebted to Mr. Merriman for permis- 
sion to use these results. Measurements 
were obtained on 35 antennas ranging in 
effective heights from 0.2 to 9 meters and 
located from 20 to 4,500 feet from power 
lines. Line voltages ranged from 10 to 
220 kv. It should be understood that the 
tests were conducted on outdoor antennas 
representing a selected group of installa- 
tions in which radio interference from 
power lines was reported to be particu- 
larly troublesome. Under-line-to-antenna 
voltage ratios derived from these measure- 
ments ranged from 0.25 to 50. The higher 
this ratie the lower the field from the 
power line picked up by the receiver an- 
tenna and the better the antenna system 
for good reception. These values are 
plotted on Figure 3 against percentage of 
antennas tested as ordinate. This ordi- 
nate percentage gives the proportion of 
receiver stations tested having higher 
under-line-to-antenna ratios than indi- 
cated by the corresponding abscissas. 


Table VII. Radio-Influence Voltage Limits o 
Plain Pin-Type Insulators 


a 


60-Cycle Dry Limit of Radio- 
Flashover Rating . Influence Voltage 
(Kv Rms) (Micrevolts) 
Wpireand incewoO ech cece 2,500 
OLETOWN TO. oneness towers erie 5,500 
I LR Res tet Ne coctency neha s 8,000 
i YOK CO 0-2 ai te, er re 12,000 
VTS CBC LONE SA a ae ee ed 16,000 
PEOREO! ZOO mete tas «. qthinte se taswa eosin an 25,000 
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Since this investigation was made mainly 
on “‘interference-affected”’ situations, the 
curve shows only 30 per cent of the an- 
tennas had a ratio higher than 3.2. The 
investigators estimated that, when all 
receivers were considered, approximately 
90 per cent of them would have ratios 
higher than 3.2. In accordance with these 
tests, Canadian Practice! sets a value of 
3.2 for the minimum permissible under- 
line-to-antenna ratio. This means that 
ratios less than this for line-to-antenna 
couplings do not measure up to the per- 
formance that reasonably may be re- 
quired for good reception. 


5. SIGNAL STRENGTH OF RADIO 
PROGRAM 


The required signal strength of the 
radio program for good reception has been 
estimated by various engineers to range 
from 10,000 microvolts per meter in large 
cities to 100 microvolts for sparsely 
settled rural areas. The Federal Com- 
munications Commission recognizes the 
area for good reception of certain types of 
stations as that covered by a signal field 
strength of 500 microvolts and for some 
other classes field strengths as low as 100 
microvolts. The Canadian regulations 
accept a level of signal field strength of 
500 microvolts per meter as a lower limit 
above which good reception is practically 
and economically achievable. 

It seems, therefore, reasonable to use 
the figure of 500 microvolts per meter as 
reference value for this study. 
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6. SIGNAL-TO-NOISE RATIO 


Several series of listener tests utilizing 
a range of types of radio noise at various 
signal strengths and noise levels have 
indicated that a signal-to-noise ratio of 
32 to 1 is an average ratio for use as a 
criterion of good reception. This ratio is 
accepted in the Canadian regulations.12 ~ 

A ratio of 40 decibels has been sug- 
gested by International Electrotechnical 
Commission as a suitable signal-to-noise 
value indicating, however, at the same 
time, that values higher than 30 decibels 
have not been achieved in practice. Also, 
the FCC protects clear channel stations 
with a signal-to-noise ratio of 20 decibels. 
The test ratio of 32 to 1 (30 decibels), 
therefore, seems appropriate. 


7. APPARATUS LimITS DERIVED FROM 
THESE RATIOS 


Having discussed the several significant 
ratios and values, we may now use them to 
arrive at a reasonable value for the radio- 
influence voltage of apparatus. If the 
signal strength of 500 microvolts per 
meter at the radio receiver is divided by 
the signal-to-noise ratio of 32 to 1, an 
antenna radio-noise voltage of 15.6 micro- 
volts is obtained. Using this value with 
the under-line-to-antenna ratio of 3.2 
gives a value of 15.6 times 3.2 equal to 50 
microvolts per meter, which is, therefore, 
an upper limit of noise field intensity at 
the reference position under the line. 
This value can now be used with the other 
ratios to obtain an apparatus limit. For 
instance, on the 28-foot line previously 
referred to, with an apparatus-to-on-line 
ratio of 1.5 and an on-line-to-under-line 
ratio of 55, the apparatus limit for radio-_ 
influence voltage will be 50 times 1.5 
times 55 equal to 4,100 microvolts; also 
for a 35-foot line correcting the 55 ratio 
proportional to line height now becomes 
70 to 1 and gives an apparatus limit for 
radio-influence voltage of 50 times 1.5 
times 70 equal to 5,300 microvolts. 

These figures have direct significance 
when compared with the apparatus limits 
based on direct experience with factory- 
measured values as described in section 
V—1 of this paper and given in Table III. 


Table VIII. Radio-Influence Voltage Limits 
for *‘Radio-Freed” Pin-Type Insulators 


60-Cycle Dry 
Flashover Rating 


Limit of Radio- 
Influence Voltage 


(Ky Rms) (Microvolts) 
Up to and. ine. 50)..5..0...5 > «02 see 50 
51 to: T905s  Se ee 50 
$0 to! 109). o.cen ce hae, ar 100 
110 toy124e. oe. a2. =: 100 
125 to 140s ok ce 200 
150 to 200) oos.dau cm. :0 a0 seat 200 : 
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The greater part of the field data and 
experimental investigation represented in 
this analysis are derived from lines of 
about 66-kv construction. The limit of 
5,000 microvolts for this circuit voltage of 
Table III is between the level for 28-foot- 
and 35-foot-high lines. It is apparent, 
therefore, that the limits reached through 
both approaches are consistent. On 
lower-voltage lines the apparatus limits of 
2,500 and 1,000 microvolts appear to have 
the necessary margin of safety consistent 
with their frequent location closer to radio 
receivers. Also, the higher-voltage range 
at 10,000 microvolts should be acceptable, 
because distances to receivers are greater, 
and because up to this time interference 
experience has not been sufficient to indi- 
cate any practical necessity of a lower 
limit. 

The problem of practical limits for fac- 
tory tests of radio-influence voltage on 
apparatus has now been considered from 
two standpoints, first that of direct ex- 
perience with factory measurements on 
apparatus, and second that of experi- 
mental determination of significant coup- 
ling ratios between apparatus and receiver 
set. The limits arrived at from these two 
standpoints are in good agreement. 

The values given in Table III have been 
adopted as limits by many NEMA sec- 
tions for high-voltage apparatus. 


VI. Radio-Influence Test Voltages 
for Apparatus 


Radio-influence voltages on apparatus 
generally increase with increasing applied 
voltage. Consequently suitable influence- 
voltage limits will of necessity be tied in 
with applied test voltages which will bear 
definite relation to the apparatus circuit 


A 
SPHERE ON TOP 
OF INSULATOR 
8 
TEST NEARBY 
INSULATOR INSULATOR 
Cc 


Figure ‘4. Radio-influence voltage tests on 
pedestal insulators 
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Table IX. Radio-Influence Voltage Measurements on Insulators (Effect of Field Configuration) 


Radio-Influence Voltage in Microvolts 


——— 


7 


5 6 Diagram C 
Diagram C Diagram C 10-Inch 
1 2 3 4 10-Inch 10-Inch Sphere, 2d 
Test Voltage Diagram A Diagram A Diagram B Sphere Sphere Insulator 
Applied 10-Inch 5-Inch 10-Inch (2d Insulator (2d Insulator Moved to 72 
(Kv—Rms) Sphere Sphere Sphere Nearby) Grounded) Inches 
SO rch tetacaeers Mittra metara fh YEON a) aig wesc DB Bite o 0, Pierce i Rr bo ee arineae ZOE wavercts 17 
TOO Were. steenctare DOR ectonseereka Si eters « 225. Par cic dea RNR 20S antae eno 
ZO | cercpive. osiarere Daan cahevemara aie D8 25 Bae Noe iss PPA Pes Saye ne Dicer dS ne DAO en ten cerrel asic 70 
TAQ fievcirszace are Qs aercye ecat ve UBD wiersassohsds ZOO ez clea ier LG Serer oa ase SOO: eatectit as 120 
ICN Peirce aoa we LA Soe ah vane uts PODS Me ietsvc tke 100} sesy eres ZOO docisre ey wt BAO ey ree 360 


The figures of column 3 show the increase in voltage obtained with the substitution of the smaller five-inch 


sphere for the ten-inch. 


The increase is particularly pronounced for the lower voltages. 


In the fourth 


column the ten-inch sphere was located immediately on top of the insulator, resulting in a marked increase 


in voltage due to discharge in the crevices between hardware and porcelain. 


The fifth column shows that 


just locating an insulator nearby gives a marked increase in voltage, presumably through changes in field 


configuration. 


Grounding the second insulator further increases the voltage as shown in column 6, and 


moving it further away gives the expected decrease of column ¥Y, These results are typical and show how 
important are the details of circuit arrangements for such tests. 


voltage. When this is done, all apparatus 
used on the same circuit will have a com- 
mon standard test voltage. Because dif- 
ferent kinds of apparatus have different 
rating bases, it has been found necessary 
to work out a common basis for as wide a 
range of apparatus types as possible. 

The circuit voltage determines the volt- 
age stress to ground that is applied to the 
connected apparatus, and hence it appears 
logical that the circuit voltage should be 
used as the basis for establishing the test 
voltage. Since some apparatus is de- 
signed for use on several different circuit 
voltages, the standard test voltage for 
such apparatus should be based on the 
maximum circuit voltage for which such 
apparatus is rated. 

It is recognized that in some cases the 
test voltage is less than the rated voltage 
of the apparatus. However, it will be 
found that in such cases the rating of the 
apparatus is not based upon the sustained 
voltage but upon abnormal conditions. 

Table VI lists the various three-phase 
line-to-line circuit voltages with the cor- 
responding line-to-neutral voltages. It 
gives a standard test voltage that is based 
on 110 per cent of the line-to-neutral cir- 
cuit voltage and shows how standard ap- 
paratus normally would be applied and 
tested. For transformers the test voltage 
is 110 per cent of the maximum rated line- 
to-neutral voltage, which is the highest 
rated tap voltage for wye-connected trans- 
formers and the highest rated tap voltage 
divided by the square root of 3 for delta- 
connected transformers, but shall not 
exceed the highest values in column IV for 
the insulation class of the winding of 
column III. These values have been 
standardized by NEMA and appear to 
the extent required in the appropriate 
high-voltage-apparatus publications to 
which reference should be made for spe- 
cific types. 
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VII. Insulators 

Experience in the fields of apparatus 
and line insulators has indicated these to 
be occasional sources of radio interference. 
Probably the most common case is that 
wherein a radio-influence voltage results 
from the breakdown of a small air gap 
between tie wire and insulator or spark- 
over in a crevice of a defective insulator. 
Particular defective insulator units must 
be located and removed. Generally plain 
pin-type units will produce not more than 
the levels of influence voltage shown in 
Table VII. 

In many localities well-served by broad- 
casting stations, plain pin-type insulators 
have been used satisfactorily. However, 
the values of Table VII are substantially 
above the apparatus limits of Table III. 
Accordingly, insulator users and manu- 
facturers have directed attention to the 
reduction of radio-influence voltages for 
insulators. In this marked success has 
been achieved. One user in a locality 
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Figure 5. Variation of radio-influence voltage 
with humidity on high-voltage insulators 
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Table X. Radio-!nfluence-Voltage Tests on Insulators 


(Effect of Paralleling Units) 


Test Insulator Units Paralleled Units Calculated 
Voltage (Microyolts), Individual Tests (Microvolts) Root-Sum-Square 
Applied 
(Ky Rms) 1* 2 3 4 5 6 vf 8 6-7 SR Chet é All 8 6-7 30s On All 8 

10 Hn ee B LOO ee 2900s 4 B00 S410 a 4.2005... 4 S00... DUR LOL rere ae 7ANLOS © Ryan te B900k <5. 7,600 eee tt O00 cae 6,100. . - 8,000... 12,200 
162.2% 14,500. . .17,500....17,500. . .13,500....17,500. . .17,500... .15,500. . 33,5003 19,500). . . 27,000... 35,000. -... 23,500, ..34,000.... 45,000 
VP RE, SEU 25,000. . .32,000....32,000. . .24,000....32,000. . .31,000....27,000. . .23,000...... 30,000. ..46,000....64,000...... 42,500. . .62,500.... 82,000 
2B fain. cree 44,000. . .48,000....49,000. . .89,000....46,000. . .42,000....39,000. . .39,000..... .49,000. . %3000......97,000.. 00. 57,000. . .88,000....122,000 


* The eight insulators used were numbered | to 8. 


not well-served by broadcasting stations 
has worked out a method of applying an 
asphalt emulsion!?!* to each insulator 
which gives very low levels. Insulator 
manufacturers have given considerable at- 
tention to the problem, and as a result 
“radio-freed”’ pin-type insulators are now 
available. é 

In an effort to set up reference standards 
significant to the levels achievable through 
this special design, the insulator group of 
NEMA has agreed upon the values of 
Table VIII. 

Since we have two types of insulators, 
the plain and radio-freed, and two corre- 
sponding sets of limits for radio-noise- 
influence characteristics, it seems logical 
to assume that these limits are based upon 
the values it is possible to achieve under 
the manufacturing conditions pertaining 
to each type of insulator. 


VIII. Radio-Influence-Voltage 
Variables in Apparatus Testing 


As high-voltage apparatus testing for 
radio influence has progressed, experience 
has focused attention on several factors 
which affect apparatus levels in very pro- 
nounced measure. Among these are volt- 
age field configurations, paralleled appa- 
ratus units, time of voltage application, 
and humidity. 


1. VOLTAGE FIELD CONFIGURATIONS 


Considerable variation in testing may 
result when dielectric field distributions 
around test connections between supply 
voltage apparatus and test-piece and 
measurement equipment are altered. 
Very largely the threshold voltage at 


Table XI. Comparison of Measured with Cal- 
culated Values on Paralleled Units 


Ratio: Root-Sum-Square Value 


Test Measured Value 

Voltage 

(Kilo- Insulators Insulators 

volts) 6 and 7 SR KY / All 8 
TOG yon DOS elas css pet Seca eerease 1.06 
1G cei). tne 1,31 3 Lo2O ee ade 1.29 
Qe Sapo toes UE VAS eat DS SOR icnatte ton 1,28 
BS ees Laibice brek.2'¢ OR rad ee eee 1.26 


Average ratio. ] .23 
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which considerable noise begins and the 
amount of influence voltage as dependent 
upon the number and extent of field-volt- 
age gradients concentrated at particular 
points of small radius of curvature on the 
test piece or test circuit. Such field con- 
centrations will be altered in degree with 
every change of circuit, and it is, therefore, 
important that attention be given to them 
in making a test setup. To illustrate this 
effect a brief description of a test wherein 
it is involved in a very conspicuous man- 
ner is given, 

A pedestal insulator was being tested 
by arrangements shown in Figure 4. 
Voltages were applied to arrangements A, 
B, and C, and radio-influence voltages 
were measured. The results are given in 
Table IX 


2. PARALLELED UNITS OF THE SAME 
APPARATUS 


Radio-influence voltages generally in- 
crease when additional units of a particu- 
lar type are added to the test circuit. The 
amount of this increase has not been con- 
firmed by sufficient data to provide for 
good understanding on this point. Ac- 
cording to local experience the custom has 
ranged from using the single-unit value to 
multiplying it by the number of units in 
parallel. Results of a practical test on 
this point are summarized in Table X. 

It is obvious from these results that ad- 
ditional units increase the measured radio 
influence definitely, but that this increase 
is not in proportion to the number of units 
added. Some observation of high-voltage 
radio-interference phenomena by oscillo- 
graph has shown the voltage waves to be 
quite variable in duration, amplitude, and 
time of occurrence. When additional 
units are added, presumably crests do not 
correspond, or the new waves are added 
in time between the old. For practical 
purposes the method of estimating the 
results for added units by the root-sum- 
square method has been found satisfac- 
tory. This method is applied by adding 
the squares of individual unit results and 
taking the square root of this sum. Ap- 
plied to the results of Table X, values as 
given in Table XI are obtained. 
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It is apparent that, calculated in this 
manner, values somewhat higher than the 
combined measured values are obtained. 
This test shows the calculated values to 
range some 23 per cent higher than the 
measured. A value thus obtained is con- 
sidered to be a good conservative esti- 
mate. 


3. TIME FACTOR IN VOLTAGE 
APPLICATION 


Radio-influence voltage varies with 
time of voltage application, particularly 
within the first few minutes. This is il- 
lustrated by a test summarized in Table 
XII made on a pin-type insulator at 22 kv 


Table XII. Radio-Influence-Voltage Varia- 
tion With Time of Applied Voltage 


Time Radio-Influence Voltage 
(Minutes) (Microvolts) 
Ovvides tones cute oleate 7,700 
Dos. aire cote scncwee ele. aettie tens tex ater een 6,000 
Distisre: Ys, clebec oles eSeapaie eT Sees 5,600 
Bide Vicks J srade sl Nata Sens OR 5,000 
FORM AG Rear IN Cetin c 4,500 
RR SPIE OA ere el ccc 4,400 
LOY NOE Recto es hele Ge eee ae 4,200 
LSS s Shicka dala: Tee ee 3,900 
P| eM Se bir iete yf 3,800 


and at 0.34 inch of mercury atmospheric 
vapor pressure. 

In this case, as is usually found with 
insulators, the radio-influence voltage de- 
creased rapidly at first and then slowly, so 
that in some 20 minutes a constant value 
was obtained. Some other types of ap- 
paratus show an increasing influence volt- 
age with time of application. Experience, 
therefore, indicates that, to obtain values 
which will check from day to day or from 
one test set to another, a common time of 
voltage application is required. The one- 
minute value gives ample time for a short- 
time test and is practical in that it does 
not require excessive waiting. However, 


ee 


the longer time values are possibly more 


in agreement with the continuous values 
consistent with service performance of 
apparatus. A five-minute test generally 
has been viewed as a good compromise and 
is now contained in a number of apparatus 
test codes. 
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4. Humrpiry 


Measurement experience has shown 
that in many cases atmospheric humidity 
has a substantial effect on radio-influence 
voltages of apparatus. A good example 
is that of porcelain insulators, with which 
this variation may be as much as 4 to 1 
‘over the normal range of atmospheric 
humidity conditions. A specimen-test 
result showing influence-voltage varia- 
tions at several voltage levels on a stand- 
ard pin-type insulator is shown in 
Figure 5. 

This test was made in a closed chamber 
in which the atmosphere could be arti- 
ficially reduced by suitable dryers, so that 
a range from 0,03 inch of mercury vapor 
pressure to 0.6 inch was obtained. The 
humidity was measured with a dew point 
potentiometer, and data of radio-influence 
voltage variations were obtained at 10 kv, 
16 kv, 22 kv, and 28 kv. The marked 
increase in voltage as humidity decreased 
is consistent at all voltage levels tested. 
The normal test voltage for this insulator 
is 22 kv, and the limiting value of radio- 
influence voltage, 12,000 microvolts from 
Table VII. 

Adding moisture until precipitation 
takes place has a varied effect. When 
water droplets fill in small crevices be- 
tween conductor and insulation, in which 
local breakdown occurs, the influence volt- 


age will decrease, because the water shifts . 


the voltage across the crevice to other 
parts of the dielectric in series. But the 
converse of a higher influence voltage 
may result, if droplets form projections 
of small radius on an otherwise smooth 
surface. In this case the voltage gradient 
at the droplet increases, and additional 
local disruption gives rise to increased 
radio-influence voltage. Humidity then 
is another factor contributing to influence 
voltage level which must be reckoned 
with in testing and considered in cases of 
field interference. 
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IX. Conclusions 


1. Use of the present available radio-noise 
meters when utilized only with the internal 
calibrator gives results within +50 per cent 
in measurements on sine waves of radio 
frequency. 


2. Use of a sine-wave signal generator to 
calibrate the noise-meter results in marked 
improvement and permits obtaining checks 
on sine waves of radio frequency to within 
eight per cent. 


3. Even when calibrated on a signal gen- 
erator, the results with different radio-noise 
meters, when used to measure on a given 
square wave, may differ by 87 per cent. 
Differing types of apparatus noise also result 
in similar meter differences. 


4. Asanimproved instrument-performance 
specification, it is recommended that one or 
more calibration waves of varied and repre- 
entative shapes be adopted. 


5. Limits for the radio-influence voltage of 
apparatus derived on the basis of apparatus 
measurement and field experience are given 
in Table III. These are the same as the 
values adopted by many sections of NEMA 
for high-voltage apparatus. 


6. To bridge the gap between radio-in- 
fluence voltages of apparatus measured in 
the factory and noise measured on a radio- 
receiver set, a series of values is found 
valuable. These ratios are— 


(a). Apparatus-to-on-line ratio, 1.5 to 1. 
(6). On-line-to-under-line ratio, 70 to 1. 
(c), Under-line-to-receiver-antenna ratio, 3.2 to 1. 


(d). Signal-to-noise ratio, 32 to 1. 


7. Apparatus limits for radio-influence 
voltage given in Table III and derived on the 
basis of apparatus measurement and field 
experience agree with limits as found 
through the use of field measurements and 
ratios as in conclusion 6. 


8. Based on these ratios and assuming an 
antenna signal strength of 500 microvolts 
per meter and a signal-to-noise ratio of 
32 to 1, a relative radio-influence voltage 
level for apparatus limits is derived. This 
level agrees with those of Table III based 
on factory tests and field experience. 


9. To provide for the testing of all ap- 
paratus used on the same circuit, a standard 
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set of test voltages for many types of high- 
voltage apparatus has been standardized as 
given in Table VI. 


10. Factors which must be controlled 
in the measurement of radio-influence volt- 
age in apparatus are voltage field configura- 
tions, number of test parts in parallel, time 
of voltage application, and humidity. To 
provide good measurement checks, these 
factors should be included in individual 
apparatus test codes. 
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Open-Delta Transformer Banks— 


Analysis of Circuit 


J.E. CLEM 


FELLOW AIEE 


HEN a three-phase transformer 

banks operated in open delta, an 
unbalanced secondary voltage results, 
and the transformers themselves may be 
overloaded. The unbalanced voltage 
will cause a circulating current to flow 
which may cause overheating of the 
equipment in the secondary circuit to an 
extent depending upon the amount of the 
voltage unbalance and the load being 
carried. Wolf and Mattison! have de- 
scribed a method of overcoming the 
voltage unbalance, and this paper is 
written to mention briefly the effect of 
unbalanced voltages on the operation of 
induction motors and to present an analy- 
sis of the circuit, together with some cor- 
related material. 

Open-delta operation of transformers 
will set up negative-sequence voltages in 
the secondary circuit which may cause 
increased heating of induction motors. 
Whether or not this increased heating is 
serious depends upon the load being car- 
ried by the motors and their temperature- 
rise characteristics. 

The unbalance of the secondary volt- 
ages can be reduced to a negligible value 
by the addition of capacitance to the cir- 
cuit, and a method is given of estimating 
the required amount and its distribution. 

Existing methods of calculating regula- 
tion of open-delta transformer banks are 
not suitable for the analysis of this prob- 
lem, and a new method is presented to- 
gether with a method of calculating the 
positive and negative components of the 
current necessary for the application of 
the new method. 


Effect of Unbalanced Voltages on 
Motor Operation 


The unbalanced voltages resulting from 
open-delta operation are detrimental to 
the operation of induction motors in the 
secondary circuit and result in a reduction 
in torque and an increase in heating. 


Paper 43-45, recommended by the AIEE com- 
mittees on electrical machinery and power trans- 
mission and distribution for presentation at the 
AIEE national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 24, 1942; made available for printing 
December 22, 1942 


J. E. Cie is in the central station engineering de- 


partment, General Electric Company, Schenectady, 
Neve 
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The amount of voltage unbalance de- 
pends, not only upon the reactance of the 
transformer, but also upon the magni- 
tude and type of load. The greatest un- 
balance will occur when all the load is 
static and the least when all the load is 
rotating. However, a given negative- 
sequence reactance applied to an induc- 
tion motor produces a definite negative- 
sequence current of a magnitude de- 
pending only upon the characteristics 
of the motor. 


There is a reduction in torque, because 
the positive-sequence voltage applied to 
the motor is reduced. For example, in 
Figure 4 of the Wolf—Mattison paper, 
the positive-sequence line-to-neutral sec- 
ondary voltage for the closed-delta case 
is 335.2 volts, with an applied line-to-line 
equivalent voltage of 615 volts, and it is 
reduced to 319.8 volts for the open-delta 
case, with line-to-line equivalent voltage 
of 622. This represents a reduction in 
torque of nine per cent, and, in addition, 
the negative-sequence voltage introduces 
a small (usually negligible) torque in the 
reverse direction. Since the required 
mechanical output is unchanged, the 
current must increase to maintain the 
load, and increased heating results. 

The unbalanced regulation of the open- 
delta bank introduces a negative-se- 
quence voltage which, in turn, causes 
negative-sequence current to flow, and a 
further increase in heating results. The 
negative-sequence impedance of induc- 
tion motors may be in the order of 10 
to 25 per cent, so that a relatively small 
per-unit negative-sequence voltage catses 
a relatively larger current to circulate. 
The increase in losses is illustrated in 
Figure 1 for two types of induction motors. 
A ten per cent negative-sequence voltage 
may cause an increase in total loss, rang- 
ing from 33 to 93 per cent at full load, 
depending upon the characteristics of the 
motor, 


The extra loss is revealed as increased 
heating in the motor. If the excess loss 
were evenly distributed among the three 
phases, the overheating would be pro- 
portional roughly to the excess losses. 
However, the current unbalance is such 
that the overcurrent flows through one 
phase of wye-connected motors or through 
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two phases of delta-connected motors, 
resulting in local overheating and rela- 
tively greater excess temperatures than 
indicated by the over-all excess losses. 

Whether or not this overheating is 
serious will depend upon the loading of 
the motor and the closeness of the design. 
If the motor is underloaded or has a 
liberal margin in the temperature-rise -’ 
performance, the increased heating prob- 
ably will not be harmful. If, however, 
the motors are fully loaded and already 
operating at a temperature close to the 
maximum temperature for which a 
reasonable length of life may be ex- 
pected, the overheating caused by the 
excess losses may be disastrous. 


Regulation of Open-Delta 
Transformer Banks 


The usual approximate formulas? given 
for the calculation of the regulation of 
open-delta transformer banks are de- 
rived upon the assumption of balanced 
voltages and currents. Since this con- 
dition does not exist in the secondary 
circuit of an open-delta bank, the results 
are in error to a greater or less degree, 
and the formulas cannot be used for an 
analysis of this nature. 

The regulation of an open-delta trans- 
former bank may be developed as follows. 
See Figure 2, Figure 3a, and Figure 8. 

The voltage and current relationships 
are 


Egp=EqgtlaZ; Ty =I 
Epc =Epget+]yZ1 Ine =0 (1) 
Eca = ca tT egZt 


and from these 


E,p=Eqyt+IsZ, = Eqn t+ ean 


Epo =Ey,+ Ico—Is)Z,=E_- +0, (2) 
Eat €ca 


Ec4=Eq—IcZ,= 


RATIO OF TOTAL LOSSES 


04 05 06 O?F 08 09 10 
“PER UNIT NEGATIVE SEQUENCE VOLTAGE 


Figure 1. Variation in total loss of two types 
of induction motors caused by negative-se- 
quence voltage 


Motors maintain full mechanical output, and 
positive-sequence voltage decreases 
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8 b 


In the foregoing it is presumed that 
the phase angle of Js in reference to 
E;, and so forth, is known. 


If we write 
€qn=I5Z, = (Ipit+Ia2)Z, 
€p¢e=(Uc—In)Z, = (Ioy—Ia, + e2—T 2) Z, 
Cca= —1T cL, = —(T¢,t+Tc2)Z, (3) 


it can be shown easily from formula 3 
and Figure 8 that 
eet oF, Ta) 


€an1 = 3 Zt 


and 


274 —I 42 
oo 3 


(=1+4)(—Ig, +202) 
€nn2= Zt 


3 


Zz; (4) 


and 


—14,+21 
ee at A2 Z, 


and also 


I Tao I 
afatlas af 
3 

_ Ga?—a)I gn +(2a—@?)I 42 Z 
zs 3 toe 


ep 


213—Tc¢ 
SSS 4 
3 t (4a) 
(2a —a?)I 4, + (2a?—a)I 49 
e,= 5 Zi 
21,—I1 
c Bz, 


From formula 4 and Figure 3a we 
can write the expressions for the total 
positive and negative voltages in the 
circuit. They are 


2Z. Z, 
E, =1( 2047) I = 


Dis a) 
0=—-—h —+h, { Z.+— 
a gt .( ot 3 


These expressions, formula 5, yield the 
equivalent circuit shown in Figure 3b. 
It is interesting to note that this is identi- 
cal with the equivalent circuit for open- 
delta transformer banks originally de- 
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Figure 2(left). Rep- 

resentation of open- 

delta transformer 

bank with direction 

of power flow indi- 
cated 


, 


Figure 3 (right). 
Representation of 
complete circuit with 
open-delta _trans- 
former bank and the 
corresponding equiv- 
alent circuit 


veloped by Edith Clarke in 1934 using 
an entirely different approach. 

The sequence currents may be cal- 
culated as follows: 


2 
Z.+- LZ, 
Iy,=E, : te) 
D 
Iq.=Iq, a8 (7) 
Fae, 
3 
in which 


pa(a42z A422 * 22 8 
EVs ate Ot.) ig ot (8) 


Z,\=positive-sequence impedance external 
to the transformer 

Z2=negative-sequence impedance external 
to the transformer 


Again we write from formulas 2 and 3 


Egp=EqtlaZ:+1 p21 
Epo=Eqet+ (Lei In) 21+ Uo2—Ia2)Z; (9) 
Eog= Eg —T eZ, —-TeoZ1 


In the foregoing the voltage drop in 
the open-delta bank between the primary 
and secondary windings is made up of the 
drop resulting from two symmetrical 
currents. Also, we may look upon the 
primary voltages as those existing before 
the transformers are loaded, and there- 


| 


3b 


fore they are a set of symmetrical volt- 
ages. 
This permits a simplification in the 
expression to the following: 
Eq = Exp = (az eret™) ar 
TaeZie. CARP) 
E,,=Esc— (SBI Ze Or) Fee 
VBI a2Z t+) (10) 


Eva — Eoa ar IaZ: AS Bigg) +LaoZ1 l(t a 


In this equation the angle @ is the 
angle of the transformer impedance, @, and 
6, are the phase angles of the positive- 
and negative-sequence currents, J4, and 
I 42, in reference to Hy. The angles 0 and 
6, are negative for lagging current and 
positive for leading current. 

The foregoing equation 10 permits the 
determination of the voltage drop for 
each phase, the second term on right 
side of each expression. When this 
voltage drop is expressed on a per cent or 
per-unit basis, any of the conventional 
expressions’ may be used to calculate 
the regulation, depending upon the de- 
gree of accuracy required. 

In each of the foregoing equations 10 
the reference vector for each secondary 
voltage is its respective primary voltage. 
On further expansion and with the usual 
approximations introduced, the positive- 


Table | 

Measured Derived Measured Derived 
Rewer suey.) oirar 982. (CD) ai Nace aa Bae kod eS Bue A S75 dees ieee 975 (982) 
MA niercke te et ucis T SOQ een sae Asteasis Te500) esi eee TOON ae oe 1,200 €77 36.50 
TBA ee PSOne, 2 awe ALSO) Me sieree ss ok hoe ee STINE <a ey P AR ae 1,150  € “7157.98 
ipa ee ae nie eat eae Ae OTTO DE 186elt rh ae Baers cay telacse: oat Seen 1,150 € 7 84.95 
abst cls rete te Ay tc esete ote eee Lays awe cic RISER a eR BOD oe. tout nase 602 € 77150 39 
JN rn pottin, thos OCSice ashe as GR CUE Se ea caer nee BOD tear atarers ara.cte 595 € 7:88.90 
Rica ah Peres ba Oreos, GYR (OR ein a eneare OO sae te era rere 592 EF 30.18 
FAI Fo coe Scots shoud beat terete ej aman Saye CLs aR REN ER econ arcu dete on BP ge cee PAPAL 345.1 
1) RCO Co aR ROE SOR IEA Pree CEN TRY Ray RL Re pe ea ls ae ae Oe et 346.8 E€77120.94 
PSOE recieve Myave meek chey: aie ao ahs eee SOB MAME SILLS 402 re aes tec a ee eats nie Sayer 341.0 € 7119-28 


€ 7 59.5 
€-7 1.29 


€ -7148.40 
€ 7138.65 
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Figure 4A. Vector diagram showing Ig 

voltages and currents for open-delta 

operation with no corrective capaci- 
tance 


Figure 4B. Wector 
diagram showing 
voltages and load 
current and trans- 
former current with 
corrective capaci- 
tance added 


Ebe 


Te 


sequence parts will yield the conventional 
form? given for the calculation of the 
regulation of open-delta transformer 
banks. 

Assume three voltage values Ey», Epo, 
and E,,, together with three current 
values I,, Ig, and Ig, have been meas- 
ured. Then we can write (see Figure 7) 
Eq =a Tes 
Ey¢= Eye 48-2) Tp =I ped (8 AB) 


(11) 
Eca & ere) eh ca) Te = Hie ac) 


in which the angles are determined as 
indicated in Figure 7, but it should be 
noted fully that the voltage angle ab 
need not be the same necessarily as the 
current angle AB. The line-to-neutral 
voltages, E,, E,, and E,, may be deter- 
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mined from the line-to-line voltages 
(see Figure 7), or equation 4a, and the 
phase angle between the voltages and 
current can be determined from the 
measurement of the total watts output. 
Once these negative values of voltage 
and current are determined, sufficient in- 
formation is available to determine the 
sequence current (for use in 10) and 


I, 


Ta 


then to determine the per-unit impedance 
voltage (12 and 12a) in magnitude and 
phase angle, to be used in the calculation 
of regulation. On the other hand, if the 
constants of the circuit are known, the 
sequence currents may be evaluated by 
use of equations 6 and 7. 


New Formula for Precise 
Calculation of Transformer 
Regulation 


Some of the conventional approximate 
formulas* for regulation are subject to 
appreciable error when the per-unit drop 
is above the usual values. Accordingly, 
the following new method of calculating 
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regulation is offered, which permits cal/ / 
culation to any desired precision. 

Express one of the foregoing expressions 
as: 
Es = ED inte (In Zee eer) + IyeZe7 ee) 

= E,—Epse” (12) 


anb then, if we let 


ve 


pele (12a) 
and then 


E> 
Pf jo 
Bete. 


there results 


—?—14p cos 6+jp sin 6 


(13) 
Es 


Per-unit regulation, 


P 
[= 6+— 
a=p cos 6+ 9 


The expression pe” =p (sin 0+j cos 6) 

represents the per-unit impedance drop 
in magnitude and position. For this 
particular problem the proper values to 
use are obtained from equation 10. 
’ By this method the regulation may be 
calculated to any precision justified by 
the supporting data, and this method has 
been incorporated by the writer in the 
latest revision of American Standard for 
Transformers, C-57.1, and was included in 
the report of the subcommittee respon- 
sible for the revision of section 4 of C-57. 


Calculation of Regulation 


At this point the regulation for the 
open-delta condition of case 2 of Figure 
4 of the Wolf—Mattison paper will be 


Tte a 


Figure 5. Secondary side of open-delta trans- 
former bank showing phases to which corrective 
capacitance is added 


ELECTRICAL ENGINEERING 


ANGLE AT Itg WITH Eap 


POWER-FACTOR ANGLE 


ANGLE AT It gWITH Eab 


Figure 6A. Chart showing relationship be- 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 


| 
For n=“=12/, 
loc 


calculated. The per-unit impedance of 
the transformer is 0.0592 at 522 amperes, 
and the impedance angle @ is 82.52 
degrees. (All numerical values of angles 
are in degrees.) 


Then 


I, = (1,230 —78.7)€~755.° = 1230-7". 
T= (2704+j8.7) €~786.2 = 270, 1e-788.44 
Z, = 0.0592 €/82.52 


In the preceding equation for 4 and 
In, the reference vector is /,, whereas in 
equation 10 the reference vector is 
E,. The angle between E, and £, may 
be found from the following: 


I4Z, sin (6+6) 
38+] 4Z, cos (¢+6) 


tan B= 


which gives 
B=0.78 


and then 0,=36.48, and @,=34.22, so 
that 


o+6:+30 = 76.04 
and 


¢+6,—90=41.70 


and 
+6. = 48.3 


+6, —30= 16.04 
and 
$+62+90 = 138.30 


NG 0592 =0.1395 
Sop Tae 


ET 0592 = 0.03064 
§22 “~~ he 
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ANGLE AT Itg WITH Eab 


POWER-FACTOR ANGLE 


Figure 6B. Chart showing relationship be- 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 


I 
Forn=—“=92 
be 


Then for phase AB 


pe® =0.1395 €/7*-°44.0,03064e741.° 
= 0.0566 +70.115 
a=(0.0648 
Per-unit regulation =0.0628 for phase AB 


And in a similar manner for the other 
phases there results the data shown in 
Table A. 

This is a reasonably good check. The 


Figure 7. Vector diagram illustrating simplified 

method of finding line-to-neutral voltage and 

the positive- and negative-sequence compo- 

nents from a set of unbalanced line-to-line 

voltages, when no zero-sequence voltage is 
/ present 

a2+b2—c? 


cos ab= mere 


Other angles in similar manner. 


x?+ y?—z? 
COs xy =——__—_—_ 


b=PER UNIT I 
OQ. Ol 0.2 03 64 05 O86 


S| 2/0 


ANGLE AT It, WITH Eab 


Figure 6C. Chart showing relationship be- 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 


/ 
For n=“=91/; 
be 


per-unit values are all on the basis of the 
rated output voltage—575 volts. 


Analysis of Data, Figure 4 of the 
Wolf-—Mattison Paper 


In Table I is shown an analysis of the 
data in Figure 4 of the Wolf—Mattison 
paper, giving the measured and certain 
derived values. The phase angle between 
E, and I, is predicated upon the require- 
ment that the calculated output of the 
two transformers must equal the meas- 
ured value. This information is shown 
in Figures 4a and 4b. 

The positive- and negative-sequence 
components for the open-delta operation, 
Figure 4a, are without capacitance. 

Eq =319.4 —j16.38 
T 4, = (1,230 —78.7) €—735.29 
Eq. =9.4+j16.83 
T4.=( 270+ 78.7) 7-736. 29 
and with corrective capacitance added 
Eq =344.3—j3.31 4, =1,166.5¢€-736-50 


Eq2=0.854+ 73.31 T42=33.5€~7%.50 


GaieXeee 


COS Cx= 
Qcx 


Oxy 


All angles acute. 


1 
X?=O(2a"— bt 2c*), a2=9x?4 9y?— 7?) and so forth 


AB E,=E, 
Eno = Egce 1180-28) 
Een = Eggo (180-a) 


4 


Eum= fate a (Exso—Eca)jEss2=<Ess—i 


2/3 Q 


4 q ’ 1 a a 
En = gFastig 7y(Es—Fc) iba = fale 
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E,= E,e77 480-2») 
E,= E 1180-22) 


E ip= Ere MELD, 
Exc= Epoelatab) 
Bia, = Benme eax) 


4 


9,73 {fse— Fea) 


(Ez—Ec) 
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Cc (b). Backward (negative) sequence} 


B (a). Forward (positive) sequence 
Figure 8. Chart showing certain sequence relationships used in the text 
Positive Sequence Negative Sequence 
jl j 40 
E, =F, =E la= =|," E, =E,e”=Eq lamar =I," 
E,=Eje Pn aE, al O'M ae? EyaEe™= ab, y= ge) = alge” 
E,=E,6 7" =aEF, 1,=I,¢0? =al,e?  E,=E,e€!*= aE, 1, = 1,62 0-8) = a,” 
(Car 
I, F 
E =(—1+a7)E, lay = Eqn=(—1+<a)Eq mes a 
0 FE a vi +a =+/3E,¢ lap a +a? 
=——|, ¢/ 03) 1 ee 
a epee oy) [,e) +150) 
i 
E, =(—a?+a)E, I, seep SOTTO E,.=(—a+a*)Eq PT . 
; = /3E,¢€" ; Cae =V/3E,e™ Ire= =a" 4-4 
= ae (0 +90) ‘i oe 1 ei(—m) 
~ I E.g=(— a?+1)EQ Me 
E.g=(—at1)F& lq=—— S/S e280 Feds 
WENT a V3Ect ae 
ee al, ¢/ (9-30) 4 1 
4 3 i E,=— Ee = —— [20 +80) 
Emagen Vale” v3 a 
1 Ey= 8 aE,,e 71° I= V Blane”? 
E,=—=@Ee” 1, = ~/3.42l,,€? 3 i 
d Wad av€ b= V3a2lap : eee 
1 F A Eee ease 
EO aed he I, = ~/3alqye” SINS aa I,=~/3a?E" 


Use subscript 1, for example, E,, 


Use subscript 2, for example, Eqs 


In these expressions H, is the reference 
vector. 

From these data it is seen that open- 
delta operation in this particular case 
introduces 6 per cent negative-sequence 
voltage, which in turn introduces a 22 
per cent negative-sequence current. 

In Figure 4b the voltage and toad cur- 
rents are seen to be closely balanced, 
and this has been accomplished by the 
addition of capacitance current in certain 
proportions (see Figure 5) as described 
by Wolf and Mattison. 

The current J; in the leading phase 
AB has been advanced slightly in phase 
(Figure 4b), and thus its phase angle is 
reduced in reference to the voltage AB, 
and at the same time it is reduced in 
magnitude. The current Jy in the leading 
phase has been advanced greatly in 
phase, and this also reduces its (reversed) 
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phase angle in reference to the voltage 
CA and, at the same time, its magnitude. 
After this modification has been made, 
current Iy, leads its voltage E,, by 1.99 
degrees and the current J,,, reversed, lags 
its voltage E,, by 13.19 degrees. Since 
the power factor is now practically unity, 
the difference in regulation is so slight 
that the negative-sequence voltage in- 
troduced has a negligible effect. 

The relative values of capacitance 
current that need be added will depend 
upon the power factor and magnitude 
of the load. The required amount and its 
distribution cannot be determined readily 
by a study of the unbalanced condition, 
Rather the line currents J, and Ic 
for balanced three-phase conditions must 
be modified so that the respective trans- 
former currents, Ij, and Ij, are not only 
approximately equal in magnitude, but 
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if 
Table A 


———————— a 


Phase Calculated Test 
iA By. osciemister eres 0.06285). .ac/ ane 0.0765 

BC haa vk slekcon mes OV L407 Sa ccna 0.146 
COA es fics otis amen OVD 20 ce. 2 ie ea eee 0.1373 


also have approximately the same phase 
relationship to their respective voltages, +, 
E, and E.,». By this procedure the 
unequal regulation is reduced greatly, 
and thereby the cause of the unbalanced 
current is removed and, consequently, 
its harmful effects. 

Strictly speaking, the proper capaci- 
tance for one power factor is not correct 
at other power factors. In Figure 6 are 
given curves (see also Figure 5), by which 
the amount of corrective capacitance may 
be estimated, and it should be borne in 
mind that precision is not necessary. 

In these curves bis the per-unit capaci- 
tive current, based on actual load cur- 
rent, added across phase bc, and nb 
represents the capacitive current added 
across phase ca, with m having values of 
12/3, 2, and 21/3. 

These charts are used as follows: 
Assume the power factor of the load is 
0.77, assume b to be 0.35 as the first 
trial, and » as 12/3. Then the inter- 
section of the line for power factor = 
0.77 and b=0.35 indicates an angle 
of about +1.5 degrees for Jj¢ and of 
about —24 degrees for J,, on the upper 
chart. Now locate these angles re- 
spectively on the lower chart for the 
assumed values of b=0.35; Ie is in- 
dicated as about 0.71, and J;, is indicated 
as about 0.65. This amount of correc- 
tion probably would not be satisfactory, 
and a new trial should be made with a 
different 6 or different 2, or with both 
different. 

For a further example, assume a load 
having a power factor of 0.81 or 06=36 
degrees. Then we can get the results 
from the curves as shown in Table IT. 

With the possible exception of the 
first entry, any of the foregoing will give 
sufficient reduction in the unbalance to 
assure satisfactory operation of the in- 
duction motors on the secondary cir- 


cuits. Incidentally, the fourth entry 
Table II 

| 
n b OB Oo Its lic 
12 /str OC Su eee) —21_..,.0,780.0sme6 
12/5 pp ONGb Nee G —13  ....0.690..0.710 
12/3,...0.4 ....+82/2....— 8 ....0,655..00755 
Oy Me ONS ented —131/2....0.730. .0.700 
Pa SORE Ban SEL — 3 ....0.690..0.730 
2 ...-0.4 ...481/2.... 61/2.....0. 6550 Onn 
24/3....0.38 ...+4 — 51/s....0.780. .0.665 
21/3....0.35...+6 + 4 = ....0,690..0.640 
21/s....0.4 ...4+81/2....+151/2....0.655, 0.680 
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Synopsis: Mathematical expressions for a-c 

impedance and current distribution are 
derived for bimetallic conductors with cir- 
cular symmetry. The results are illustrated 
by application to a copper-covered steel 
conductor in the frequency range up to 160 
kilocycles. Measurements of the a-c re- 
sistance in the same frequency range provide 
a check on the theoretical results. The 
studies made on the copper-covered steel 
conductor indicate that its resistance is sub- 
stantially that of its tubular copper portion 
alone and, for all but the lowest frequencies, 
may be taken from the simpler formulas 
and curves already available for tubes. 


IMETALLIC conductors consisting of 

a copper covering welded to a steel 
core are widely used for power and com- 
munication lines, because the great ten- 
sile strength of these conductors permits 
long pole spans. The resistance of such 
bimetallic conductors at power frequen- 
cies is known! A knowledge of the re- 
sistance at higher frequencies, in the 
range up to 150 kilocycles, has become 
important for designing and for deter- 
mining the performance of carrier-current 
communication systems operated over 
bimetallic conductors. 
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A previous study? of this subject was 
published in 1915 by J. M. Miller, who 
gave an approximate method of calculat- 
ing a-c resistance and compared cal- 
culated with experimental results for 
several specimens of conductors in the 
frequency range up to three kilocycles. 
However, his method of calculation is 
based upon the assumption that the 
current density in the outer layer of 
copper is uniform, which, although it is 


Figure 1. Section of bimetallic conductor 


an excellent approximation at low fre- 
quencies, departs considerably from the 
actual condition at high frequencies. 

It is the purpose of this investigation to 
develop a more exact theory of skin effect 
for bimetallic conductors with circular 
symmetry, to illustrate the theory by 
using it to calculate for a particular 
copper-covered steel conductor the ratio 
of a-c resistance to d-c resistance and the 
current distribution over a range of 
frequencies, and to check the theory by 
an experimental determination of the 
resistance ratio for the same conductor 
over the selected range. 


Theoretical Expression for A-C 
Impedance 


In what follows, a general relation is 
developed for the a-c impedance of a 
conductor which has the section shown in 
Figure 1. The interior region I has 
resistivity p, and permeability ,; the 
exterior region II, p, and py. The de- 
veloped relation applies to all other bime- 
tallic conductors of circular section, in- 
cluding aluminum-covered steel, as well 
as to copper-covered steel. 

In developing the theory it is assumed 
that: 


1. Each region is homogeneous; that is, 
within each region the permeability and re- 
sistivity do not vary from point to point. 


2. At any point the permeability and resis- 
tivity do not vary with time. 


3. The bounding surface between regions 
and the outer surface are circular cylinders. 


4. The conductor carries a sinusoidal cur- 
rent. 


5. .The conductor is very long and straight 
and the return conductor or conductors are 
either concentric tubes or at such remote dis- 
tances that they produce no appreciable 
field within the conductor considered. 


The derivation of the expression for 
the ratio of a-c impedance to d-c resist- 
ance is outlined in Appendix A. The 
expression itself, in convenient form for 
calculation, is: ‘ 


A is WGA =e 
Zee H age 24 
Se SP con | (1) 


Rac 27 F IE 
B-—-—D—IGB+—D 
H i ar 


in which P is the per-unit conductivity 
(per cent conductivity divided by 100), and 
each of the nine quantities A to J is a 
Bessel function expressed as a complex 
number, except for G and J, which are 
quantities simply obtained from Bessel 
functions. Other forms of Bessel func- 
tions may be employed, the present 
forms being selected for convenience in 


is the case covered by Figure 4 of the 
Wolf—Mattison paper, and the check is 
very good. In selecting the particular 
values of corrective capacitance the 
power factor and range of load are the 
factors to be considered. 


Appendix 


1. If there is no zero-sequence voltage in 
the system, then the proper neutral point 
of the system is the intersection of the 
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medians of the closed line-to-line voltage 
triangle. This can be proved easily by 
geometric relationships and is true, be- 
cause the line-to-neutral voltages must form 
a closed triangle of themselves and therefore 
fix the line-to-line triangle in such a way 
that any line-to-neutral voltage if extended, 
will bisect the opposite side. These rela- 
tionships are set forth in Figure 7, which 
gives a direct method of calculating the 
line-to-neutral voltages from the line- 
to-line voltages when there is no zero- 
sequence voltage. Also, a more direct 
method of determining the positive- and 
negative-sequence components is given. 
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2. In Figure 8 are shown certain se- 
quence relationships to which reference was 
made in the test. 
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Table |. Equivalent Forms of Bessel Functions 


ll 


I,(j'/22) = ber s+ bei z 


Il 


1 bre 
1,(j'2) ae (ber; 2+ bei: 2) 


K,(j'/2z) =ker 2+ kei z 


Ki(j/22) =j (keri +f kein 2) = 


7 (ker! 2+j kei’ 2) 


= Jy(j*/*2) 


1 1 d “3/9 . . . 
a, | 32) =— — q 7) = MG ( 
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1 , 
1/25) ae Me" 
“y 


” conj Ho'(j'/2z) =Noe’” 


mah 5 con Hi(j/22) =jMe™ 


£ee references 3, 6, and 7. 
using the Jahnke-Emde tables.* The 
quantities are defined as follows: 


A =Jo(i'/2br2) 
B=j'?I,(7'/*br2) 
C=Hy') (7'/2br2) 
D=7'2H,(7'/br2) 
E=Jo(j'bn) 


TAK H=H,(j'*bn) 
p2 


F=J,(j'/*bn) 
5 Ho (7'2br:) 
H,® (7'/br:) 


(ie \ IF Man) 
Mp1 Jo(j'ar;) 


refill 
fo Pl 

In the above expressions the meter- 
kilogram-second system of units! is 
employed. 

The real component of Z,,/R,, is the 
ratio of a-c to d-c resistance; the imagi- 
nary component is the ratio of the re- 
actance arising from the flux within the 
conductor to the d-c resistance. 

The first terms of the numerator and 
denominator, A and B, are the largest 
terms for the cases that have been cal- 
culated and can be taken from the tables 
directly in Cartesian form. The other 
terms within the brackets, which are prod- 
ucts and quotients, are obtained con- 


a! 
CURVE CALCUL 
POINTS si MENTAL 


| 
aa 


w 


RATIO OF Ra-c TO Rp-¢ 
OF BIMETALLIC WIRE 


1.0 
0 100 200 300 400 
SQUARE ROOT OF FREQUENCY 
0 1OM 40M 90M 160M 
FREQUENCY 
Figure 2. Ratio of a-c to d-c resistance- 


number 10 American wire gauge copper- 
covered steel, 40 per cent conductivity wire 
at 29 degrees centigrade 
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veniently in polar form. Thus the ar- 
rangement in equation 1 is such that 
accuracy is not lost in the most important 
terms by writing them as the products of 
various factors, each of which, taken from 
a table, has some uncertainty in the last 
decimal place. Also if a slide rule is to 
be used, multiplication and division are 
required only in the less significant terms. 

Another feature of the arrangement 
of the terms in equation 1 is that, by 
dropping terms and making appropriate 
changes in P, the expression gives the 
ratio Z,,./Rq, for solid and hollow homo- 
geneous conductors. Thus, if only the 
first terms A and B within the brackets 
are used, and if P is set equal to unity, the 
expression applies to a solid homogeneous 
wire of outer radius 7, resistivity po, 
and permeability p.: that is, with the 
characteristics of the outer material. 
Likewise, if only the first two terms of 
the numerator and the first two terms of 
the denominator are used with P cor- 
responding to an infinite value of p., the 
expression applies to a tubular conductor 
of inner and outer radii 7, and 7, made of 
the outer material. 


Application of the Theory 


To illustrate the use of equation | and 
to obtain calculated values of the ratio 
of Rg, to Ra, for comparison with experi- 
mental ones, the equation is applied to a 
particular specimen of number 10 Ameri- 
can wire gauge copper-covered steel 40 
per cent conductivity wire supplied by 
the Copperweld Steel Company. 

The quantities 71, re, pi, p2, and wm, were 
carefully determined for the conductor 
used. The value of 7, the outer radius, 
was found from the average of a large 
number of micrometer medsurements; 
px, the resistivity of the steel core material, 
was found from Kelvin-bridge measure- 
ments after the copper was removed 
chemically from the composite wire; 
px, the resistivity of the copper sheath, 
was taken from tables. The value of 1 
was calculated from the measured d-c 
resistance of the composite conductor and 
the previously determined values of 
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7’, p, and po The permeability pm, of 
the core was determined from inductance 
measurements. For this purpose short 
lengths of the steel core were drilled and 
arranged for stringing, as cylindrical 
beads, on a small insulated wire with 
coaxial return. The inductance of the 
wire with and without the steel beads 
was measured by means of an inductance 
bridge, and from these measurements and 
the dimensions the permeability was 
calculated. 
The following values were found: 


r,=0.1024 10-2 meter 
re = 0.18038 X 1072 meter 


pi= 27.91 X 107-8 ohm-meter 
p2= 1.8380 X 10> § ohm-meter 


m=78.8X4ar X1077 
jam LOK Ae Oe 


The calculated ratio of a-c to d-c 
resistance as a function of frequency for 
a conductor with the above constants is 
shown by the solid curve in Figure 2. 
Values of frequency were chosen that 
would minimize the necessity for inter- 
polation in the tables of Bessel functions. 

When the scale of abscissas is expressed 
in terms of V f/Rac the curve of Figure 2 
will apply to a conductor of any size, 
provided it is made of the same materials 
as the one for which the figure was cal- 
culated and has the same ratio of 7 to 72. 
These conditions also imply the same per 
cent conductivity. Such a scale is given 


Figure 3. Photomicrograph of section of cop- 
ay per-covered steel wire 
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RELATIVE CURRENT DENSITY 
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FRACTIONAL DISTANCE FROM CENTER OF WIRE 
Figure 4. Variation of current density with 

distance from center of wire 


at the top of the figure, Riooo being the 
d-c resistance in ohms per thousand feet. 


Experimental Verification 


The points in Figure 2 were obtained 
experimentally by the method described 
in Appendix B. 

The agreement between calculation 
and experiment is everywhere at least 
within 11/2 per cent, at most frequencies 
is closer, and thus is well within most 
commercial tolerances. The experimental 
results are believed to be accurate to 
one quarter of one per cent; the cal- 
culations to one tenth of one per cent. 
The small discrepancies between cal- 
culated and test values are thought to 
have their origin in the departure of 
the actual conductor from the assump- 
tions made in the analysis. In the par- 
ticular specimen studied the section of the 
steel core is not exactly circular as may 
be seen from the photomicrograph of 
Figure 3. Also, micrometer measure- 
ments of the steel core, from which the 
surrounding copper had been removed 
chemically, showed a section of roughly 
elliptic form of major axes 0,075 and 0.085 
inch. Another important departure from 
the assumptions lies in the nonhomo- 
geneity of the copper. In the manu- 
facture of copper-covered steel con- 
ductors, molten copper is poured around 
a steel core, and the resulting billet is 
rolled into rod and then drawn into wire. 
There is evidence that some iron migrates 
into the copper at the junction of the two 
metals, and the presence of even small 
amounts of iron causes an increase in the 
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resistivity of the copper, this increase, 
however, probably being restricted to 
the immediate neighborhood of the 
interface. 


Current Distribution 


The current distribution over the sec- 
tion of the conductor, that is, the current 
density as a function of radial distance, is 
given by expressions that are derived in 
Appendix A. The result is shown in 
Figure 4, in which there is given a curve 
proportional to the magnitude of current 
density for frequencies of zero, 10.7, 
42.8, and 131 kilocycles. Current den- 
sities are shown in only the outer portion 
of the conductor, the current density 
being small and unimportant in the in- 
terior regions at most frequencies. The 
curves are drawn to show the relative 
current densities on the assumption that 
the total current is the same at each of 
the four frequencies. Thus, as the fre- 
quency is increased, the current density 
in the interior falls with respect to that 
at the outer surface, and, to maintain 
the same total current, the density at the 
outside surface must increase, and this 
change results in a larger voltage drop 
per-unit length. In fact, the impedance 
drop per-unit length, exclusive of that 
part originating in flux linkages outside 
of the conductor, is proportional to the 
current density at the outside surface. 
Since the current is assumed to be the 
same for all frequencies Z,,/Rg, is also 
proportional to this density, shown by the 
ordinate at extreme right of Figure 4. 


The scale of ordinates for Figure 4 is 
chosen so that if the total current were 


_ distributed uniformly over both the steel 


and copper of the conductor, unit current 
density would result. In terms of this 
unit, at zero frequency the current den- 
sity in the steel is 15.5 per cent, in the 
copper 236 per cent, the average, weighted 
with respect to area, being 100 per cent. 
On the other hand, at the highest fre- 
quency of the figure, 131 kilocycles, the 
current density at the center is sub- 
stantially zero, on the steel side of the 
interface it is 15 per cent (nearly the same 
as before), on the copper side of the inter- 
face 231 per cent, and at the outside 
surface 464 per cent. If the current 
densities were averaged over the area of 
the conductor and account were taken of 


the variation of phase as well as magni- 


tude, the result would again be 100 per 
cent. 

The regularity of the changes with in- 
crease of frequency is not apparent from 
Figure 4; therefore, curves, showing the 
magnitude of the current density Gz at 
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the outside and G, at the copper side of 
interface, as functions of frequency are 
given in Figure 5, in which the current 
densities are expressed in terms of the 
average current density as used iu Figure 
4, Figure 5 also gives the phase of the 
current density at the interface and at 
the outer surface with respect to the 
total current in the conductor. For the 
interface the angles are lagging; for 
the surface, leading. 

Since the steel carries but a small 
fraction of current, the most convenient 
criterion of the extent of skin effect is 
the ratio of the extreme magnitudes of 
current density in the copper: that is, of 
the ratio of interface density to surface 
density. This is given in Figure 6, to- 
gether with another curve showing the 
angle by which the interface current 
density lags the surface density. Thus, 
as is shown in the figure, the change of 
phase from the inside to the outside of 
the copper is zero for direct current, 10 
degrees for 10.3 kilocycles, and 82 degrees 
for 131 kilocycles. The corresponding 
change of phase, not shown in the figure, 
from the interface to the center of the 
steel core is zero for direct current, 182 
degrees for 10.3 kilocycles, and 727 de- 
grees for 131 kilocycles. 

Figures 4, 5, and 6 are expressed in 
terms of frequency or its square root and 
apply to the specific conductor under 
consideration. However, they, like Fig- 
ure 2, could be generalized to apply to 
any other conductor of different radius 
but of the same materials and with the 
same per cent conductivity. 

The study of current distribution 
throws light upon the reasons for the small 
departures of the theoretical curve from 
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Figure 5. Magnitude and phase of current 
densities at interface and outer surface 
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Figure 6. Ratio of interface to surface current 
density, and corresponding phase difference 


the experimental points in Figure 2. The 
fact that these departures occur at inter- 
mediate frequencies rather than at the 
extremes indicates that they probably 
are caused by inaccuracies associated 
with the interface. At zero frequency 
there is no error, because the constants 
are made to agree with d-c measurements. 
At low frequencies, below ten kilocycles, 
the rise in the resistance ratio is caused 
by a decrease of current density in the 
steel core. The decrease is greatest at 
the center, and there is little change at 
the interface or in the copper; thus, 
conditions at the center determine the 
shape of the curve at the low frequencies. 
On the other hand, at the highest fre- 
quencies, 100 to 160 kilocycles, the cur- 
rent density in the steel is negligible, 
and that in the interface region is over- 
shadowed by the higher current densities 
at the outside surface; thus, conditions 
at the outside surface are predominant in 
determining the curve at the highest 
frequencies. However, at intermediate 
frequencies there is appreciable current 
density on both sides of the interface, 
and it is the change of this density with 
frequency that determines the shape of 
the resistance ratio curve. Thus, at the 
intermediate frequencies the geometric 
irregularity and interfacial ‘ia in the 
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Figure 7. Magnitude and phase of the frac- 
tion of total current carried by steel core 
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copper resistivity would have their 
greatest effect. The small discrepancies 
at the highest frequencies may be caused 
by the lack of agreement between the 
table value and the actual value of the 
resistivity of copper. At these frequen- 
cies inaccuracies in the constants p, and 
}4 of the iron have but little effect on the 
calculated values of Rao/Rac. 


Approximate Method of 
Determining A-C Resistance 


The fact that but a small portion of the 
current flows in the steel core of the con- 
ductor in the special case studied, only 
9.5 per cent even at zero frequency, 
suggests a simple approximate method of 
determining the a-c resistance of such a 
conductor, a method in which the current 
in the steel is neglected entirely and the 
resistance of the copper-covered steel 
conductor taken as the resistance of the 
tubular copper shell alone. This latter 
resistance is well known, is obtainable 
from relatively simpler formulas,‘ and 
is to be found conveniently in general 
curves. *® 

The accuracy of this method depends 
upon two conditions: that the current in 
the steel core contributes but little to 
the total current, and also that it has 
a negligible effect on the current dis- 
tribution in the copper. 

The fraction of the total current that is 
carried in the steel core is shown in Figure 
7; also is shown the lagging phase angle 
of the total current in the core behind the 
phase angle of the current caused by the 
conductor as a whole. Starting at 10.5 
per cent of the total current at zero fre- 
quency, the core current falls to 4 per 
cent at 10 kilocycles and to 1 per cent 
at 150 kilocycles. Meanwhile the phase 
angle of the core current behind the total 
current increases rapidly from zero to 
about 40 degrees in the first 10 kilocycles, 
and then more slowly to 90 degrees in 
the range from 10 to 150 kilocycles. 

For the special conductor studied, the 
current in the core has a negligible effect 
upon the current distribution in the 
copper. Removing the core would cause 
a discernible change of current density 
only near the interface and this change 
is shown by the dashed curve in Figure 6. 
The difference in the phase change 


through the copper caused by removing 


the core is too small to show in Figure 6. 
Finally, the total effect of treating the 
copper-covered steel conductor as a 
copper tube alone is shown in Figure 2, 
where the a-c resistance of the tube is 
referred to the d-c resistance of the com- 
posite conductor. Above 10 kilocycles 
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‘i 


there is less than four per cent difference’ ’ 


between the a-c resistances of composite 
conductor and tube, above 20 kilocycles 
the approximate treatment is as good as 
the accurate one. 

Thus, for many purposes it may be 
sufficiently accurate to treat the copper- 
covered steel conductor as a copper tube 
at the higher frequencies. The d-c re- 
sistance is known, and it should be pos- 
sible to estimate a transition curve from 
this value to the curve for the tube with 
an error of only a few per cent. 


Comparison of Several Conductors 


Finally, it is of interest to compare the 
a-c resistances of the bimetallic conductor 
and the copper tube with that of a solid 
copper wire of the same outside diameter. 
This is done in Figure 8, which gives the 
ratios of the a-c resistances of the re- 
spective conductors to the d-c resistance 
of the copper-covered steel. Thus the 
ordinates are also proportional to the a-c 
resistances of the conductors for any 
common length. At zero frequency the 
resistance of the solid wire is 42 per cent, 
that of the tube 111 per cent of the re- 
sistance of the copper-covered steel. 
As the frequency increases, the resistance 
of the solid wire increases most rapidly, 
and at 85 kilocycles all conductors have 
approximately the same a-c resistance. 
At frequencies above 85 kilocycles the 
solid wire has the largest resistance as 
shown on the curve, but at still higher 
frequencies beyond the range of Figure 8 
the curves would again coincide, when the 
current in all cases would be confined to 
a thin skin at the outermost boundary. 
From zero to 85 kilocycles the copper- 
covered steel has a lower resistance than 
the copper tube, but, between 85 and 
160 kilocycles, the latter frequency being 
the highest calculated, the copper- 
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Figure 8. Comparison of a-c resistance of 

copper wire, copper tube, and copper- 

covered steel conductor of same outside 
diameter 
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Figure 9. Circuit for measuring resistance ratio 


covered steel has a slightly higher re- 
sistance than the tube alone. 


A. Derivation of 
Equations 


Appendix 


The current density in each of the regions 
must satisfy the differential equation 


@G 1dG wp 
— +-——j—G=0 3 
dn rar J p G (3) 


in which G is a complex number representing 
the magnitude and phase of the current 
density at any distance ry from the axis. 
The derivation of the equation may be found 
in numerous treatments of skin effect, for 
example, the textbook by Woodruff. The 
solution must also satisfy the boundary con- 
ditions: 


1, Atr=0, G remains finite. 


2. Atr=ni, pG is continuous. 


3. Atr=nr1, (p/n) (dG/dr) is continuous. 


The last two conditions come from the 
field equation 


oB 
Curl E= — 4 
ur x (4) 


which for spatial circular cylindrical sym- 
metry, axially flowing currents, and quanti- 
ties varying sinusoidally in time reduces to 


= —joB (5) 


E being the electric field, and equal to pG. 
Thus 


we) = —jwoB = —jopH (6) 
dr 


Since B is not infinite, pG must be con- 
tinuous. On either side of the interface, p 
is constant so 


— = —joll (7) 


Although B is not necessarily the same on 
both sides of the interface, H and w are 
the same, hence p/u dG/dr is continuous at 
the interface. 
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The solution® of equation 3 in each of 
the regions is 


Gi = Co( jar) + C,Ko(j'ar) 
Gut Cylo(j'/*br) + CiKo(j'/*br) (8) 


in which the Ci, C2, C3, and C, are constants 
to be determined, and I)(j'/2ar), Ko(j'/2ar), 
and so forth, are modified Bessel functions 
of the first and second kind respectively. 
By the first boundary condition C,=0. 
The other two conditions permit the evalua- 
tion of C3 and C, in terms of C; which, since 
I,(0) =1, is the current density at the center. 
There results 


Gi=Cl,(j'/ar) (9) 
Gu = Cj'/2or2T,(7'/2ar,) Ki(j'/*br1) N (br) (10) 
p2 


where N(br) has been introduced as the 
abbreviation 


N/a 
KGa Red + 
bprKo(j'/*bni)Ii (jar) 
apiKy(j'/*br)Io(j'/2ar1) 
bp» T,(j'/ary)Io(j'/2br1) 
apy Io(j'/2ar1) Ky (j'/2br:) 


N(br) =Io(j'/2br) + 


To(j'/*br) — 


Ko(j'br) (11) 


The current density at the interface is ob- 
tained by substitution of 7; for r in N(br) as 
it occurs in equations 10 and 11, 


Gr=Cij'*6r Tol jar) Ki(j'/*br,) N(bri) (12) 
p2 
Similarly, at the outer surface where r=7r, 


Gr= Crj'/*or: A Ty jar) Kil j'2br1) N(br2) 
p2 (13) 


The total current is 


T=2n f"Gndr+2n f "Grudr (14) 
Tr 


1 


which, upon substitution of equations 9 and 
10, integration, and simplification, gives 


Yi =n Cnty To( j'/*ar1)Ki(j/*br:) D (br) (15) 
po 


where D(br) is the abbreviation 


1(7'/bri) 
K 1G vf: *bra) 
booKol i'/2bn:)Li(7'/2ary) 
apiKi(j'/*br:)Io(j'/2ars) 
bool (j'/2ar;)Io(j'/2br1) 
apilo( j'/*ar:)Ki(j'/*br) 


D(br) =h(j'br) — Ki(j'*br) + 


T(j'br) + 


Ki(7'/2br) (16) 


The constant coefficients of D(br) are the 
same, except for sign, as the corresponding 
coefficients of N(br); also in D(br) the 
variable Bessel functions J; and K, replace 
Ij and Ko, respectively, in N(br). N (bre) 
becomes the numerator, and D(br.) the 
denominator of the important factor in the 
expression for the resistance ratio. 

In these manipulations the relation 


To(j'/*br) Ko! (j'/2br) — Io! (j'*br) Ko(j'*br) 


Saree a 
aah, (7) 
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(in which the prime indicates differentiation 
of the function with respect to the argument) 
proves to be useful in reducing the number of 
terms. 

The impedance per-unit length (the re- 
actance originating in that part of the flux 
only which is interior to the conductor) is 
the voltage drop per-unit length along the 
surface b divided by the current or 


Z.=—— = 18 
"oT Oat, Dibr.) ts) 


The d-c resistance is the net resistance of 
core and tube in parallel, and its reciprocal is 


1 2 2 Tot 
ane [1-2 (:-2)]-™ P (19) 
Rac pe 19" Pi p2 


where P is the per-unit conductivity, the 
ratio of the conductance of the actual con- 
ductor to that of a solid homogeneous con- 
ductor, of radius rz and resistivity of the 
same length. Thus 


Lae a paths plore) 
Rac 2 > D(brs) 


(20) 


The Bessel functions used in these equa- 
tions are given in various forms in different 
tables.*; 6 7 The forms used in the present 
derivation are related to other forms in 
Table I. The Jahnke-Emde tables, which 
give the forms J)(j’/2Z), j'/*Ji(j'/2Z), 
Ay\(j'/2Z), 72H 1(7'/2Z), were found conven- 
ient to use, because both Cartesian and polar 
forms were given, and because less interpo- 
lation was required than in other tables 
that were available. Equation 1 gives the 
resistance ratio in terms of these forms. 


Appendix B. Experimental De- 
termination of Resistance Ratio 


The ratio of a-c to d-c resistance of the 
specimen of copper-covered steel conductor 
was measured by means of the bridge cir- 
cuit shown in Figure 9. The bridge, similar 
to that used by Kennelly and Affel® con- 
tains resistance in two arms, and both re- 
sistance and inductance in the other two. 
The bridge is arranged for either alternating 
or direct current. E 

R;, and R, are matched resistances of 100 
ohmseach. JL; is a toroidal fixed inductance 
of 85 microhenrys. L4isa variable inductor, 
with a maximum inductance of 36 micro- 
henrys. These inductances are designed to 
balance the bridge with the unknown in and 
out of the circuit. The conductor under 
test has an inductance of 25 microhenrys. 
R; is a Manganin slide wire, selected to have 
negligible skin effect for the range of fre- 
quency used, and ¢ is an auxiliary resistance 
for adjusting the position of the sliding con- 
tact on R, for balance at different frequen- 
cies. The conductor tested is switched out 
of the bridge by a copper bar resting in 
mercury cups. 

The specimen of conductor under test, 
number 10 American wire gauge copper- 
covered steel of nominal 40 per cent con- 
ductivity, is mounted on an upright wooden 
frame six by six feet in size. The frame 
holds 77 feet of wire strung up and down with 
a spacing six inches between traverses. 

The source of alternating current, a labo- 
ratory oscillator, is connected through a 
shielded transformer which serves to isolate 
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the generator and to match its output to the 
relatively low impedance of the bridge. The 
alternating current through the unknown 
under test conditions varied between 0.04 
and 0.16 ampere over the frequency range 
from zero to 160 kilocycles. The a-c null 
detector is a General Radio-wave analyzer, 
the frequency range of which was changed 
by removing condensers. An external ampli- 
fier is used to increase the sensitivity of the 
detector. For d-c balance a battery and 
galvanometer are employed. The experi- 
mental work was done in a closed room 
where the_temperature was 29 degrees 
centigrade and remained constant to 1/» de- 
gree centigrade, 

Measurements are made in the following 
manner: with the bridge unbalanced and 
the unknown in the circuit, a given fre- 
quency is applied to the bridge. Then Ly 
and the sliding contact of R, are changed 
alternately to obtain a closer balance, and 
the sensitivity of the detector is increased 
progressively. When both an inductive and 
a resistive balance are obtained, the setting 
of the sliding contact on R, is noted. This 
is expressed as the distance /, of the contact 
from areference point, Then this procedure 
is repeated for the same frequency with the 
unknown disconnected from the bridge, and 
the corresponding reading /) is noted. The 
resistance of the unknown at the given fre- 
quency is*® 


k(h —h) 


where k is a constant which includes the re- 
sistance per-unit length of the slide wire. 
The bridge is balanced immediately then on 
direct current, and the difference of the two 
readings is noted, The ratio of the difference 
of the two a-c readings to the difference of 
the two d-c readings is the ratio Rg,/Rac 
for the unknown at a given frequency. 

Features which tend to minimize errors 
in the experimental method are: 


1. All the components which are varied during a 
given measurement are placed in the same arm of the 
bridge. Thus, since each measurement involves a 
balance, once with the unknown in the circuit and 
once with the unknown out, the residual errors in 
the three unaltered arms cancel. 


2. Coaxial connections to the various components 
are used to minimize stray magnetic coupling. Also 
a coaxial line is used in the detector circuit, for 
which purpose the single unit containing Ri and Ro 
is mounted on the sliding contact arm of Rs. 


3. Components are placed far enough apart to 
minimize the effects of stray fields. 


4. The fixed inductance Ls and the variable in- 
ductance Ly are made with no metal in their sup- 
porting structures. In the variable inductor I, 
litz wire is employed and the shaft, dial assembly, 
serews, and so forth, are all nonmetallic. 


The over-all accuracy of the experimen,gl method 
was checked by using it to measure the resistance 
ratio for ordinary copper wire. Values were ob- 
tained which agree with the known published values 
to an accuracy of one tenth of one per cent over the 
whole range of frequency, and this figure is taken 
as indicating the order of accuracy of the method. 


The results for the copper-covered steel conductor 
are shown in Figure 2. 


References 


1, Evercrric-PoWkR TRANSMISSION AND DistTRI- 
BuTION, L, F. Woodruff. John Wiley and Sons, 
Inc., New York, N. Y. 


2. Errective R&SISTANCE AND INDUCTANCE OF 
TRON AND BimeTaLiic Wires, J. M. Miller. Bul- 
letin, National Bureau of Standards, volume 12, 
1915, paper 252, pages 207-67. 


302 TRANSACTIONS 


Breaker and Metal-Clad Switchgear Unit 
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50,000-Kva Oilless Circuit Breaker 


HE obvious advantages of air circuit 

breakers have led to their widespread 
application, particularly in the 2,500- 
and 5,000-volt class for 100,000- and 
150,000-kva interrupting rating. This 
has in turn brought a demand for lower 
kilovolt-ampere ratings in these voltage 
classes. In the past the oil circuit breaker 
has been the only device economically 
applicable in this particular field. How- 
ever, progress in design and manufactur- 
ing facilities has made it possible to build 
a 50,000-kva unit lower in cost than would 
have been considered feasible two years 
ago and one which is expected to meet 
the operating requirements in this field. 

The interrupter is of the magnetic De- 
ion type and is illustrated schematically 
in Figure 1. Briefly, the theory of opera- 
tion of this type of breaker embodies the 
use of spaced insulating plates of nongas- 
forming material having tapered slots 
into which the arc is moved by a magnetic 
field. As the arc moves into the narrow 
portion of the slot, electrons in the are 
stream, attaining a high velocity from 
the magnetic field, bombard the gas 
particles of the are stream and require the 
are continuously to ionize fresh gas in 
considerable quantities. When current 
zero is reached, this action continues 
sufficiently to deionize the plurality of 
short lengths of are near the edges of the 
plates, thereby establishing sufficient 
dielectric strength to interrupt the cir- 
cuit, 

In the design of the 50,000-kva breaker 
the insulating plates are made of a high 
heat-shock resisting material as in pre- 
vious designs.4? On account of the lower 
short-circuit currents for this rating, it 
was possible to reduce the thickness and 
width of these plates to two-thirds that 
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of the higher interrupting ratings. For 
this reason also it was possible to space 
the plates about 30 per cent closer to- 
gether. 

In order further to reduce the size of 
the arc chute, the number of plates was 
reduced. The required volts-per-plate 
interrupting ability was then obtained 
by increasing the magnetic field. In do- 
ing this, the number of turns on the 
blow-in coil was increased from 6 to 18. 
This gave a considerable increase in the 
magnetic field which in turn increased 
the voltage per plate. 

This combination of design features 
sufficiently reduced the size of the are 
chamber to permit the over-all breaker 
design to be comparable in size with the 
corresponding oil breaker. : 

Figure 2 illustrates the breaker as built 
for metal-clad use. It will be noted that 
the contacts represent a departure from 
previous practice on small air circuit 
breakers in that they are of the parallel 
blade type, resembling disconnecting 
switch construction. The hinged joint 
at the bottom of the blades is of the 
spring-pressure type with silver surfaces. 

The main contact surfaces of the 
blades are of a type previously developed 
for disconnecting switches and have 
proved very reliable in that service. 
The main contact surfaces are integral 
with the blades, and hence joints be- 
tween these parts are eliminated. 

The movable contact blades are oper- 
ated through a simple linkage by a 
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A New 50,000-Kva 5-Kv Oilless Circus: 


td 


; 


mechanically trip-free solenoid mecha- 
nism previously applied to oil breakers. 
Thus, the control circuits may follow 
established practice in all respects. 

The unit illustrated in Figure 2A and 
2B is designed to be rolled into the oper- 
ating and test positions on wheels located 
on the main frame of the breaker only a 
few inches below the disconnecting con- 
tacts. This gives a close mechanical 
relationship between the disconnecting 
contact load, the drive-in force, and the 
load on the rails. 


Tests 


In line with modern switchgear-design 
practice where high-power laboratory 
facilities are available, numerous inter- 
rupting tests were made in the develop- 
ment of the breaker. Table I shows 
representative results of a typical series 
of three-phase tests on the breaker in its 
final form. It will be noted that the 
maximum kilovolt-amperes interrupted 
is approximately 60,000 at 4,800 volts, 
three phase. Figure 3 shows a typical 
oscillogram taken at 7,300 amperes and 
4,800 volts, three phase. 

‘The interruption of low currents at 
low power factor, corresponding to mag- 
netizing currents, was investigated. The 
arcing time of the breaker extends to ap- 
proximately 30 cycles on account of the 
low magnetic forces for moving the arc 
from the contacts into the arc chute. 
Since the arc chute is mounted directly 
above the breaker contacts, convection 
air currents assist in moving the arc, 
and this results in positive and consistent 
operation. Figure 4 shows a typical os- 
cillogram taken at 20 amperes and 4,100 
volts on a single pole. 


Metal-Clad Switchgear Unit 


To utilize the new 50,000-kva oilless 
breaker, a new horizontal drawout metal- 
clad switchgear unit has been designed. 
It incorporates the associated bus, in- 
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D soi Figure 1. Schematic 


illustration of typical 
magnetic De-ion in- 
terrupter 


The dotted lines 1, 
2,3, 4, 5, and 6 in- 
dicate progressive 
positions of arc in- 
terruption 


strument transformers, instruments, and 
relays in a switching structure for the 
control and protection of power distribu- 
tion of circuits and associated electric 


apparatus. Figure 6 shows the air-breaker 


unit on the transfer truck in position to 
be placed in the housing. 


Design Specification 


In designing such a unit the following 
essential requirements had to be met: 
(a). Compact design, still retaining best 
performance of circuit breaker under normal 


current-carrying and interrupting duty and 
mounting security. 


(b). Safety and convenience in installation 
and operation. 


(c). Accessibility for maintenance. 


(d). 


Simplicity and minimum cost. 


Table I. 


A—Masgnet coil 
B—Ilron yoke 

C—Panel-end horn 
D—Insulation plates 
E—Laminated 


iron 
shoes 
F—Outline of arc 
chamber 
G—Arce shield 


/—Shunt strap 
J—Moving contact 
arm and arcing con- 


tact 
K—Arrcing and 
secondary-contact 
platform 


l—Micarta bushing 
M—Upper stud 


H—Arcing horn 


The metal-clad structure design should be 
such as not to reduce the effectiveness of 
the circuit breaker as measured by its 
performance unenclosed. To accomplish 
this, clearances and ventilation must be 
adequate and the arc gases freely vented. 
The mounting for the circuit breaker 
must secure it accurately and rigidly 
in its operating position to insure correct 
alignment of disconnecting devices and 
to prevent undue vibration and move- 
ment in service. 

The horizontal drawout mounting is 
particularly adapted to air circuit 
breakers, since it permits a horizontal 
contact break and utilizes the definite 
tendency of the arc to rise and thus move 
naturally into the deionizing chamber. 
It also gives more ready accessibility to 
the breaker to permit quick superficial 
inspection. 

All live parts should be enclosed in 


Interrupting Tests on 50,000-Kva Air Breaker 


Current Interrupted 


Test Megavolt- 

Voltage Phase 1 Phase 2 Phase 3 Average Amperes Operation 
SE cee fis ex, OOOO cin xonty oe CUO eT Rams SAOO. Cae aire 0 OU tate ees GO. Sige See O 
4,800 02 dels GO0OK FS erhow (U0 Us Meee ae meeO0ia. ier saacia FROG wits, oe COLO ee O 
ABEND ee Sense eat COU alia Gi isin OU eek cores Dy iOO cen ater te 7,000 Bets ye ec Aaa 3 O 
APSO are ene parO/O0O ns iy esa cic (iN ALUM ON GTO ashe nde OF LOU eau a a PS ea cackers charts CO 
ANSO Pe :o otis. es BiOOO NS dens 2 GS0Ore zie. 6,800 7,400 Schad ates ne eas CO 
A EBON is ce so O00 as wuupis sk 7 COO merce dat nas TDOO ewryocaits: PSO tea 4. 60,855 ete co 
ASS008 eects Cj OOO cas rane GOO et a fev ays 6,800 GiS0OS aire... Gis renin mts co 
SiBOOG sie e GMO) HS Bie doe 6200 ese DOOR pa act Gi TOO. paconlstels Liste Aone co 
BU Pass oats ieret 2,400........ DET OO onset Te ate MS GOOs asatrantrs nace DOO tones urs 16:.6)44; . 45% (oe) 
A BOO eet. see BAOO is ves 1,700. 1,800. 1,900 LDS pant CO 
cite ee CORRS ree ares ASO oe ce phsa7- 580. BT seas. ini ot Sa! ee eae co 
ASO eats ot Steines DAO ntact s) eas OU ca rtiitae vs SAY ae aie ie ABO DIS on Ch Ore bee co 
At SOO Peete ata ACOSO cocrats vie eh LOIG PSs os od 970. WOGOR AB os A: SiSice Mars co 
A BOO) Ss eee iie ey ZOO. aie nye 00s 5-10 ee 2,200. 2,100. ATS, ete e ss co 
IDe2OO a meen Lg ROO crecaseuses) 16 PE; GOO irre «sh TS VROO A ectwo bs NG QOS rere, x. cll. Gl Sy wie as a CO 
[PSZOOE nS. cna es LSBO0e . - akeelins LESS eT ea cen 15,500 Tea OO Noe a pe 60), OS enaeae co 
[2200 bern csr 1G {ZOO eas. 12,100 BR OO 2 ct hac tr BE LOO) cee shot 5S. Oera tye co 
LON Se ay 5 REZ OO ace. ct 12,600 DTS! Peg a i aos VOU vais se sn ics DBOS are sires vs co 
2,200 UT BOO srk oi 14,400 oni 2 58 LASTOONS cedar 15,300. ee OY EAA co 
OOD Se en yay AyCOOR Tisai. ssteie SLO che cacteatis STOOPS 530 ces a ACBOO Rathi te ES Gleeet cies co 
a OOO ermtenen reat CUO NR ae aa DOO Seat « mya BSOO Nae xs: A BOO sia ee AIG sage coun co 

O—Open. 


CO—Close-open. 


Table Il. Interrupting Tests on 50,000-Kva Breaker Assembled in Metal-Clad Switchgear Unit 
Current Interrupted 
Test Megavolt- 

Voltage Phase 1 Phase 2 Phase 3 Average Amperes Operation 
SOOO F . cnacicccie es (tay Bh Deere aera GB S90 eee dsccvs s 6 AO Geren reeeske DOG lists cen ce i a es co 
BODO Re Pest seta Eh ZOOS chests: 6324055 Shas ¥ 694025 See can O32R7* Rieck aes DOC eee ake ther. co 
51000 Weeeaee.. 5 S905, ce eiadels Gi4 OO ces ane ETON ace GiG83 io shen e OY Mite terete Ae co 
Oe OOOR ome ccc snsnaye TABSO Nonna e s DLOO ose etenrele DS; S00 nace cee 6 S80 rere oe BD crash Celene: co 
5,000 WOO Dinners taal apnict 5,690 DOO aerate cackene 6, 880=ee ee cnt: OR Ren aie 6 co 

CO—Close-open. 
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Figure 2A. Removable breaker for 600-ampere 
5,000-volt 50,000-kva metal-clad switchgear unit 


Figure 2B. Rear view of removable air- 
circuit-breaker unit 


One arc chute shown removed at the lower right 


grounded metal compartments, and 
covers should be provided to give access 
to each portion of the circuit separately, 
without exposing any other circuit. The 
structure must be built ruggedly to with- 
stand shipping stresses and to permit 
handling as a complete assembly without 
causing misalignment, so that it can be 
shipped in as large unit groups as pos- 
sible. 

Operation should be simple, since the 
application for this size breaker is quite 
largely in small stations where highly 
trained personnel is not available. 


General Description of Metal-Clad 
Unit 


The steel housing consists of a welded 
structural frame with sheet-steel barriers 
dividing the unit into three principal 
high-voltage compartments for the bus, 
circuit breaker, and current transformers, 
together with the main cable terminals. 
The complete units are separated from 
each other by sheet-steel barrias, and 
the bus opening through this barrier is 
entirely covered by the Micarta in- 
sulating support in order to divide the bus 
compartment into unit lengths. 

The busses and connections are in- 
sulated completely with Micarta and 
varnished cambric as shown in Figure 7. 
The main bus joints are insulated with 
molded enclosures, which are clamped 
over the joint by means of tapered keys, 
and are filled with insulating compound 
to seal the joints and make the bus in- 
sulation continuous. All joints in busses 
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and connections are silver-surfaced to 
maintain permanently high conductivity. 

The highly important primary dis- 
connecting devices consist of flexible 
finger assemblies mounted directly on the 
ends of the removable breaker-unit bush- 
ings and cylindrical studs mounted in 
insulating tubes in the housing to provide 
insulation between phases and to shield 
them from accidental contact, as Figure 
8 shows. The flexible finger assembly 
consists of bridging segments which make 
point contacts on the breaker bushing 
at one end and on the cell stud at the 
other end, when in the engaged position. 
A new form of segment is used which is 
profiled, so that each segment makes two 
points of contact at each end to reduce 
millivolt drop. High unit pressure is 
obtained by flat springs located between 
an encircling ring and the contact seg- 
ments in order to exert radial pressure 
inward on each segment. It will be 
noted that since each spring exerts radial 
pressure on its own segment independ- 
ently of the others, the contact pressure 
exerted is independent of the number of 
segments used, so that various contact 
capacities can be obtained by using 
different multiples of the same segments 
and springs. Contact surfaces are heavily 
silver-plated to insure permanently low 
resistance. 

The hinged panels on the front provide 
space for mounting instruments, relays, 
control switches, and other panel devices 
to form a completely self-contained 
switching unit as shown in Figure 9. The 
control and secondary circuits are com- 
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Figure 3. Oscillogram showing interruption 

of 7,300 amperes at 4,800 volts, three phase, 

60 cycles on the 50,000-kva oilless circuit 
breaker 


A—NVoltage, phase 3 
B—Current, phase 3 
C—Voltage, phase 2 
D—Current, phase Q 
E—Voltage, phase 1 

F—Current, phase 1 


pleted to the breaker unit by means of a 
multipoint plug and receptacle-type con- 
tact. Figure 10 shows the plug assembly 
on the breaker unit mounted on a novel 
sliding member with sufficient travel to 
permit re-engaging it for test when the 
breaker unit is moved to the test position 
with the main contacts disengaged. The 
contacts engage automatically in the 
operating position, and the sliding mount- 
ing is latched, so that they disengage 


VOLTAGE 


Figure 4. Oscillograms showing typical low- 
current low-power-factor interruption 


Current 20 amperes at 4,100 volts across. a 
single pole 
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A. Front view 


normally when the unit is withdrawn to 
the test position. 

The removable unit, comprising the 
circuit breaker and its frame support, is 
carried on flanged rollers which engage 
the track in the housing. It is trans- 
ported and placed in position by means 
of an auxiliary transfer truck equipped 
with a simple lever-type elevator of 
limited movement, which will raise the 
unit from the floor and lower it to posi- 
tion on the housing rails. From this 
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B. Sectional side view 


Figure 5 (above). Outline of 
metalclad unit 


Front view and section drawing 

showing isolation between 

high-voltage compartments of 
housing 


1. Control panel 

2. Hinged door (instrument 
panel) 

Cross wiring 
Potential transformer 
Removable cover 
Current transformer 
Terminal block 
Secondary contact 
Hinged barrier 
Transfer truck 
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Figure 6 (left). Metal-clad 

switchgear housing with air 

circuit breaker on transfer truck 
in position to enter 


Lever operated elevating de- 

vice of transfer truck permits 

lowering unit to floor or pick- 
ing up 


Figure 7. Insulated bus and connections 
assembly 


“ 


point, a single rugged worm-and-gear 
levering device is used to move the 
breaker unit into and out of the operating 
position. The worm mechanism is self- 
locking and holds the removable unit 
securely in the operating position. A 
notched cam on the levering-device shaft 
prevents moving the breaker into or out 
of engagement with the disconnecting 
contacts, unless the breaker is in the open 
position, and permits breaker operation 
only in the operating and test positions. 
(See Figure 11.) 


Tests on Assembled Switchgear 


Supplementing the detail tests made 
on the separate circuit breaker, tests were 
made in the metal-clad housing at 
maximum interrupting rating. In addi- 
tion, a series of repetitive moderate 
interrupting-duty tests was made to 
simulate typical motor-inching duty 
where starting current is opened and 
closed several times in rapid succession. 
High-current tests were made as shown 
in Table II. Twenty-five close-open 
tests with nine-second intervals were 


Figure 8. Details of primary disconnecting 
contact showing both stationary and moving 
members 


Dickinson, Hayford—Oilless Circuit Breaker 


STATIONARY MAIN CONTACT MEETING INSULATOR 


TRANSACTIONS 305 


made at approximately 1,500 amperes to 
simulate repetitive duty on _ typical 
motor-starting inrush current. These 
tests were made too rapidly to permit 
taking oscillographic records of current. 
Careful examination and inspection 
during and after the tests showed that 
the enclosing housing has adequate 
clearance and ventilation to insure the 
best performance of the circuit breaker 
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Figure 9 (left), A 
typical metal-clad 
assembly for control 
of two generator and 
four feeder circuits 


Auxiliary sections 
are used to mount 
the voltage regula- 
tor and excitation 
control equipment 


Figure 10 (right). 
Secondary contact 
assembly on remov- 
able unit with con- 
tact block mounted 
on sliding support to permit engag- 
ing control circuits with the breaker 
unit in the test position 


and that the connection and bus struc- 
tures and breaker support are entirely 
adequate. Figure 11 shows the condition 
of the breaker contacts after the series 
of tests. 


In addition, momentary current tests 


Figure 11. Breaker contacts 

after series of 73 close-open 

operations, 26 of which were 

at or above rated interrupting 
capacity 
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at the maximum short-time rating of 
25,000 amperes were made on the as- 
sembled structure and circuit breaker to 
prove that the mechanical and thermal 


capacity was adequate. Dielectric tests 
at 19 kv, 60 cycles for one minute and 60 
kv impulse were made in accordance with 
the proposed insulation levels for this 
class of equipment. 


Conclusion 


Extensive development work and care- 
ful cost-analysis work on the larger sizes 
of air circuit breakers have made it 
possible to produce a 50,000-kva unit 
comparable in size, weight, and use of 
critical material with the corresponding 
oil-circuit-breaker unit. This makes the 
obvious advantages in maintenance, 
safety, and convenience of air-type in- 
terrupting devices available for applica- 
tions to smaller generating and dis- 
tribution stations, industrial plants, and 
unit substations. 
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Factors Affecting the Design of 
D-C Magnets 


L. T. RADER 
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Synopsis: This paper outlines some of the 
factors which should be considered in the 
design of d-c magnets. The usual types of 
steel used are briefly discussed, including 
their influence on “‘sticking’’ or residual 
forces. Calculated curves are presented 
which show the influence of pole-face area 
on the force developed by the magnet. 
Flux measurements on a number of magnets 
show that theoretical calculations are often 
in great error because of factors such as 
leakage and saturation which are usually 
neglected. Data show that the flux in a 
d-c magnet with a small air gap may vary 
by as much as 300 per cent between one 
part of the circuit and another. 


-C magnet design is of tremendous im- 

portance today because of the almost 
exclusive use of d-c power in mobile 
equipment such as tanks and airplanes. 
Magnets are the backbone of the d-c 
control systems, for, when energized by 
push buttons or interlocks, they furnish 
the power to operate contactors and re- 
lays of all descriptions or to perform 
strictly mechanical functions, such as 
actuating firing pins or locking devices. 
With applications such as these, new re- 
quirements have arisen. Chief of these 
are light weight, minimum volume, in- 
sensitivity to vibration with the magnet 
open or closed, and higher operating 
temperatures. 

Although d-c magnet design is an old 
subject, there appears to be very little 
literature on it which is of help to the de- 
signer. Text books! give an adequate 
presentation of theoretical principles in- 
volved, but assumptions which must be 
made to solve a problem theoretically are 
more often than not the dominant con- 
siderations in practical design. The tre- 
mendous diversity of design requirements 
has led to a large number of different 
forms of magnets dictated by device opera- 
tion and requirements. It is impossible 
to find a design procedure suitable for all 
cases, but the same factors, such as satu- 
ration, leakage, residual forces, and kind 
of steel, must be considered in each. Of 
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these, leakage appears to bear an impor- 
tance not previously suspected. Flux 
measurements have been taken on a large 
number of magnets to show their mag- 
nitude. The results of some of these 
measurements are discussed. 


Steels 


At present, the four general kinds of 
steel which are considered for use in the 
usual design of d-c magnets are: 


1. Cold rolled or stamping steel. 
2. Silicon steel. 
Low metalloid steel or ingot iron. 
. High-saturation steel such as 50 per 


cent cobalt, 50 per cent iron. 


Tables I and II list the magnetic prop- 
erties of these steels. The term, ‘‘aging 
factor,’’ which appears in Table I is de- 
fined as the per cent increase in hysteresis 
loss which occurs to a steel with time. As 
applied to d-c magnet design, an increase 
in the hysteresis-loop area is significant 
principally in the second quadrant, where 
an increased area means an increase in 
external energy and in coercive force. An 
accepted laboratory method of finding 
the aging factor is to measure the d-c 


hysteresis loop before and after holding 
the steel at 100 degrees centigrade for 600 
hours. 

Common stamping steel is the most 
widely used for d-c magnets because of its 
low cost and its desirable mechanical 
qualities. It is readily drawn, punched, 
or formed, and is available in a large 
variety of forms and sizes. Its main dis- 
advantage is that it is not sold as a mag- 
netic steel; the mills do not guarantee 
magnetic qualities. Large variations, 
therefore, can and do occur in the mag- 
netic quality of this steel. In general, in 
the annealed condition, it has a better 
magnetization curve for the higher densi- 
ties and a higher saturation value than the 
silicon steels. However, its coercive force 
is high; its available external energy is 
high, and its aging factor is large. A 
design using this material must be 
checked carefully, not only for residual 
forces which exist at the time of manu- 
facture, but also for increased forces which 
may develop because of aging. 

As the percentage of silicon in steel in- 
creases, the saturation curve becomes 
poorer, and the intrinsic saturation falls. 
The silicon steels are also harder to fabri- 
cate. These disadvantages are offset by 
the fact that these steels are sold with 
specified magnetic properties and are of 
consistent quality. As the silicon content 
increases, the aging factor decreases, the 
largest aging factor for a silicon steel being 
considerably less than for common stamp- 
ing steel. The coercive force and external 
energy are likewise considerably less. 

Ingot or Armco iron is the purest form 
of iron sold commercially. When properly 


Table |. Magnetic Properties of D-C Magnet Steels 
Intrinsic 
Saturation 
(Kilolines Residual 
Kind Per Aging Induction Coercive External 
of Alloying Constituent Square Factor (Kilo- Force Energy 
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Table Il. Magnetization Data for D-C Magnet Steels 
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annealed, it has the best magnetization 
curve and the highest intrinsic saturation 
value of the usual steels. It is ductile 
and tough, but readily forged, machined, 
or welded. Its external energy curve is 
low. Its magnetic qualities tend to be 
influenced considerably by the type of 
anneal which it receives. Its main dis- 
advantages are its relatively high cost and 
lack of availability in various forms and 
sizes. 

The use of special high-saturation steels 
is not so widespread as might be supposed, 
because of the relative difficulty of obtain- 
ing them, together with their high cost, 
poor machining properties, and high 
coercive force and residual induction. 
However, as Tables I and II show, a 50 
per cent cobalt, 50 per cent iron has a 
remarkably good induction curve and 
high intrinsic saturation. 


Yj 


Yj 


MBC. GG 


SECTION C-C 
(REDUCED) 


B. Solenoid 


Figure 1. Types of d-c magnets 


In all d-c designs, especially in those 
using stamping steel, it is essential for 
consistent performance that an air gap be 
in the circuit between the armature and 
pole face. The order of magnitude of 
residual forces is often underestimated. 
In one case a magnetic circuit of ingot iron 
weighing five pounds two ounces was 
found to have 33 pounds residual force 
when there was no air gap in the circuit. 
In another case a small relay using an- 
nealed stamping steel weighing 32. grams 
had a measured residual force of 112 
grams. When a magnet operates, the 
repetitive shock of one part on another, 
together with the simultaneous applica- 
tion of magnetic field, tends to increase 
the coercive force. It has been found in 
practice that this increase may be con- 
siderably more than the aging factor 
would indicate. 
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Classification of D-C Magnets 


D-c magnets can be classified into two 
general groups: 


1. Clapper or pivoted armature type. 


2. Solenoid or pot type. 


A typical form of clapper magnet is 
shown in Figure 1A. An armature is 
pivoted on one face of a U-shaped piece 
and rotates through an air gap to strike 
a pole face. The coil may be placed on 
any leg of the core. In Figure 1B is 
shown a solenoid-type magnet in which a 
plunger, usually circular, moves within 
a coil to strike a core or head finally. 

Design requirements for a magnet are 
usually: 


1. It should give a force-versus-stroke 
curve suitable for the particular require- 
ment. 


2. It should utilize to the fullest extent 
every ounce of iron and copper in the mag- 
net. 


3. It always should release under the action 
of the restoring spring when de-energized. 


These requirements determine whether a 
clapper or solenoid magnet will be used. 
The shape of the pull curve of a clapper 
magnet can be changed by varying the 
pole-face area; that of a solenoid type 
by using some variation of a stepped 
plunger or conical plunger. 


Force Formula 


In order to find the flux in a circuit con- 
sisting of an iron path in series with a 
short air gap, a trial-and-error method is 
usually employed. A value of flux is as- 
sumed; the various magnetomotive-force 
drops are found, and their total compared 
to the applied magnetomotive force. A 
result sufficiently accurate can be ob- 
tained usually in two or three trials. 
When the flux is found, the force between 
faces is obtained from 


F=—— () 


where F is the force in dynes, B the air 
gap flux-density in gausses, and A is the 
area in square centimeters. This formula 
is the one occurring most frequently in 
texts and is apt to be misleading when the 
assumptions on which it is based are 
neglected. When saturation in the iron is 
negligible, equation 1 reduces to 


B?A2 ¢? ~=— (0.4 NI)2A 
reg rea = (2) 
8rA 8rA L? 


where ¢ is the total flux crossing the air 
gap, NJ the ampere turns applied to the 
circuit, and L the length of the air-gap 
centimeters, 
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Figure 2. Effect of pole-face area on pull for 
various air gaps 


A. 0.060-inch gap 
B. 0.090-inch gap 
C. 0.120-inch gap 
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Figure 3. Effect of pole-face area on pull for 
various lengths of magnetic paths 


A. 7.5 inches 
B. 10.0 inches 
C. 12.5 inches 


Equation 2 is a much more accurate 
form to use when drawing conclusions of 
the effect on the force of changing physical 
dimensions. This equation states that if 
there is no magnetomotive-force drop in 
the iron, the force varies directly as the 
face area, directly as the magnetomotive 
force squared, and inversely as the air 
gap squared. 
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Optimum Pole-Face Area 


It is seldom economical to operate a 
magnet so low in flux density that the 
magnetomotive-force drop in the iron can 
be neglected. In general, then, when 
saturation is taken into account, it is pos- 
sible to show analytically that there is a 
pole-face area which will give the maxi- 
mum pull for any one particular set of 
conditions. The method involves finding 
a suitable expression for the B, H curve, 
solving for B in the particular circuit, and 
then substituting for B* in the force 
equation. This equation may be differ- 
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Figure 4. Effect of pole-face area on pull for 
various impressed magnetomotive forces 


A. 2,500 ampere turns 
B. 92,000 ampere turns 
C. 1,500 ampere turns 


entiated then with respect to the pole-face 
area to find the area for maximum pull. 
This method is long and tedious. It is 
faster and more accurate, as soon as a 
little experience has been gained, to solve 
a circuit by a trial-and-error method, using 
the saturation curve of the steel involved. 
To illustrate the results obtained by this 
latter method, the following example was 
worked out: A magnetic circuit was as- 
sumed to consist of a ten-inch iron path 
in series with an air gap of 0.060 inch, 
0.090 inch, and 0.120 inch with 2,000 
ampere turns applied to the circuit. Two 
assumptions were made: 


1. The ampere turns per inch of iron cir- 
cuit were constant. 


2. There was no fringing in the air gap. 


In view of data which are presented 
later, it will be seen that these two as- 
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sumptions introduce large errors. They 
are, however, necessary for a theoretical 
solution which must be arrived at without 
the aid of any experimental data. Figure 
2 shows the results obtained. It should be 
noted that the area for maximum pull 
varies for different air gaps. This point is 
of great importance for it means that each 
magnet design can be shaped for a par- 
ticular requirement. 

In the operation of d-c contactors it is a 
desirable characteristic to have the forces 
such that the armature will not hesitate 
when the contact tips first touch. By 
using the proper core head, the force 


Figure 5. Form of d-c magnet 
used in studying Aux variations 


generated can be kept low in the fully 
open position and made a maximum at the 
point where the contact forces begin, so 
that, when the armature once starts to 
move, it carries the tips through their 
kiss-and-wipe position without hesita- 
tion. Figure 3 shows the result of varying 
the length of iron path for the case when 
the iron cross section is one square inch, 
the applied ampere turns 2,000, and the 
air gap 0.060 inch. Figure 4 shows the 
effect of impressing various magneto- 
motive forces on a magnetic circuit of 
ten-inch iron length, 0.60-inch air gap, 
and one square inch cross section. As 
the applied magnetomotive force is in- 
creased, the pole-face area for maximum 
pull decreases. 

In certain devices such as telephone re- 
lays, where the flux density is often very 
low, the pull of a magnet follows equa- 


| 
tion|2. The size of the head or pole face 


can then be increased until the leakage, 
which is introduced because of the larger 
head, becomes a limiting factor. An ex- 
ample of this case using an equivalent 
electric-circuit analogy is treated in the 
literature.” 


Air-Gap and Leakage Flux— 
Experimental Data 


Figure 5 shows a type of clapper mag- 
net whose proportions are to scale, which 
was investigated to obtain data on the 
distribution of flux in the circuit. Search 
coils consisting of five turns of 0.005 
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wire were wound on the frame and arma- 
ture as shown at positions a, b, c, and d. 
The coil at 6 was wound very carefully 
as close to the air gap as possible and 
gave flux values which were taken as the 
air-gap flux. Data were taken on three 
such magnets, of the same proportions 
but of different sizes, which weighed 
about 8, 12, and 20 ounces. Various 
ampere. turns were applied to the main 
coil; the flux in each of the search coils 
was then read for various air gaps. All 
flux data were taken in an engineering 
laboratory with a ballistic galvanometer. 
Using the measured values of density, 


a ARMATURE 


END PLATE——” 


the magnetomotive-force drop in the iron 
was found and subtracted from the ap- 
plied magnetomotive force. The net 
magnetomotive force was used to calcu- 
late the flux which should cross the air 
gap, assuming no fringing. 

The results obtained are shown in 
Figure 6 where A, B, and C represent the 
three different sizes of magnet. It should 
be noted that the equivalent fringing fac- 
tor which may be taken as the ratio of 
measured-to-calculated flux is not con- 
stant but decreases with increasing den- 
sity—probably because of local satura- 
tion at the edges of the pole face. For 
magnets A and B the pole-face thickness, 
which, as shown on Figure 5, is the end- 


RATIO OF MEASURED AIR GAP FLUX 
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Figure 6. Ratio of measured to calculated air- 
gap flux for various impressed magnetomotive 
forces 
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plate thickness, was 0.094 inch. For 
magnet C the thickness was 0.125 inch. 
Because of the limited amount of data 
taken so far on this type of structure, no 
attempt has been made to determine 
fringing coefficients as a function of the 
air-gap dimensions. Figure 5, however, 
shows clearly the great error which would 
result if the air-gap flux is calculated on 
the basis of no fringing, even for the case 
where the separation is only 33 per cent 
of the pole-face thickness. 

Table III shows the ratio of the total 
measured flux in the core (the average 
of search coils c and d) to the total meas- 
ured flux in the air gap. In these three 
magnets the core was about 25 per cent 
larger in cross section than the rest of the 
magnetic circuit, but the density due to 
leakage is seen to be very much greater 
than this increased section can accom- 
modate without excessive magnetomotive- 
force drop. 

That these large leakage factors are not 
peculiar to the type of magnet illustrated 
in Figure 5 is shown from data which have 
been taken on other types. Readings ob- 
tained on a magnet similar to Figure 1A, 
except with a long thin coil and smaller 
separation between the legs of the core, 
showed a ratio of flux measured at the 
center of the coil to flux measured at the 
pole face of 250 per cent to 333 per cent 
over the operating gaps of the magnet. 
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In a solenoid-type magnet, such as 
Figure 1B, the ratio of maximum flux in 
the circuit to the useful flux crossing the 
air gap was found to be 150 per cent. 

These leakage figures, of course, vary 
with the dimensions employed. No 
attempt here is being made to compare the 
leakages for various constructions. The 
only fact which is being presented is that 
leakage flux ind-c magnetic devices is of an 
order of magnitude which makes it neces- 
sary that their effect be considered in the 
design. The often seen assumption, 
“neglect leakage,’ made in order to effect 
an analytical solution cannot be justified 
in many cases. 


Conclusions 


In addition to data presented here, ex- 
tensive tests have been conducted on 
many types of d-c magnets from which the 
following conclusions may be drawn. 


1. Residual forces in magnets may be very 
large. Ina circuit without an air gap, these 
forces are dependent on the residual induc- 
tion rather than on the coercive force. 
Since magnetic steels do not vary greatly 
in residual induction, an air gap must be in 
the magnetic circuit of even a low coercive- 
force material. 


2. There is a best pole-face area for maxi- 
mum pull. This area varies with the air gap 
and applied ampere turns. 


3. Conventional methods of calculating 
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Table Ill. Ratio of Core Flux to Air-Gap Flux 
for D-C Magnets : 


Magnet A Magnet B Magnet C 


Impressed Ampere Turns 


300 400 500 

Air-Gap Core Flux 

Length ———————in Per Cent 
in Inches Air-Gap Flux 

O7O8i1 «; ane 190 cere 183iyxs eee 166 
O062)es. nidean 236 Ly acter OE ee 200 
0.094 £2). Bat anes een eee 25345 see 225 
[0 pts para se uretins eh fe anton a Ree 8 306 


flux in a magnetic circuit are likely to lead 
to large errors because of the lack of leakage 
coefficients in calculating air-gap flux. 


4. The flux density in a conventional mag- 
net with a small air gap may vary by as 
much as 300 per cent between one part of 
the circuit and another. 


5. A ballistic galvanometer is a very useful 
tool in d-c design because of its accuracy and 
ease of use. 
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Electrical Stability of Electrical Insulating 
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LECTRICAL insulating oils find a 

wide application in the electrical 
industry in cables, transformers, capaci- 
tors, circuit-breakers, and other oil-insu- 
lated equipment. The present paper dis- 
cusses the electrical stability as indicated 
by low power factor of an oil under 
limited-oxidation conditions, such as exist 
in certain service applications in oil-im- 
pregnated paper-insulated cables and 
sealed transformers. This test differs 
from the conventional ‘“‘open-beaker” 
or unlimited-oxidation test. The limited 
amount of oxygen made available to the 
oil may be varied, from residual amounts 
due to contact materials or present in 
the oil, to the normal solubility of air in 
oil, and to larger amounts as desired. 
The limited-oxidation test indicates that, 
for a given duration of deterioration, oils 
may give power factors of 10 to 100 times 
those indicated in the conventional test. 
This fact is important in service appli- 
cations for oil-paper cables (since these 
losses limit the rating of the cable and 
decrease its efficiency) and for oil-filled 
equipment (since increased dielectric 
losses may reduce directly or indirectly 
the useful life of the equipment). While 
the power factor of an oil is not of prime 
importance for many types of oil-filled 
electric equipment, it is one of the most 
sensitive known criteria for stability 
tests. Operating performance of oil- 
paper cables in service shows, in general, 
that the power factor of the insulation 
increases with time, even in cértain cases 
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to the extent of impairing the investment 
seriously. Hitherto, these changes have 
been unexplainable. It is believed that 
the limited-oxidation test, which to a 
certain extent simulates service condi- 
tions, will be useful in controlling this 
important problem. 


Equipment and Procedure 


The procedures used in making these 
tests have been described previously,! 
and the equipment used as a deterioration 
system, electrical measuring cells and 
electric measuring circuits, have also been 
described previously.'? The equipment 
and procedure are indicated briefly here. 


DETERIORATION SYSTEM 


The deterioration system used in 
certain of these tests is shown in Figure 1. 
This system may be used for both con- 
tinuous and limited-oxidation tests. This 
system consists of: 


(a). Chamber for containing the oil and 
contact material. 


(b). An internal glass pump with glass 
valves, actuated by a sealed-in plunger for 
operation by a solenoid; this pump provides 
for dispersion of both the liquid and gas 
phases in the system. 


(c). Electric measuring cells mounted on 
ground-glass male joints for making 
measurements on the oil during the deterio- 
ration. Provision is made for two cells, 
one of which may be used to measure the oil 


by itself, and the other, an oil-paper com- 
bination. These cells are of platinum and 
glass. The vacuum capacitance of the cell 
is approximately four micromicrofarads with 
a spacing of 50 mils. 


PROCEDURE 


The procedure followed in the tests 
and in the preparation of the materials 
is given here. 

Preparation of Copper. The copper 
used is in the form of number 36 five-mil- 
diameter copper wire wound into spirals. 
The copper is washed successively with 
benzene, methanol, and distilled water 
to extract any grease or oil and is then 
allowed to stand under 50 per cent hydro- 
chloric acid for two hours. It is then 
successively washed with distilled water, 
methanol, and thiophene-free benzene. 
The copper is then dried in a vacuum des- 
iccator for three to four hours. 

Preparation of Paper. Paper may 
be used both in an electric measuring 
cell and as a contact material. The paper 
after being placed in the cell or system 
is effectively dried under a vacuum at 
an elevated temperature before the oil 
is degassed into the system. 

Introduction ‘of Oil to System. The 
oil is introduced into the system through 
a glass degassing equipment at a pressure 
of 50 to 100 microns. The oil is raised 
to a temperature of 100 degrees centi- 
grade by a steam jacket after it is intro- 
duced into the vacuum chamber of the 
degassing equipment. 

Limited-Oxidation Test. In the lim- 
ited-oxidation test, the desired amount 
of oxygen is made available to the oil 
after the degassing of the oil into the 
system under a vacuum. The amount 
of oxygen made available to the oil is 
varied from none (blank test) up to 
amounts corresponding to a few thousand 
cubic centimeters per kilogram of oil. 


Table |. Limited-Oxidation Characteristics of Shell 100-4; Transition—Limited to Continu- 
ous Oxidation 
Oil Paper 
Oil ef 

Absorbed Oxygen tand % 3d 85 C tani % (~ 

Cubic Centimeters Cad 60 Cycles €’ 85 C 1,000 60 Cycles 60 Cycles 
Hours O, Per Kilogram 85 C 85C 60Cycles 60Cycles Cycles 85 C 85 C 
O sseteds TOOTS eer: ORO Siem -v: 20S. war On 2i Sue 2.44...., COG res 2.78 
CVG ako iw OF SO ecar IO OSir0t. 2 OS sete: OF 80m F.. PIR Vie Orc ORAS a 2.79 
iti ly ins Limited 3 Ue24 OOF ee 2. 08ers. oc gl ly anton DZone ONTO cee. 2.79 
192.... oxidation Od neamaye Di GO) orks ZOO Tk COME SBE See, Got ae a p Jay frreeeanen 2.79 
285.... 500 cubic debi tear. 3.49..... PAO Vere Bier. AO eee WAU ese ce Oe chen 2.79 
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432....O2 per kilogram.... 5.72..... 4.58..... DOP Siren acer tens 9.45.. AD eat 2.80 
528/02). | PAO DOs ce chs 5.52), eelak 2 00F aie SiG2ane che, UO Sis seeranac S514: 2.80 
645.... ONO meer GS 4G irene ZOO te ote ONG ORF, cers TARY. hs casio STO re 3 2.81 
BSo ache 2 OnSite Ue ete 2.09 sarets De eae LSSOR Se G92 0. 2.83 
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WEP BIE won 1,700 13) duneens LON ts tye PMO ec 1286. ie HIGGS cesar Grl0re 2 2.84 
S41 cre 2,900 SAU rts 2.80. Qala DO2vsiee O03 ened ey ir en 2.87 
1,365.... 6,500 SNS) Gee | UUs rare 2.20 eee DPA). eaters 6aB6inan,- deaSOeni ass 2.94 
W389... 2. 10,000 ee Gyn crete 1.32... Bee's cence Bild wicies oe MONO) ret BOS ras ai 3.02 

* Continuous oxidation after 1,315 hours limited test. 
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Deterioration cell 


Figure 1. 


In many cases, tests are made using 
available oxygen in the range from 10 to 
100 cubic centimeters per kilogram of oil. 
These amounts are in the range of oxygen 
due to the normal solubility of air in oil. 
Following the introduction of the oxygen, 
the system pressure is raised to atmos- 
pheric by nitrogen. 

Continuous-Oxidation Test. In the 
continuous-oxidation test, the pressure 
in the system is maintained at 750 milli- 
meters of mercury by the addition of 
oxygen as rapidly as it is absorbed by the 
oil. For this purpose, an automatic gas- 
feeding mechanism is utilized which per- 


Fas ohn cat cd is 


mits determining on a burette both the 
rate and the amount of oxygen added 
to the system. 

Test Temperatures. The limited and 
continuous-oxidation tests discussed in 
this paper have been made at a tempera- 
ture of 85 degrees centigrade. This 
temperature has been used, as it rep- 
resents a reasonably high operating tem- 
perature for oil-insulated equipment. 


Electrical Measurements 


The electric equipment used in making 
electrical measurements is shown in Figure 
2. The electrical characteristics of a 
capacitor or dielectric are generally ex- 
pressed in terms of an equivalent parallel 
circuit, Figure 3, and a vector diagram, 
shown in Figure 4. In Figures 3 and 4, 
G represents the equivalent parallel 
conductance, C represents the equivalent 
parallel capacitance, GE the energy com- 
ponent of current in phase with the 
voltage, and wCE the quadrature or 
capacitance of component of current. 
The electrical characteristics of a di- 
electric are expressed in terms of the 
following: 

Power Loss. The power loss P in 
watts in the dielectric is given by 
P=£E°G=EI cos 6=EI sin 6 (watts) (1) 


in which 


E is the effective voltage in volts impressed 
on the dielectric. : 


Table Il 


Ratio Copper-Surface Area in Square 
Centimeters Per Gram of Oil 
Insulation Thickness (Inch) 


Size of Conductor Diameter D 
(Circular Mils) (Inches) 0.005 0.0600 0.125 0.25 
ZOO OOO! eis cau iste shane ON S00 Sine erates LOD ictocweas 15h Poach: Giese 3 
BOOOOO Man etre ramet LSA Pte Gon tints ney i LOD Fics. LS. 2% store eth 6th aha 3 
AOOMUODE cub Gucoaneca. noe OnSG5s Aten ee eee LOS Rhone” ii ame, oe ety abe 
WOOO OOO lec oratertemeen on L000 8 cna nates LOS sne aie eee LSM ecole We Gee ae ae 3 ¢ 


de assumed 0.8—Rk assumed 0.5. 
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Figure 2. Electric measuring circuit 


I is the effective current in amperes flowing 
into the dielectric. 

6 is the power-factor angle of the dielectric. 

65 is the loss angle of the dielectric. 

G is the equivalent parallel conductance in 
mhos of the dielectric. 


Conductance. The conductance G in 
mhos of a dielectric is 


G=oC tan 5=wC,e’ tan 5= (2rC,)e"f : 
(mhos) (2) 


in which 


C is the capacitance in farads of electrode 
arrangement containing sample. 

C, is the capacitance in farads of similar 
electrode arrangement in vacuum, that 
is, geometric capacitance. 

tan 6 is the dissipation factor in per unit, 

w is equal to 2xf, and f is the frequency in 
cycles per second. 


Specific Conductance. The specific 
conductance G, of a dielectric is 
G,=0.556 ace =0.556e"f(107 2) 

2rC 
(3) 
The dielectric 


(mho-centimeters) 


Dielectric Constant. 
constant e’ of a dielectric is 
G 
é =— : 4 
C, (4) 
Loss Factor. The loss factor e” of a 
dielectric is given by 


(5) 


The loss factor is proportional to the loss 
per cycle. It is generally used when the 
loss is due to the orientation of dipoles 


e” =e’ tan 6 


Figure 3 


Figure 4 
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LIMITED OxIDATIGN—++-cONTINDOUS 
{| oxipa 


Figure 5 (left), 100 
Limited oxidation 
characteristics as a 
function of available 


oxygen 
ION 


Gulf D6E7F, 85 de- 0 


LIMITED JOXIDATION 


grees centigrade, 1.6 
square centimeters 5 
copper per gram of 
oil, cubic centimeters 
of oxygen per kilo- 


°o 
gram of oil as indi- 1. 
cated; transition =x 
from limited to con- © 
tinuous -oxidation, 


cubic centimeters of 
oxygen per kilogram 


400 600 800 1000 
DETERIORATION TIME IN HOURS 


° 200 


and other absorptive types of dielectric 
polarization. 

Dissipation Factor. The dissipation 
factor of a dielectric is expressed in terms 
of tan 6, in which 6 represents the loss 
angle as shown in Figure 4. Thus, the 
per-unit dissipation factor is equal to the 
per-unit ratio of the energy component 
of current GE to the quadrature capaci- 
tance component of current, wCE. 

Power Factor. The power factor of 
a dielectric is expressed in terms of cos 
6, in which @ is the angle between the 
total current and voltage, as indicated 
in Figure 4. Thus, the power factor 
in per unit is the ratio of the energy 
component of current to the total current 
flowing into the dielectric. 

Conductance Factor. The conduc- 
tance factor of a dielectric e’f is given by 


e"f=e’ tan of (6) 


The conductance factor is directly pro- 
portional to the equivalent parallel con- 
ductance and the total energy loss of the 
dielectric. It is a convenient characteri- 
zation when the energy dissipated is due 
to the motion of free ions—in this case; 
generally the conductance factor is in- 
dependent of frequency. For mineral 
oils, the conductance factor e”f, is ap- 


Table Ill 
Ratio Copper-Sur- 
Size of Diameter face Area in Square 
Conductor Centimeters Per 
(Circular Mils) (Inches) Gram of Oil 
250,000...... ONS eet is 52 (19 strands) 
500,000...... OFSTA Sane mian! 51 (37 strands) 
700;000 55.4% 5 OROOSirereiseney 54 (61 strands) 
1,000,000...... Te B 2K uyateas 47 (61 strands) 
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of oil at end of con- 
tinuous test as indi- 


cated 
Figure 6 (right). 
Effect of paper and 
200 1400 + copper — limited ‘ 
oxidation 
Shell 100-4, 85 degrees centigrade, 


1.6 square centimeters copper per gram of 
oil, cubic centimeters of oxygen per kilogram 
of oil as indicated, in test with oil, copper, 
and paper; electrical measurements made on 
both oil and oil-paper combination; transition 
limited to continuous test at end of 1,300 hours 


proximately equal to the power factor 
or dissipation factor expressed in per 
cent at a frequency of 60 cycles per 
second, since €’ is approximately two, and 
f is 60 in equation 6. 


Comparison of Limited- and 
Continuous-Oxidation 
Characteristics 


Comparison of limited- and  con- 
tinuous-oxidation characteristics of cer- 
tain samples of mineral oils is shown in 
Figures 5, 6, 7,and 8. These comparisons 
are shown for different amounts of avail- 
able oxygen in a limited-oxidation test 
in Figures 5 and 6 for the effect of paper 
and copper in Figure 6, and for con- 
tinuous-oxidation tests on certain samples 
in Figures 7 and 8. 


LIMITED-OXIDATION CHARACTERISTICS 


The limited-oxidation tests in Figure 5 
were made on Gulf Sample D6E7F. 


100 CC 0» /KG 
"WITHOUT GU & RAPER 


200 400 600 800 1000 
DETERIORATION TIME IN HOURS 


The physical properties and method of 
preparation of this sample have been 
described previously. This sample is 
the raffinate from a solvent-refined series 
of samples with a viscosity of 82.9 Say- 
bolt-Universalat 100 degrees Fahrenheit, a 
specific dispersion of 93, a sulphur content 
of 0.03 per cent, and by a Waterman 
analysis shows 0.0 per cent aromatics, 
11.8 per cent naphthenes, 88.2 per cent 
paraffins. It is a highly refined, nearly 
water-white, aromatic-free oil with a 
relatively low sulphur content. As shown 
in Figure 5, this oil sample was tested 
under limited-oxidation conditions cor- 
responding to available oxygen of 0, 
50, 100, 500, 1,000, and 2,000 cubic 
centimeters per kilogram of oil. These 
tests were made at 85 degrees centigrade 
with a copper-oil ratio of 1.6 square 
centimeters of copper surface area per 
gram of oil. The electrical measurements 
are given in terms of the e”f at a deteriora- 
tion temperature of 85 degrees centigrade. 
The results show that the maximum con- 
ductance was obtained with 100 cubic 
centimeters of oxygen per kilogram of 
oil and gave a maximum value of e’f at 
85 degrees centigrade of approximately 
8 per cent, and a corresponding 60-cycle 


Table IV 
Ratio Copper-Surface Area in Square 
Centimeters Per Gram of Oil 
Insulation Thickness (Inch) 
Size of Conductor Diameter D 
(Circular Mils) (Inches) 0.005 0.0600 0.125 0.25 
ZOOSOOO caress ininite eens. ONG arate aierciatn atu take 
‘BOO GOON ciekalornvia scutes << > 0.814... 
VOOOOM man. cei ens O90 ee cas Sows 
4000; OOQl Rvs eiaruk wessate te n Pa Lepper Sen PO 
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Figure 7. Continu-  '0° 
ous-oxidation char- 
acteristics 


Shell 100-4, 85 de- 
grees centigrade, 
760 millimeters oxy- 


gen, 2.3 square 
centimeters copper 
per gram of oil; 
1 gram paper per 19 
grams oil 


é"F 85°C 


Figure 8. Continu- 
ous-oxidation char- 
acteristics 


Oil 1, commercial 


CG. OF OXYGEN PER KILOGRAM OF OIL 


|- OXYGEN ABSORBED 


| 


o & 


20 40 60 80 100 
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power factor of approximately 6.5 per 
cent. The blank test with no available 
oxygen showed relatively good stability. 
At the end of approximately 950 hours, 
the 100 and 2,000 cubic centimeters of 
oxygen per kilogram of oil-limited tests 
were changed to the continuous-oxidation 
type. This was done by withdrawing 
the gas above the oil sample in the de- 
terioration cell and then maintaining an 
oxygen pressure of 760 millimeters. In 
the case of the 100-cttbic-centimeter test, 
the power factor or conductance of the 
oil rapidly decreased with continuous- 
oxygen absorption from an e”f of ap- 
proximately eight to a value approximat- 
ing 0.1. Further absorption of oxygen 
beyond this point gave rapidly increasing 
losses. In the case of the 2,000-cubic- 
centimeter-limited test, the transition 
from the limited to the continuous type 
of test showed very little change in the 
electrical characteristics. At the con- 
clusion of the continuous-oxidation tests, 
the oils had absorbed appreximately 
19,000 cubic centimeters of oxygen per 
kilogram of oil, with the losses of the same 
order of magnitude as for the 100-cubic- 
centimeter limited-oxidation test. It is 
possible that a limited test in the range 
between 100 and 500 cubic centimeters of 
oxygen per kilogram of oil would produce 
greater losses than is indicated for the 
100-cubic-centimeter test. These results 
show that there may be a different mecha- 
nism responsible for the electric losses 
in the two types of tests. Presumably, 
the oxidation products formed in the 
limited type of test are unstable in the 
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light cable oil; oil 
9, commercial trans- 
former oil, 85 de- 
grees centigrade; 
760 millimeters oxy- 
gen, 1.6 square 
centimeters copper ol 


120 140 : 0 
per gram of oil 


presence of further oxygen and give the 
results indicated in the 100-cubic-centi- 
meter test at the transition point. In 
the case of the 2,000-cubic-centimeter 
limited test, apparently there is sufficient 
available oxygen, so that the oxidation 
products proceed to such end-oxidation 
products as water and acids. Satis- 
factory check results are indicated by the 
two tests made with 500 cubic centimeters 
of oxygen per kilogram of oil. 


EFFECT OF COPPER AND PAPER 


The test results in Figure 6 show the 
effect on oil sample Shell 100-4 of the 


100. 


CC. OF OXYGEN PER KILOGRAM OF OIL 


200 400 600 800 1000 1200 ~ 1400 
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presence of paper and copper during a 
limited-oxidation test. The effect of a 
transition from a limited to continuous 
type of oxidation is shown again, The 
physical properties and preparation 
of this sample have been described pre- 
viously.! This is one of a group of solvent- 
refined samples with varying degrees of 
aromaticity. It has a viscosity of 86 
Saybolt Universal at 100 degrees Fahr- 


enheit, a specific dispersion of 96, and 


a total sulphur content of 0.18 per cent, 
and a mercaptan-plus-disulphide  sul- 
phur of less than 0.001 per cent. Itis a 
practically water-white aromatic-free 


—| |.6-PB 
'6-CU- SOLVENT TREATED 


Figure 9. Effect of copper and 


oo 1.6- CU 


P 1.6 OXIDIZED CU 


lead area ww - 


Shell 100-4, limited oxidation, 
100 cubic centimeters of oxygen 
per kilogram of oil, 85 degrees 
centigrade; surface area in 
square centimeters of copper per 
gram of oil as indicated 
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Table V. Physical Properities of Shell Series of Solvent-Refined Transformer Oils 


60 60-1 60-2 60-3 60-4 

Gravity, degrees, American Petroleum Institute 25.7 28.9 32.0 . 04.6 36.0 
Viscosity at 100 F (Saybolt Universal 

STRODE S oat) CO eR nae i ae tacit Sana 59 OL SOS ee tOS, Cee Dk 
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SECIS CTSIOM Jyaiope fas tose esi bcalpesr es Mina, ons 134 -118 107 702 aie NE 
Per cent mercaptans and _ disulphide 

AEM ey aie oy tains Meetetaly stata! acess ad Wuaneeee 0.001 O;00L a. 0.001 OrO0L-... | -O2.001 
en Cent total ‘Stl pHitt taxa ccurersi« bus er elole.e @reue 1.16 OR2e tor 0.33 0.18 0.04 
Density 20/4 degrees centigrade........... 0.8936 0.8766. . 0.8592 0.8490... 0.8420 
Refractive index, ny Se Gk ick. Hae 1.4974 1.4853 1.4743... 1.4680... 1,4631 
PPAUEIRE PVOMDG Cy i ile aie nec nad nce oie Wve n 69.4 . 78.9 «87.2 1. 93.4 97.5 
PU GLEOIRAT CLS DE (6 oy cies, anus sale vaysiniscaarasre 274 . 286 290 , 302 .300 
Waterman analysis: 

Aromatics (PEL CENt)he wns. sve ace.< erecta sere’ 15.6 10.0 eal 2.5 0 

Waphthenes (percent) <..)....2.. sense eos 6 24.4 27.7 27.0 26.4 24.9 

Paratins (Her Cette ieke< oe sie’ o> wera e's 60.0 62.3 67.9 Raine! 75.1 
* National Petroleum Association. ** Saybolt. 


highly refined oil. Figure 6 shows the 
results of two tests, one a limited test 
with 100 cubic centimeters of oxygen per 
kilogram of oil without copper and paper 
and the other a limited test with 500 
cubic centimeters of oxygen per kilogram 
of oil with copper and paper. These 
tests were made at 85 degrees centigrade. 
In the case of the 500-cubic-centimeter 
limited test, electrical measurements were 
made utilizing two electric measuring 
cells, one measuring the oil alone, and 
the other an oil-paper cell giving electrical 
measurements on an impregnated-paper 
sample. At the end of approximately 
1,300 hours of the 500-cubic-centimeter 
limited test, the test conditions were 
changed from the limited to the con- 
tinuous type. The copper-oil ratio in 
these tests was 1.6. The results show, 
for the 100-cubic-centimeter limited test 
in the absence of copper and paper, that 
the conductance of the oil remains very 
low and approximately equal to the initial 
value throughout the test duration of ap- 
proximately 800 hours. In the case of 
the 500-cubic-centimeter limited test 
with copper and paper, the 60-cycle power 
factor of the oil has increased to ap- 
proximately ten per cent. Other work 
that has been done indicates that this 
increase in power factor is due principally 
to the presence of the copper, the paper 
introducing a negligible effect. It is 
interesting to note that the conductance 
of the oil itself is very nearly equal to 
that of the impregnated paper throughout 
the limited test. Further data on this 
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Figure 10 


1943, Votume 62 


test are given in Table I which also gives 
the 60-cycle power factor in per cent for 
both the oil and the oil-paper, and also 
gives the e”f of the impregnated paper at 
both frequencies of 60 and 1,000 cycles 
per second, 

The impregnated paper during the 
limited portion of the test merely indi- 
cates the conductance of the oil itself. 
At the transition point where the test is 
changed from a limited to a continuous 
type, the losses initially increase for both 
the oil and the impregnated paper and 
then rapidly decrease to lower values. 
As shown in Table I, the relation between 
the 60- and 1,000-cycle values of e’f 
are very much different during the lim- 
ited as compared to the continuous 
type of test. During the limited test, 
the conductance of the impregnated paper 
is relatively independent of frequency, 
whereas it increases very rapidly with 
increasing frequency during the con- 
tinuous type of test. For example, in 
TableI, at the end of 192 hours of deterio- 
ration of the limited tests, e’f of the 
oil are 60 cycles, 3.63; 1,000 cycles, 5.54, 
whereas at the end of the continuous 
test, corresponding values are 60 cycles, 
3.67; 1,000 cycles, 10.9. During the 
continuous type of oxidation test, acids 
and water are produced, which are ad- 
sorbed readily by the hydroxyl groups 
of the cellulose. It is believed that what- 
ever oxidation products are produced dur- 
ing the limited test, they are not ad- 
sorbed by the paper. These results 
again indicate a fundamental difference 
in the type of oxidation mechanism 
between the limited and continuous types 
of oxidation. 


CONTINUOUS-OXIDATION 
CHARACTERISTICS 
The continuous-oxidation character- 
istics of samples of three different oils 


Balsbaugh, Assaf—Electrical Insulating Oils 


are shown in Figures 7 and 8. Figure 7 
shows the results on Shell 100-4, the 
limited-oxidation characteristics of which 
have been discussed previously and 
shown in Figure 6. Figure 8 shows the 
results on two representative commercial 
oils. 

The results in Figure 7 on Shell 100-4 
were obtained under continuous oxidation 
at 85 degrees centigrade, with a copper- 
oil ratio of 2.3 and a paper-oil ratio 
of one gram of Whatman’s 41-H ashless 
filter paper per 19 grams of oil. Figure 7 
gives both the oxygen absorbed in cubic 
centimeters per kilogram of oil, and the 
e’f of the oil at 85 degrees centigrade. 
As compared to the previous limited 
tests in Figures 5 and 6, the e’f under 
cofitinuous oxidation remains relatively 
low, even with relatively large amounts of 
oxygen absorbed. For example, at 85 
degrees centigrade the e”f with approxi- 
mately 5,000 cubic centimeters of 
oxygen, is approximately 0.1, whereas 
under limited-oxidation conditions with 
500 cubic centimeters, the e”f of the oil 
is approximately 10. Thus, for ten 
times as much oxygen in the continuous 
test, the conductance is approximately 
0.01 that for the limited test. The oxi- 
dation characteristics of this oil are 
strongly autocatalytic, which is some- 
what characteristic of an overrefined oil 
corresponding to this particular sample. 
Such an oil generally produces, under 
oxidation, water and low-molecular- 
weight acids which would rapidly be 
absorbed by the paper. This probably 
has helped to maintain relatively low 
values of conductance during this test. 


Other tests on the same type of oil in the 


absence of paper have indicated that the 
losses would remain relatively low during 
the initial stages of the oxidation but 
would increase to relatively large values 
for materially lower values of total oxygen 
absorption. Furthermore, an impreg- 
nated-paper sample would reveal the 
characteristics shown in Figure 6 and in 
Table I after the transition to continu- 
ous-oxidation conditions. 

The results in Figure 8 show con- 
tinuous-oxidation characteristics and cor- 
responding conductance factors on two 
samples of oil—oil 1, a representative 


Table VI. Physical Properties of Shell Special 
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commercial oil of the light-cable-oil 
class, and oil 2, a representative com- 
mercial oil of the transformer-oil class. 
These tests were made at 85 degrees 
centigrade with a copper-oil ratio of 1.6. 
The viscosity of oil 1 is approximately 
100 Saybolt Universal at 100 degrees 
Fahrenheit, and that of oil 2 is approxi- 
mately 55 Saybolt Universal at 100 
degrees Fahrenheit. It may be noted 
that these oils are relatively more 
stable to oxidation than the over-re- 
fined Shell 100-4 previously discussed. 
The oxidation characteristics of oil 1 
are representative of the inhibited type. 
It is interesting to note that, during the 
induction period of oil 1, the conductance 
e’f rapidly increases to a value approxi- 
mating 9. However, at the end of 
the induction period corresponding to 
approximately 300 hours, the conductance 
rapidly decreases to a much lower value 
and then increases with further oxygen 
absorption. Thus, this characteristic is 
somewhat analogous to the transition 
from limited to continuous oxidation, as 
shown in Figures 5 and 6. However, in 
this case limited-oxidation character- 
istics of the oil are inherent in the con- 
tinuous type of test, by reason of the 
inhibited type of oxidation reaction dur- 
ing the early stages of the test. Oil 2 
shows the normal electrical character- 
istics for an oxidation reaction in which 
the oxidation reaction proceeds to the 
normal end products. As a comparison 
it is interesting to observe that for the 
deterioration time of 200 hours, oil 2 has 
absorbed, roughly, ten times as much 
oxygen as oil 1, but the conductance or 
power factor of oil 2 is approximately 
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0.1 that of oil 1. Limited-oxidation 
studies have also been made on these two 
oils. Under limited-oxidation conditions, 
at 85 degrees centigrade a copper-oil ratio 
of 1.6, and available oxygen of 100 cubic 
centimeters per kilogram, both oils will 
give power factors at 60 cycles approxi- 
mating ten per cent. Thus, there is 
relatively little difference between the 
oils on a limited-oxidation basis, whereas 
there are relatively large differences in 
the initial stages on the continuous basis. 


Effect of Metal Surface Area 


As shown previously, the presence of 
copper in a limited-oxidation test gives 
increased electrical conductivity or power 
factor of the oil. This is illustrated 
further in Figure 9, which gives the re- 
sults of Shell 100-4 with limited oxidation 
of 105 cubic centimeters of oxygen per 
kilogram of oil at 85 degrees centigrade 
with variable amounts of copper surface 
per gram of oil, and with different meth- 
ods of treatment of the copper surface. 


VARIABLE COPPER- AND LEAD-OrL RaTIos 


The amount of copper surface is varied 
from a blank test in which no copper is 
present in increasing amounts up to 16 
square centimeters of copper surface area 
per gram of oil. The normal preparation 
of the copper has been given previously 
under Equipment and Procedure. The 
solvent-treated copper surface is similar 
to the normally treated, except that the 
copper is not immersed in a 50 per cent 
hydrochloric acid solution. The oxidized 
copper surface is similar to the normally 
treated, except that before the copper is 
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placed in the deterioration cell, it is 
heated to 100 degrees centigrade in an air 
oven for approximately an hour. 

The results indicate that in the absence 
of copper the power factor of the oil re- 
mains relatively low—of the order of 0.01 
per cent at 85 degrees centigrade. With 
copper present, the maximum power 
factors of the oil are somewhat propor- 
tional to the amount of copper surface. 
In one test, lead was used in place of 
copper, and the results were approxi: 
mately the same as for copper of cor- 
responding area. Additional tests were 
made with lead, but it was difficult to 
obtain reproducible lead surfaces and, 
hence, reproducible results. It was not 
practicable to use relatively large lead 
areas corresponding to those for copper. 
The solvent-treated copper gave ap- 
proximately the same increase in power 
factor as the normal copper surface. The 
oxidized copper surface gave materially 
lower losses than the normal copper sur- 
face. Similar tests with other oils have 
given corresponding results. This particu- 
lar oil sample, Shell 100-4, would give 
somewhat higher losses with larger 
amounts of available oxygen under a 
limited-oxidation test, as shown in Fig- 
ure 6. Thus, the results show that the 
copper-oil ratio is important in determin- 
ing power factor under limited oxidation, 


CopperR-O1L RATIO IN SERVICE 
APPLICATIONS a 


In view of these results which indicate 
the importance of the copper-oil ratio, 
it is pertinent to analyze the correspond- 


ing ratios for oil-impregnated paper- — 
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insulated cables and other oil-insulated 
equipment. Previous work‘ of tape-by- 
tape power-factor measurements on cables 
has indicated that the power factor is not 
uniform throughout the thickness of the 
insulation. Generally, high power factors 
are indicated for those tapes adjacent to 
the conductor and the sheath. Thus, in 
obtaining copper-oil ratios for cables, it 
is necessary to consider, not only the 
over-all ratio corresponding to total 
surface areas and total oil in the insula- 
tion, but also the ratios that apply to the 
strand space and for a relatively thin wall 
of insulation immediately adjacent to 
either the conductor or the sheath. 
Furthermore, these ratios will depend on 
whether the surface area is relatively 
smooth as for the sheath and compact- 
conductor construction or as for the 
standard concentric-strand-conductor 
construction. An estimate of the different 
ratios that apply in cables may be ob- 
tained from the following: 


1. Copper-oil ratio for a layer of insulation 
on or within a cylindrical surface. This 
case is shown in Figure 10, and is given by 


‘ : area (square centimeters) 
eappcr-01 73110 = ————————— 
gram oil 


Ps 1 
t 
kt (: ofa 


d.=specific gravity of oil 
D=diameter of conductor in centimeters 
t=thickness of oil film or insulation in 
centimeters 
k=per-unit ratio of volume of oil in thick- 
ness f to total volume included in thick- 
ness ¢t 


(7) 
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Representative copper-oil ratios for this 
case are given in Table II for different con- 
ductor sizes and different insulation thick- 
nesses. These values would apply to insu- 
lation on a cylindrical conductor surface, as 
would be represented by compact construc- 
tion or for the insulation within a lead 
sheath. It may be noted that the values 
vary between very wide limits. For the 
case of the oil contained in the first tape of 
insulation immediately adjacent to such a 
conductor or sheath surface, the ratio is 195, 
independent of the diameter of the conductor 
or sheath. 


2. Copper-oil ratio applying to the strand 
space of a stranded conductor. This case is 
shown in Figure 10b and is given by 


area (square centimeters) 


copper-oil ratio= 


gram oil 
14./n (8) 
| i ar 
d.D 
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n=number of strands 
Table VII 
PC CAME Ts cea Wat at in /eiovaiate. uae CH3(CH2)sCHs 
Hexadecanes 6.5 fice s eee cee CH3(CH2)uCHs3 
Hexadecenes.< ioncites os irs CH3(CH2)1sCH=CH2 


Cis-decaline nn uw dus tas Os 


Phenylcyclohexane........ CK 


Balsbaugh, Assaf—Electrical Insulating Otls 


200 


400 600 800 1200 1400 


1000 
DETERIORATION TIME IN HOURS 


Representative values of these ratios are 
given in Table III for various conductor 
sizes. It may be noted that these ratios 
approximate 50 and are somewhat independ- 
ent of the conductor size. 


3. Copper-oil ratio applying to insulation 
on a stranded conductor, including the oil 
in the strand space as well as the oil in the 
insulation. This case is represented by 
Figure 10c and is given by 


area (square centimeters) 


copper-oilratio = - 
gram oil 


- 14V/n 


- t t (9) 
| 14108 5(1+5) | de 


Representative values for this case are 
given in Table IV for various conductor 
sizes and insulation thicknesses. The ratio 
depends upon the thickness of the insulation 
but is equal to approximately 50 for the first 
insulation tape adjacent to the conductor. 


SIGNIFICANCE OF COPPER-OIL RATIO 


The maximum copper-oil ratio that 
has been used in the limited test has been 
16. This maximum value has been 
limited by available space for the copper 
and also by the desire to maintain ade- 
quate circulation. As shown in Tables 
II, IU], and IV, copper-oil ratios in oil- 
paper cables may be very much higher 
than the values used in the limited tests. 

The work that has been done has indi- 
cated that, at least up to the maximum 
value used, the power factor is approxi- 
mately proportional to the amount of 
copper surface. Whether this propor- 
tionality would continue for higher ratios 
is not known. It is possible to make ap- 
propriate changes in the deterioration 
systems to permit higher copper-oil 
ratios. It is believed that these high 
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ratios such as exist in service applications 
are of importance. As mentioned pre- 
viously, tape-by-tape power-factor meas- 
urements on cables have indicated that 
higher power factors may exist for the oil 
in the immediate proximity of the copper 
conductor or the lead sheath. It is 
somewhat questionable whether the meas- 
urements of this type that have been 
made indicate the values that obtain 
in the sealed cable. The reason for this 
is that, when these tapes are removed 
for measurement, exposure to the air 
may decrease materially the measured 
power factors. This is a probability, 
since the components responsible for the 
limited-oxidation type of loss are un- 
stable in the presence of additional 
oxygen. 


Effect of Aromatics 


The effect of the amount of aromatics 
of an oil under limited oxidation with 
different amounts of available oxygen is 
shown in Figures 11, 12, 13, and 14. 


PHYSICAL PROPERTIES OF OIL SAMPLES 


These tests were made on a series of 
oils, specially prepared by the Shell 
Petroleum Corporation, the physical 
properties of which are given in Tables 
V and VI. The Shell-60 series was pre- 
pared from a plant cut of a special West 
Texas grade of low pour point. The 
cut had a viscosity of around 60 seconds. 
The first sample, 60, was not solvent- 
extracted; the other samples were ex- 
tracted to give decreasing degrees of aro- 
maticity, 60-4 being completely freed of 
aromatics by treatment with fuming 


sulphuric acid. All of the samples re- 
ceived a finishing treatment with sul- 
phuric acid followed by clay contacting. 
This resulted in aromaticity, as measured 
by specific dispersion, of from 134 (highly 
aromatic, benzene equal to 189) for 
sample 60 to 97 (aromatic-free) for sample 
60-4. As shown in Table V, the per cent 
total sulphur decreases with decreasing 
aromaticity; thus sample 60 has a per 
cent total sulphur of 1.16 as compared to 
0.04 for sample 60-4. In an attempt to 
determine the relative effects of both 
total sulphur content and aromaticity, 
Shell special 121 oil was prepared, the 
physical properties of which are given in 
Table VI. This sample has a specific 
dispersion of 124, and a total sulphur 
content of 0.02 per cent. This sample 
was blended in varying proportions with 
60-4 to give samples having -varying 
amounts of aromaticity, but with lower 
sulphur content than would be obtained 
from the 60- series of samples for cor- 
responding dispersions. 


RESULTS OF TESTS 


Figure 11 gives the results of limited 
tests at 85 degrees centigrade, copper-oil 
ratio of 1.6, and available oxygen of 100 
cubic centimeters per kilogram of oil on 
samples 60, 60-1, and 60-4. All of these 
gave 60-cycle power factors approximat- 
ing ten per cent, so that further tests 
using different amounts of available 
oxygen were not made on these samples. 
Figure 12 gives the results on sample 60-2 
at 85 degrees centigrade with a copper- 
oil ratio of 1.6 and available amounts of 
oxygen ranging from a blank test with 
no oxygen up to a continuous test. This 


Figure 15 (left). 08 
Limited - oxidation 
characteristics of 
decane, hexadecane, 
hexadecene 


Available oxygen as 10. 


sample gives relatively high conductance 
for all the tests indicated. The maximum 
conductance was obtained in the blank 
test without oxygen, that is, the oil just 
contacting copper. This sample absorbs 
oxygen rapidly on a continuous test as 
indicated by the following: 102 hours, 
2,290 cubic centimeters of oxygen per 
kilogram of oil; 209 hours, 3,710; 313 
hours, 4,180; 720 hours, 4,970. Figure 
13 gives the results on Shell 60-3 for a 
limited test at 85 degrees centigrade with 
a copper-oil ratio of 1.6 and available 
amounts of oxygen from a blank test 
with none up to a continuous type of test. 
This oil shows relatively good stability 
under all limited tests up to and including 
1,000 cubic centimeters of oxygen per 
kilogram. The conductance e’f at 85 
degrees centigrade is of the order of one 
or less for all of these tests. There does 
not seem to be any consistent relation 
between the loss and the amount of oxygen 
made available, except that, on the 
average, it is somewhat greater for the 
larger amounts of available oxygen. In 
the continuous test, the power factor 
reaches relatively high values. This 
sample also absorbs oxygen quite rapidly 
under a continuous test, as indicated by 
the following: 96 hours, 2,080 cubic 
centimeters of oxygen per kilogram of oil; 
184 hours, 6,670; 304 hours, 15,060; 784 
hours, 20,900. Figure 14 gives the results 
of various blends of Shell 60-4 with 
Shell 121. These tests were of the limited 
type using 105 cubic centimeters of oxy- 
gen per kilogram of oil, a copper-oil ratio 
of 16 at 85 degrees centigrade. It is 
important to note that these particular 
tests have a copper-oil ratio of ten times 
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that for the preceding results in Figures 
9, 10, and 11. These tests show a maxi- 
mum electrical stability for the samples 
containing 10 and 20 per cent of Shell 121. 
These blends indicate greater stability 
than that for either the 60-4 or the 121 
individually. 


r 
‘Errect or Per Cent AROMATICS 


The results of the tests discussed in the 
foregoing show quite clearly the greater 
electrical stability under limited tests for 
those samples containing a small per- 
centage of aromatics. The relation be- 
tween electrical stability and aromatics is 


1000 
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ce) 200 400 600 800 


not too definite, since it is probably a 
function of copper-oil ratio, amounts of 
available oxygen, and deterioration time. 
More complete information would require 
further tests for each sample as a function 
of each of these variables. Apparently, 
sulphur content is not the major deter- 
mining factor for the samples with elec- 
trical instability, since certain of the 
samples relatively free from sulphur also 
produce relatively high losses. 


Effect of Type of Hydrocarbon on 
Electrical Stability 


Studies have been made of representa- 
tive types of hydrocarbons to interpret 
the characteristics of mineral oils of 
varying compositions. Such studies have 
been made on the basis of both the limited 
and continuous type of tests. The hydro- 
carbons studied are given in Table VII. 
‘The group includes representative nor- 
mal paraffins, an olefin, aromatics, and 
naphthenes. The group represented is a 
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relatively narrow one. The molecular 
weight of these hydrocarbons is in most 
cases, considerably less than that for light 
cable or transformer oils. However, it is 
believed that the results are useful in 
interpreting the results obtained on 
hydrocarbon oils. 


PREPARATION OF HyDROCARBONS 


All of the samples were dried over 
sodium wire before fractionation in a 
column of 40 theoretical plates. The 
preparations of decane, hexadecane, hexa- 


decene, cis-decalin, and tetralin have 
been described previously.6 Phenyl- 
Figure 17 (left), '°° 
Limited - oxidation 
characteristics Of aes 
tetralin, phenylcy- 
clohexane, and di- 
cyclohexyl 


decane and hexadecane produce relatively 
larger losses than those indicated for 
hexadecene whichis an unsaturated par- 
affin. The conductance of hexadecene 
increases much mote rapidly with deterio- 
ration time than for the normal par- 
affins. This is probably due to the fact 
that the oxidation rate or the absorption 
of any available oxygen is much more 
rapid for the unsaturated paraffin than 
for the normal paraffins. In the case of 
cis-decalin which is a naphthenic type, 
the nature of the limited-oxidation loss 
is relatively different from that for the 
paraffins. In this case, the losses im- 
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cyclohexane and dicyclohexyl were ob- 
tained from the Eastman Kodak Com- 
pany. Refractive indexes of the fractions 
were measured throughout the distilla- 
tion, and the proper samples were 
selected. 


LIMITED-OXIDATION TESTS ON 
YDROCARBONS 


Limited-oxidation tests on the fore- 
going hydrocarbons are shown in Figures 
15, 16, and 17. These tests were made 
at 85 degrees centigrade with a copper- 
oil ratio of 1.6 and available amounts of 
oxygen as indicated. Figure 15 shows 
the results on decane, hexadecane, and 
hexadecene. Figure 16 gives the results 
for cis-decalin, and Figure 17 the results 
for tetralin, phenyleyclohexane, and di- 
cyclohexyl. The results indicate that 
the normal paraffins produce relatively 
high losses under limited-oxidation tests. 
It is somewhat surprising that both 
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mediately increased to relatively high 
values and then decreased to substan- 
tially lower values with increasing deterio- 
ration time. Furthermore, the limited 
test in which 105 and 439 cubic centi- 
meters of oxygen per kilogram of oil are 
made available to the oil gives sub- 
stantially lower losses than is indicated 
for the blank test. This is probably be- 
cause cis-decalin oxidizes very rapidly, 
and, accordingly, even with relatively 
small amounts of oxygen, the oxidation 
proceeds to normal end products which 
are not highly conducting. The rela- 
tively high initial values are probably 
due to contact with copper, even though 
only a short time elapsed between contact 
and initial measurement. Thus, the 
initial values of conductance are notindica- 
tive of the hydrocarbon oil itself. The 
results for tetralin, phenylcyclohexane, 
and dicyclohexyl are very much different 
from the characteristics of cis-decalin. 
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Furthermore the losses of dicyclohexyl, a 
naphthene, are relatively low, compared 
to the previously discussed results of the 
normal paraffins. 


CONTINUOUS-OXIDATION TESTS ON 
HYDROCARBONS 


Continuous-oxidation tests have been 
made on both hexadecane and cis-decalin. 
The results of these tests are shown in 
Figures 18, 19, 20, and 21. These tests 
were made at 85 degrees centigrade and 
a copper-oil ratio of 1.6. Electrical meas- 
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urements were made on both the hydro- 
carbon itself and on an impregnated- 
paper cell, using Whatman’s 41-H ashless 
filter paper. The continuous-oxidation 
characteristics of hexadecane as indicated 
by the e”f of the hydrocarbon and the 
oxygen absorbed as a function of deterio- 
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ration time are shown in Figure 18. 


This hydrocarbon is very stable, with an 
oxygen absorption of approximately 600 
cubic centimeters per kilogram at the 
end of 1,200 hours. At the end of this 


induction period, the rate of oxygen ab- 


sorption increases very greatly. During 
the induction period of the hexadecane, 
the conductance or power factor increased 
to relatively large values, approximating 
60 per cent. -At the end of the induction 
period of approximately 1,200 hours, the 
conductance very rapidly decreased to a 
value approximating 0.1. Thus, even 


though this is a continuous-oxidation test, 
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the hexadecane exhibited limited-oxida- 
tion characteristics in view of its in- 
herent oxidation characteristics. During 
this induction period, the electrical charac- 
teristics correspond to the limited test 
previously discussed and shown in Figure 
15. These results are comparable to 
, those for the commercial oil shown in 
‘Figure 8 which also had an initial induc- 
tion period. Following the transition 
from the limited to the continuous type 
of test, the conductance of the hexadec- 
ane again increased to relatively large 
values with continued oxygen absorption. 
Figure 19 shows the corresponding con- 
| tinuous-oxidation characteristics for cis- 
decalin. As compared to the hexadecane, 
cis-decalin has a high rate of oxygen 
absorption. During an initial short 
period, the conductance of the cis-decalin 
decreases with time, giving a very low 
minimum value, approximating 0.2 with 
an oxygen absorption of approximately 
2,000 cubic centimeters per kilogram. 
Following this minimum value, the con- 
ductance rapidly increases to materially 
higher values. Thus the transition from 
limited- to continuous-oxidation char- 
acteristics proceeds very rapidly at the 
start of the test. These results check with 
the limited characteristics, as previously 
described and shown in Figure 16. The 
electrical characteristics of the hydro- 
carbon-impregnated cells for the con- 
tinuous tests of hexadecane and cis- 
decalin are shown in Figures 20 and 21. 
The conductance of the paper cell is 
shown at 85 degrees centigrade for fre- 
quencies from 60 cycles to 1,000 cycles 
per second. It is important that the con- 
ductance of the paper cell is relatively 
independent of frequency during the 
induction period for the hexadecane. 
Following the induction period, the con- 
ductance shows a gradually increasing 
characteristic with increasing frequency. 
In the case of cis-decalin, the conductance 
of the paper cell is analogous to that of the 
hexadecane after the induction period. 
These results show that, during the 
limited oxidation of hexadecane, the con- 
ductance of the hydrocarbon-paper com- 
bination is due principally to the con- 
ductance of the hexadecane contained in 
this cell. A conductance increasing with 
frequency is generally indicative of oxi- 
dation products which are adsorbed by 
the hydroxyl groups of the cellulose. 
These results indicate that the reaction 
products formed during the limited period 
are fundamentally different from those 
formed during the continuous period. 
Apparently the oxidation products or 
other compounds formed during the 
limited period are not of the type to be 
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adsorbed selectively by the paper. In 
analyzing the results of the hydrocarbon- 
paper cell, note that Whatman’s 41-H 
ashless filter paper has been used, instead 
of cable paper. The filter paper is of 
much lower density than cable paper, 
and so the results shown for the con- 
ductance as a function of frequency are 
more pronounced than would be the case 
with the higher-density paper. 


Comparison of New and 
Reconditioned Transformer Oils 


Limited-oxidation tests on a new and 
on a reconditioned commercial trans- 
former oil are shown in Figure 22. These 
tests were made at approximately 100 
cubic centimeters of oxygen per kilogram 
of oil, a copper-oil ratio of 1.6, and a tem- 
perature of 85 degrees centigrade. The 
results show that the reconditioned oil 
gives very much higher losses than the 
new oil. Separate measurements on the 
two oils in the absence of copper indicate 
approximately equal power factors for 
the oils. The high initial power factor for 
the reconditioned oil in Figure 22 is due 
to the time that the oil has contacted 
copper, after introducing oil to the system 
before an electrical test can be made. 
There are a number of factors that 
might be considered to give the differ- 
ences between the two samples. Certain 
stabilizers that are present in the oil 
might have been used up in the initial 
service for the reconditioned oil. It is 
also possible that oxidation products 
produced under service conditions and 
not completely removed in the recon- 
ditioning treatment might make the 
reconditioned oil sensitive to copper in 
such a limited test. Both oils have essen- 
tially the same characteristics, and these 
tests were made at about the same time. 
Later tests made after the oils had been 
standing for some time indicate some 
change in the characteristics. This 
change with time has also been, noted for 
other samples. However, at a given 
time, satisfactory check runs generally 
can be made. 


Electrical Measurements at Low 
Temperatures 


In analyzing the characteristics of 
mineral oils, it is difficult to determine 
the relative effects of the hydrocarbon 
components and of the nonhydrocarbon 
components, such as sulphur compounds. 
Normally refined oils generally have 
relatively low power factors or conduc- 
tivities; since these oils do contain non- 
hydrocarbons, these components ap- 


Balsbaugh, Assaf—Electrical Insulating Oils 


parently do not contribute to the con- 
duction type of loss at elevated tempera- 
tures. However, at relatively low tem- 
peratures it may be possible to determine 
the presence of these materials, since 
the conduction loss would be eliminated 
by the increased viscosity of the oil. 
Accordingly, tests have been made on a 
number of samples over a frequency range 
of 100 cycles to 15 kilocycles at a tempera- 
ture range of 85 to —70 degrees centi- 
grade. These results are shown in Figures 
23 and 24. Figure 23 gives the results for 
an experimental transformer oil after a 
limited-oxidation test with lead-oil ratio 
of 1.6, a temperature of 85 degrees centi- 
grade, after 385 hours in the absence of 
oxygen. Figure 24 gives the results on the 
satme oil under limited-oxidation test 
with 0.1 per cent cetyl mercaptan, a 
copper-oil ratio of 16, 105 cubic centi- 
meters of oxygen per kilogram of oil after 
648 hours at a temperature of 85 degrees 
centigrade. The electrical measurements 
are given in terms of the loss factor e” 
at the temperature indicated. At the 
elevated temperature of 85 degrees centi- 
grade, and at room temperature of ap- 
proximately 25 degrees centigrade, the 
conductance e”f is practically independent 
of frequency, showing that in this tem- 
perature range the loss is of the ionic type. 
With successively lower temperatures, 
the conduction loss decreases to relatively 
small amounts, and another type of loss 
gradually gives increasing values of loss 
factor e”. The loss at the low tempera- 
tures is of the type due to dipole polari- 
zation. Measurements have also been 
made on the oil by itself, and at the low 
temperatures it gives approximately the 
same results. Certain types of hydro- 
carbons do have structures such as to 
give dipole moments. However, for the 
usual values it would be necessary for 
practically all of the hydrocarbons to 
have a dipole moment of approximately 
0.5 Debye unit to contribute the loss 
factors indicated at the lower tempera- 
tures. This seems to be a rather un- 
reasonable assumption. Accordingly, it 
is believed that other nonhydrocarbon 
components are at least partly respon- 
sible for the observed loss. Tests have 
also been made at low temperatures and 
over a wide frequency range for the same 
oil before and after contacting copper. 
Even though there was a very large 
difference between the power factor at 
85 degrees centigrade, there was very 
little difference in the loss factor at the 
very low temperatures. These results 
indicate at least qualitatively that the 
electrical instability with copper under 
limited tests is due to an ionic type of 
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loss and that contacting copper does not 
change appreciably the loss character- 
istics of the nonhydrocarbon components 
of the oil. 


Summary of Results 


1. The presence of copper produces the 
electrical instability in limited-oxidation 
tests. Tests on several oils have indicated 
that the power factor is nearly proportional 
to the amount of copper area present, at 
least over a limited range. 


2. The presence of lead in a limited-oxida- 
tion test produces results analogous to those 
for copper. Lead is somewhat more diffi- 
cult to work with, because of the difficulty 
in cleaning the lead surfaces and also in 
obtaining convenient lead-oil ratios. 


3. The presence of paper in limited-oxida- 
tion tests generally has a negligible effect. 
The products that are responsible for the 
limited-oxidation type of loss are not ad- 
sorbed by the paper. In the continuous- 
oxidation test, the presence of paper may 
play an important part. This is due to the 
fact that, under continuous oxidatien, acids 
and water, are produced which are readily 
adsorbed by the paper. 


4. A study of the copper-oil ratios in oil- 
paper cables indicates that relatively high 
values may be obtained for certain limiting 
conditions, such as for the oil in the strand 
space or for the oil in the layer of insulation 
next to the sheath or conductor. It is 
rather difficult to reproduce these ratios in 
a satisfactory test cell. It is believed that 
these ratios are quite important in the 
operating performance of oil-paper cables. 


5. An oil with a small percentage of aro- 


Figure 23 (left). } 
Loss factor as a func- 

tion of frequency 05 
and temperature 


Experimental com- 
mercial transformer 
oil, limited oxide- 
tion, 85 degrees 


centigrade; O cubic 
centimeters oxygen 
per kilogram oil, 1.6 005 
square centimeters w 
lead per gram oil; 
measurements made 
at the end of 385 
hours of test 


001 
Figure 24 (right). 


Loss factor as a func- 
tion of frequency 000 
and temperature 


Experimental com- 
mercial _ transformer 
oil plus 0.1 per cent 
cetyl mercaptan, 0001 
limited oxidation, 85 A 
degrees centigrade, 
100 cubic centi- 
meters oxygen per 
kilogram oil, 16 
square centimeters 
copper per gram oil, 
measurements made 
at the end of 648 
hours of test 
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matics generally gives a more stable oil 
under limited oxidation in the presence of 
copper from an electrical point of view. 
The amount of the aromatics as indicated 
by specific dispersion is not too definite, but 
is believed to be somewhere between the 
110 and 120 range. It may be that the 
amount of aromatics for electrical stability 
is not only a function of the amount of 
aromatics themselves, but is also a function 
of the copper-oil ratio and the amount of 
available oxygen in a limited test. 


6. Oils with different physical character- 
istics show wide differences in the electrical 
characteristics under the limited-oxidation 
tests. For example, certain oils will give 
maximum electrical instability, as indicated 
by high power factor, with the oil contacting 
copper in the absence of oxygen. Generally 
these oils will produce lower power factors 
with increasing amounts of available oxy- 
gen. Other oils give a maximum electrical 
instability as indicated by high power factor, 
with amounts of available oxygen in the 
range of a few hundred cubic centimeters of 
oxygen per kilogram of oil. 


7. Overrefined oils generally give good elec- 
trical stability in the initial period of a con- 
tinuous-oxidation test. Such oils generally 
produce large amounts of water and low- 
molecular-weight acids. 


8. Representative straight hydrocarbons 
exhibit somewhat the same characteristics 
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under limited-oxidation tests as apply to 
commercial electrical insulating oils. Ac- 
cordingly, it is believed that the type of 
hydrocarbon plays at least some part in the 
characteristics of a given mineral oil. 


9, The nonhydrocarbon components of a 
mineral oil determine to a large extent the 
characteristics of that oil under limited 
oxidation. In many cases, the addition of 
a few tenths of a per cent of added com- 
pounds may change very greatly the char- 
acteristics of an oil. 


10. Cils under limited-oxidation test in 
the presence of copper may produce very 
high electric losses without any significant 
change in color, This would indicate that 
a copper compound formed is in the cuprous 
state. 


11. It has been observed that mineral oils 
may change their limited-oxidation charac- 
teristics with time of standing in a con- 
tainer. 
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An Improved Axial Air-Blast Interrupter 
for Severe Operating Duty 


P2LSTAYEOR 


ASSOCIATE AIEE 


ERETOFORE it has not been 

feasible to build power circuit 
breakers capable of many repetitive 
operations at high currents without 
maintenance and contact renewal. The 
evident need for breakers capable of 
scores of high-current interruptions be- 
tween maintenance periods and, at the 
same time, easy and economical to main- 
tain has stimulated the development of 
an improved circuit interrupter of oilless 
design. 

The accomplishment of the design 
has been made possible by a further de- 
velopment of the axial air-blast principle, 
which is of truly American origin, having 
been conceived by Read about the turn 
of the century. 

Analysis indicated that, because of the 
combination of repetitive duty require- 
ments and the restricted space limitations 
imposed, the lower-interrupting-capacity 
breakers in the range from 100,000 to 
250,000 kva would present the more 
difficult problem. The 150,000-kva 5- 
kv rating was, therefore, selected as a 
vehicle for the development of the new 
interrupter. 

The axial air-blast interrupting prin- 
ciple was considered to offer the better 
possibilities, in view of the improvements 
over European designs,! reported by 
Edsall and Stubbs,? which permitted 
interruption of currents of the order of 
60,000 rms amperes in the 500,000-kva 
15-kv size. It was appreciated that the 
adaptation of the axial air-blast inter- 
rupting principle to the repetitive inter- 
ruption of the 37,500-ampere (rms) 
maximum interrupting duty of the pro- 
posed 150,000-kva design would impose 
difficulties, because of the necessity of 
accommodating this breaker within the 
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restricted space available in standard 
metal-clad switchgear. 

The basic theory of interruption by the 
axial air-blast interrupting principle and 
the sequence of operations for an axial 
air-blast circuit breaker were discussed 
by Edsall and Stubbs.2 The physical 
arrangement of parts for the 150,000-kva 
air-b'ast breaker, to which the new in- 
terrupter has been applied, differs some- 
what from that of the 500,000-kva 
breaker described in the Edsall-Stubbs 
paper. The arrangement and sequence 
of operation for the new 150,000-kva 
breaker are described in Appendix A. 


Development of the Interrupter 


In the interest of an appreciation of the 
problems involved and their solution, it 
is desirable and interesting to review 
briefly the various designs of interrupters 
tested, intermediate between the inter- 
rupting chamber described by Edsall 
and Stubbs and the new interrupter. 

Figure 1A shows the initial adaptation 
of the American axial air-blast interrupt- 
ing chamber? to the space limitations 
imposed by the 150,000-kva 5,000-volt 
air-blast circuit breaker within a standard 
vertical-lift metal-clad switchgear unit 
having an over-all width of 26 inches. 
The contacts are shown in the vertical 
arrangement used in the adaptation to 
the limiting dimensions of the equivalent 
three-pole-in-one-tank oil circuit breaker. 
The arrangement of terminals corre- 
sponds to that of the oil circuit breaker. 
In the 600-ampere size shown, only a 
single plunger-type contact was used. 
The arrangement shown in Figure 1A 
was capable of performing up to about 
25,000 rms amperes but developed oc- 
casional trouble on high peak inrush 
currents because of contact freezing. 

In order to overcome the freezing 
tendencies, auxiliary stationary finger 
contacts co-operating with a bell-shaped 
movable auxiliary contact were added as 
shown in Figure 1B. The movable auxil- 
iary contact was arranged ina telescoping 
relationship with the movable arcing 
contact to insure the proper sequence of 
operation. This arrangement eliminated 
the freezing tendencies experienced with 
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Figure 1. Experimental interrupting chambers 
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Table |. Data on Typical Series of Single-Phase Interrupting Tests Using Experimental 


150,000-Kva Interrupte 


+ Shown in Figure 1C 


Complete Series Made With Single Set of Contacts Shown in Figure 3 
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* Oscillograms of these tests are shown in Figure 4, 


** Arcing time is measured in time units of one cycle or 1/go second. 


+ CO—close-open. 


All arcing times are one current 


loop or less after adequate parting of the arcing contacts. 


the arrangement shown in Figure 1A. 
Sticking of the telescoping action be- 
tween the movable arcing and movable 
auxiliary contacts was, however, ex- 
perienced at high interrupting currents 
because of the blowback of metal along 
the movable arcing contact body. Be- 
cause of this sticking, the movable arcing 
contacts occasionally failed to reset, 
resulting in the are being drawn between 
the auxiliary contacts and consequent 
inefficient interruption on subsequent 
shots. 

The movable arcing contact was next 
revised, as shown in Figure 1C, to in- 
corporate an annular groove or ine cal trap 
equipped with cooling jets. Table I 
shows the interrupting performance ob- 
tained with this arrangement when 
tested at 2,300 volts across a single pole. 
Of the 30 interruptions at approximately 
25,000 rms amperes tabulated, all were 
interrupted at the first current zero 
following adequate parting of the arcing 
contacts; and a single set of arcing con- 
tacts was used throughout the series of 
30 interruptions. Figure 3 shows the 
movable arcing contact used during 
these tests placed beside an unused con- 
tact of the same design for purpose of 
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comparison. Figure 4 shows a series of 
typical test oscillograms from Table I. 

Table II shows an additional series of 
single-pole interrupting tests made at 
currents ranging from 3 to 19,000 am- 
peres with as high as 4,500 volts across 
the single pole. The majority of the 
tests for which data are given in Table IT 
was made on a close-open—30 second— 
close—open — 15 second — close—open 
basis. A series of typical oscillograms 
from Table IT is shown in Figure 6. 

When an attempt was made to extend 
the device shown in Figure 1C to opera- 
tion at currents up to 37,500 rms am- 
peres, inconsistencies in performance 
developed, apparently, because of chance 
disposition of the metal vapor thrown 
from the contact surfaces and driven 
back up the air stream. Chance dis- 
position occasionally placed this vapor 
between the auxiliary current-carrying 
contacts in such position and in such 
quantities as to cause reignition of the 
are at this point. This difficulty appears 
to have been similar to that encountered 
by Prince, Henley, and Rankin! which 
they ascribed to the plugging of the orifice 
by a large diameter are. 

Figure 1D shows the next major step, 
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Figure 2. Final experimental interrupting 
chamber with refractory throat 


os 


All contacts in interrupting position 


in which the arcing contacts were longi- 
tudinally displaced below the auxiliary 
contacts to provide isolation between the 
arcing contacts and the auxiliary con- 
tacts. A metal subchamber or trap was 
inserted between the auxiliary contacts 
and the arcing contacts, into which the 
major proportion of the metal vapor 
would be driven and trapped. This 
arrangement showed a marked improve- 
ment in interrupting performance over 
the arrangement shown in Figure IC, 
but difficulty was encountered because of 
an occasional tendency of the are ter- 
minal on the stationary arcing contact 
to move outward away from the orifice 
along the floor of the metal subchamber, 
thereby escaping from the effective zone 
of the air blast. 

In all of these arrangements (Figures 
1A to 1D) plain copper or brass arcing- 
contact surfaces were used. Thus, even 
with the base metal contacts, this device 
is capable of large numbers of interrup- 
tions without contact maintenance at 
currents up to the breaker maximum 
rating of 37,500 amperes. 

The final experimental arrangement, 
incorporating a streamlined refractory 
throat in place of the metal subchamber, 
is shown in Figure 2. The throat was 


Figure 3. Arrcing contacts as used in experi- 
mental interrupting chamber, figure 1C 


Left—Unused contacts 
Right—Contact after 30 shots at 25,000 rms 
amperes 
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Figure 4 (above). Typical test oscillograms 
from Table | 


Tests on interrupter shown in Figure 1C at 
2,300 volts across a single pole 


Restored 
Voltage 
Oscillo- Current Across 
gram Interrupted Pole Unit 


Number (Amperes) (Volts) Duty Cycle* 


PAalea2e, 100)... .2;330 CO—30 seconds 
A2....22,100....1,970 »....< —CO—15 seconds 
A3....20,800....1,750 —CO 
B1....22,900. . . .2,260 CO—30 seconds 
BQ... .20,900....1,910 ee seconds 
SO et 21; 300 6 016.1 ,7: 70, —CO 


*CO—close-open. 


designed to collect and cool metallic 
vapor and particles and to shield the 
auxiliary contacts. Further, the inner 
surface of the throat was so arranged as 
to streamline the air flow behind the orifice 
so as to result in a highly effective sweep- 
ing of the zone of arcinception. The air 
flow approaching the orifice was then such, 
in combination with the sudden expansion 
of the air immediately beyond the orifice, 
as to result in a highly effective diffusion 
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Figure 5. Movable and stationary arcing 
contacts as used in final experimental inter- 
rupting chamber shown in Figure 2 


Left—Unused contacts 


Right—Contacts after 16 shots at approxi- 
mately 37,500 rms amperes 


and cooling of the are products which 
has been shown’ to be essential to effi- 
cient are interruption. Tungsten-silver 
arcing-contact facings were used to 
limit further the emission of metallic 
vapor and to increase contact life. 

Table III indicates the performance 
of the final experimental interrupting 
chamber during a series of 16 close-open 
interruptions, at 35,000 to 40,000 rms 
amperes, made with reduced air pressures 
of from 120 to 130 pounds per-square- 
inch gauge. Figure 5 shows a set of 
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stationary and movable arcing contacts, 
taken from one pole of the three-pole 
breaker tested, beside a set of new con- 
tacts of the same design. The condition 
of the used contacts clearly indicates 
that they were capable of considerable 


Figure 6 (below). Typical test oscillograms 
from Table Il 


Tests on interrupter shown in Figure 1C at 
voltages up to 4,500 volts across a single pole 


Restored 
Voltage 
Oscillo- Current Across 
gram Interrupted Pole Unit 
Number (Amperes) (Volts) Duty Cycle* 


Alea cs eet bp { O—15 seconds 
AQ....  9.3....2,040 O 
Pale ean ae 16:75. 4-2. 2,180) o) 
B1....22,500.0... .2,330 CO—15 seconds 
BQ... .29,900.0....2,180 + < —CO—15 seconds 
Tae oar HY ek \—co 
Ge. 2019; 400.0) . 2.4370 CO—15 seconds 
C2....17,000.0....4,170 +. -. < —CO—15 seconds 
C3....183500....4090f \—co 


* CO—close-open. 
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Figure 7 (above). Typical test oscillograms 
from Table Ill 


Interrupter as shown in Figure 2 at 2,300 volts 
across a single pole 


Cur- Restored 
rent Voltage  Aijr 
Oscillo- Inter- Across  Pres- 


gram rupted Pole Unit sure 


Number(Amperes) (Volts) (Pounds) Duty Cycle* 


Al nc S 9,100. 2,070 aot Y. ee are seconds 
AQ. ..38,000...1,880...122 —Cco 
B1 Soy eoe TREE ae eee seconds 
B2 ...34,800. ..1,880...129 —cO 
C1...39,700...2,070.. ey - (ome seconds 
C2...38,000. ..1,880...129 —CO 


* CO—close-open. 


Figure 8 (below). Typical test oscillograms 
from Table IV 


Interrupter as shown in Figure 2 at 2,300 volts 
across a single pole and with reduced air 
pressures of 110 to 80 pounds per square inch 


Cur- Restored 
rent Voltage Air 
Oscillo- Inter- Across  Pres- 


gram rupted Pole Unit sure 


Number (Amperes) (Volts) (Pounds) Duty Cycle* 


PEC Ogle fae) Me (ee seconds 
A2Q...38,000...1,880...103 —CO 
B1...38,000...2,070.. Hb . rire ee seconds 
B2 ...38,000...1,880... 94 —CO 
C1...39,000...2,070... | si oe seconds 
CQ...38,000...1,810... 84 oss 

Divi nnS 850005 2;070 rena BOre aa (2) 


* CO—close-open. 
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40,000 amperes, all at or below rated 
minimum operating pressure. The peak 
inrush currents closed on some of these 
tests were as high as 115,000 amperes. 
The contacts used during this series of 
tests are shown in Figure 9. 

The final design of the new interrupting 
device is shown in Figure 10. Figure 
11 shows a typical set of arcing contacts 
after 26 close-open operations at 37,500 
amperes with this arrangement. 

Table VI shows a series of three-phase 
tests made at currents of the order of 
40,000 to 50,000 amperes. The arcing 
time on these tests, most of which were 
far in excess of the maximum current 
rating, was in all cases less than one-half 
cycle. 


additional performance at the same high 
interrupting currents. Figure 7 shows a 
series of typical oscillograms taken during 
the series of tests tabulated in Table III. 

A series of 25 close-open interrupting 
tests is shown in Table IV. These tests 
_were made at currents between 35,000 
_ and 40,000 amperes with a single set of 
arcing contacts and at low pressures 
ranging from 110 down to 80 pounds per- 
square-inch air pressure. Even at these 
low pressures the arcing times were all 
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less than one current loop after adequate 
parting of the arcing contacts. Figure 
8 shows a series of typical oscillograms 
taken during these tests. 

Table V is a summary of a series of 
100 shots made on a single set of con- 
tacts at currents ranging from 10,000 to 


Figure 9. Contacts used during test series 
shown in Table V 


Lef.—A\ter tests at 10,000 to 41,000 amperes 
Right—Unused 
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It will be noted from the various in- 
terrupting-test oscillcgrams and data 
shown that consistent interruption at the 
first current zero following parting of the 


arcing contacts (maximum one current — 
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Table Il. Data on Typical Series of Single-Phase Interrupting Tests Using Experimental 
150,000-Kva Interrupter Shown in Figure 1C 


Test Test Voltage Rms Amperes’ Arcing Time Breaker Time 
Number Dutyt (Single-Phase) Interrupted (Cycles) ** (Cycles) 
109-117.1*...... { O—15 el Mae's PARA Ve cere Sea ete 20:05; sn 2.2 

-117.2*...... CaO NE psoas Oy serena SAO ee eas VaR eS easOlOb..>-.).. emer 
Ta Ny 
Ki N =FIBT . sve { O—15 arg ern eee A NS a ae Pata Seo AO. Wh. oe te: 2.4 

N TS Dee ee mex (0) eee eM Ie fim no Sot DSO uct wins VEECY CBO Ea eee, ee 2.25 
MOVABLE —119,1* ay. 6 
N AN Fs tt ey ea) , O—15 seconds)........ DEESO deck os sale iO Bem AnAn 0.1 2.4 
AUXILIARY NYA WN ; { BES OPER cr LOC semi OGL ca wekn osc : 
CONTACT. N aN \ fewece. ib CY erred —oO j Sree DSTLO Fok ctsinate Oe eros LOSS anti Sts 2.15 
GUUAEX (4 CONTACTS -120.1 ‘ - = 
Aili . ig DUE Ree aha { CO—15 aoe: eaveralg yee BESO idea ale cts PAB DOR soe a8 .0 eS aen ls 2.65 
4 | N y SLO Ave nts ==COUS PAS an eee DMSO c serec noite MO RTOO Se uch’ Oia. cee et Oe 
4 
y g 7 CO—15 seconds} ........ DOO ssa <tfem sie 2 ZZPOIO os ctetacsaiase TODS po hctals cpyares BO 
Y II 2 CRY ie eae, —CO—15 seconds }........ POGO sageacde D200 atscca eau TUES ae peer rte 
: mie = OARS ements —— OO) Ae het Pe ae... 5 7A Ny Me een OPEN ae eects OG ee See 2.85 
A 
STATIONARY N NSS9 MOVABLE -122.1¥...... CO—15 seconds) ........ SMOO ee nueoasn CONST Mee eA OREB Gs eeeey 
eae == N A fel -122.2*...... —CO—15 seconds >........ DSO sea ce 2E1007 cots ce scah 0.4 2.85 
: ; aE Gee -122.3*...... OO We eit Yas nce ce Z O40 Sen Maen > SOOO Ie cone eon (ES gee meee e 3.3 
se 
bee TOS Hie. Fi creat Nye reo an (Oe ent Aarne eet A SBD sacl tees 15200 es cosa aed CD pees 3.05 
ae ae ¢ — 

ESA iat tern rae { CO—15 sons bedsores BIRD ORs Penge NE A0O ns 5. ayant OR ecw teowe 

rs F r . . = EVA Dae —CO—15 seconds +........ AABN ea ose LG 4000 cn oP eas 0.45 2.75 
la : o Ae ae vi ena device STASI ate c= S704 ene) bie ae ADS ON trod sar READ. SER nee hee? 0.0t 2.4 
with r — 

Beary sresmosctuoetand tungsten = C1 eee CO—15 seconds) ........ ABT eal, Ac: Ce ae ane alco ccs ne ES 
silver-surfaced arcing contacts AOS Dio —CO—15 seconds >........ LGV AU ee ete TESGOO' ee, ee oat: Of eee 2.75 

d =196.3.0.ci09s). =O) ee ce) eee. SOSO Pee eee: 15;800%. Gee Osan Serine’ 7: 

All contacts in normal position 

—126.1*...... CO—15 seconds) ........ ABOOS cantons GIAO Verein sae Onsite nee 
-126.2*...... —CO—15 seconds >........ A STOW is trance 17000 aon etic. O,0bR ee teu 2.35 

: 2 f -126.3*...... COMP 8 gt et rs BLT deletes ASS5OiG Pee kes Cig Meare ren 

loop* arcing time) was obtained through- 

AAT AL Reuters CO—15 seconds} ........ BST Oise ewan ees 6 17,400). da Siecewn OS cues semek 2.75 
out the range from zero to far beyond ey A ee —CO—15 seconds >........ AUTO re abie tet EEOOO! Fei ck (19) MEN eg hoped th) 
maximum rated interrupting amperes. SER Ue es EK jer IAN eae O20 Sem cwme nce TOO soak ei Ota 2.5 

A large proportion of these tests wer Plas Li kaperare ah CO—15 seconds) ........ AS GOO Terese ET FOO" isch csiins ORAS egies eines 
Be) Prop ‘ . . g208 2 Sin oe —CO—15 seconds} ....... 7 SR: Poh aca ee to 
close-open shots, which fully demon- IQR Sick anes (Co BR bal (ea ae A980 oo wan gare £6;300) 2. macnn OGear ee 2.35 
strated the ability of the high-speed SOI Hewes { CoO—15 sonal cate 4520 Baan LG 8006 ds oa One rere ce 
: : : Rtdenia Sie a ee —CO—15 seconds >........ ANSTO canmanest TOMOOr saw actas On eee 265 
isolating contacts to close in on high in oe ee Velen lanl Eat dee 2230 eee 16,300 0.1 2.7 


tush currents. These isolating contacts 
have repeatedly closed against peak in- * Oscillograms of these tests are shown in Figure 6. +t O—open; CO—close—open. 
rush currents up to 115,000 amperes ** Arcing time is measured in time units of one cycle or !/g9 second. All arcing times are one cur- 
without appreciable burning. Figure 12 rent loop or less after adequate parting of the arcing contacts. 

is an oscillogram of a close—open shot on 

which the breaker closed against 115,000 

peak amperes. Literally hundreds of Figure 11. Contacts 
high-current closures without mainte- after 26 close-open 
nance are to be expected. Thus, the in-  oPerations at 37,500 
herent closing as well as opening abilities opelce 

of this breaker are far superior to that 

of any oil or magnetic breaker with which 

we are familiar. 


Table III. Data on Typical Series of Single-Phase Interrupting Tests at Reduced Air Pressure 


nie Breaker Using Final Experimental 150,000-Kva Interrupter Shown in Figure 2 


— — 


Test Air Pressure Test Voltage Rms Amperes Arcing Time Breaker Time 


The new axial air-blast breaker is de- Nusnber Dutyt (Lb Per SqIn.) (Single-Phase) Interrupted (Cycles)** (Cycles) 
—T 


signed to recognize the requirements of 
modern metal-clad switchgear. The = 993154 


ae eae Abe ah, LEO re ees anos 2 OF Osa Paice 380002 ayes ie Oi Aa. sey ees yal 
breaker is comparable in size and shape -315.2 .. —CO 122 satya ree te 865300: cai. 016 cn beeteen 3.3 
to the common-frame indoor oil circuit -316,1 .. fos ceva TOs cata cae cre RIB Mae oe $9°200). ess see OLB veda etree 3.1 
5 =316.2 5. —CO We Zima ev avets oe W940. seh wees SE200 vin. ae arate 0.3 222.00 
breaker of the same rating. The arrange- 
f Hea ees Fah Fi if -317.1 .. Wie oem Be LOOM ralarsnteta rte ZOLO reat sacoss SS: S00) fe seks O:O05e aaa 2.75 
ment of terminals is the same as for the S357 ath © =aCO. Soh te meeps HEBD Lo 38,800... 05 Gee secs, 2.9 
equivalent oil circuit breaker, and the -318.1*.. {Eom ——) ay ISOs hho OTO RP eee 30700 see (M0 Mernatnte 2.55 
supporting framework is so arranged -318.2*. . —CO (ELAINE Ga HOE ANOAO rie dae ale. 38.000) ce eiwae (3 RO eae oe a eee 2.8 
as to enable complete enclosure if re- -319.1 .. penne eet DSO scorer ccs D280, cate roe 39 700s nea OOD er acces poulets 
Py 5 —319.2 .. —CO MQ Bier ey cecbeieiiara''s DESSO)siaresvie aes = SS OO0r teers ODay wes aes 2.7 
puired., ees Pg eens general —320.1*. . § CO—15 seconds TSO Aha cues 2 ZOO sates werare 39; 800 siti. eit QeAGriiscacieneias 2.8 
arrangement of parts. A 2,000-ampere Speen co Metis TO ase seen 34°800 fer iene Oa. ee 3.0 
5,000-volt 150,000-kva breaker is shown “821.1 «4 CO—15 seconds} Sigoh ed esk: 25280 baud cue BSGO0s%. = <n OOGcec2 ick 2.7 
in Figure 14. SSD ikQeele  —CO SCL Sete ae GAO SA ene ZONz00 Nene rn Goer sea. 2.8 
-322.1*.. eee ‘cnam acid E10 PRE hs Meera DZBO es wis ciee SOOO re mcoie. Neri eee 2.5 
*It is to be expected that the arcing time will —322.2*.. =—CO D2 erates mics OA Site cia: BO OUOi a, wy cee'd CU erent Seger 2.7 
occasionally exceed one current loop by perhaps 
So much be corer cycle; are the era, * Oscillograms of these tests are shown in Figure 7. + CO—close-open. 
maximum arcing time is equal to one current loop 
S plus the time necessary for the arcing contacts to ** Arcing time is measured in units of one cycle or 1/g9 second. All arcing times are one current loop or 
reach the separation necessary for interruption. less after adequate parting of the arcing contacts. 
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Table IV. Extended Series of Single-Phase Interrupting Tests at Low Air Pressure Using Final 


Experimental 150,000-Kva Interrupter Shown in Figure 2 


Test Voltage Rms Amperes Arcing Time Br 


eaker Time 


Test Air Pressure é ae ; 
Number Duty+ (Lb Per Sq In.) (Single-Phase) Interrupted (Cycles) (Cycles) 
0.1 . 3.0 
109-327.1*.. § CO—15 seconds Oe Sscta rca ae DIDS A cane S957 ODS otaresst ctr 
—327.2*. . { —CO \ LOS See eto 1940 Fees 38; 000i. ¢ <tc 0.2 BS 
0.5 . 3.4 
~328.1 .. § CO—15 seconds UG LR das ase D230 saree Res) Dae tera 
-328.2 .. { —COoO } LOSS Araceae WOAO URS . anes 39700) eee as O43 is aetbess 3.2 
& oti ene 
—329.1 .. { CO—15 seconds WO. oe eee OTE acted Be 38800 ee ee 0 
-329.2 .. { —CoO } HOB ee ey enees DOE Crate ts RT SCOU  eerceeian 0.3 1= 308 
c 2.9 
—330.1 .. § CO—15 seconds LO ccd ctesoee 2 DAO Sees Siren 38,800. 2eu cee 0.1 ¢ » 2.90 
-330.2 .. { —CO } Fae ets Gee ee Dios TL O4O Wipers ateus 38,800 PaO SD teu eee es 3.45 
5 3.3 
O51. tn. ( CO—15 seconds)... 10 woes 2,230 EUS Feiner 0.5 F ae 
Soli 2) an { —CO } TGR LUGAR eet- ir 1,940. . SEER Up toe 0.5) > Rei 76 
—332.1 .. fCO—15 eat RIO ee eas tee 2280 Ne aca BT, 300 nee eee O: GT eaewonteteone 3.27 
—332.2 .. { —CO Spas OSrabertaerckaiey D940 aie ae 38,000 0.15 . 3.15 
-333.1 ..4CO—15 ce} ae LL eee ed ttre PRA ie Oe 39,700 Nohara ieretacs Oe ene 23.3 
—333.2 .. { —CO LOS hotetacaereranya WiS80 sete CYACUURER ase 0.2 ery 
—334.1 .. fCO—15 soucet BON oe eteetnievere D230 oie vais DO S00 cre wae = 0.2 é 2.80 
-334.2 .. { —CO HOB Arco Cate SOSOR co sa 38,800........ ORD aia acne 3.25 
—BSO Cee sie Calibration 
—336.1*.. aaa et LOO So 5 terete 22380) cevencrne 38,000 0.6 O56 
—336.2*.. —CO pF eR Sa a LO AO Lr sysrece a 35 000 Dminiseic O33. ssenete 3.2 
-—337.1 .. Nessa? at Botte OD oroterer ay orice 2 280i 24 tie Leno siooO 0.25. 2.23 
-337.2 .. —COo QA dverdevants 1,940 2. 8680020. nc OG cies here 3.8 
—338.1 .. ened? ie as Qn osteo ast D280 Satna 3890035. ees O:6 Fie aniccataee 3.7 
—338.2 .. —CO EASE sy steza cee 15940 fects OTAGO ae stele OL B)aahta es 23.75 
rn fete aaa oe eg DO. Se eee D280 ues, 19 O00 sre ine VOL4O eeu nose 
-339.2*.. —CO a My et ie 1880.5. o see 38,000 2a acne 0:6 cee reks Oe 
=B40 sw 5 Sacuct Calibration 
BAL ie a eVatuid visti CO Bi ictileecs scale sius 90'S 5 erst stance ayes 2, 2O0 Sassen OOOO rolctreertnets (OWS ome acon n a 3.55 


* Oscillograms of these tests are shown in Figure 8. 


** Arcing time is measured in units of one cycle or 1/g9 second. All arcing times are 


less after adequate parting of the arcing contacts. 


+ CO—close—open; 


one current loop or 


Table V. Summary of Series of 100 Single-Phase Interrupting Tests Made at or Below Minimum 
Operating Pressure at Currents Ranging From 10,000 to 41,000 Amperes on a Single Set of 
Contacts, Shown in Figure 9, as Used in Final Experimental Arrangement Shown in Figure 2 


Number of 


Rms Amperes Arcing Time 

Shots Interrupted Duty* (Cycles)** 
PURER AS AR ME ais 10;000=15 000 5156.< 23, acegnamietce COVtegiR oe ene 0.05 to 0.4 
QL aS ss beeteein se 15,000=20;000 oz -t3 3 re ee eet ee COA. pea eee, 0.04 to 0.4 
I Eireann ctr 20;000—25; 000 i oor pied wie are eis ote CO miter 0.05 to 0.6 
SL kink ato nata i Moe 25; 000=30;000 oc ieinsrs on sere ae COx. sre oer eee ee 0.05 to 0.7 

Be Re anu ete 30300085 OOO Rachie. stemieter COL aS. enna see eee 0.1 to 0.45 

Di Neewn mstceittd see 3D, 000-21, 000); 5 eis o ayes CO Nake biandeniee ee 0.1 to 0.55 

100 


* CO—close-open. 


** Arcing time is measured in time units of one cycle or 1/¢ second. 
or less after adequate parting of the arcing contacts, 


All arcing times are one current loop 


Table VI. Data on Series of Three-Phase Interrupting Tests With Final Design of 150,000-Kva 
Interrupter Shown in Figure 10 at High Currents up to 70,000 Amperes ona Single Set of Contacts 


_ new interrupting. device. 


oan Km Amperes Interrupted Arcing Time 
es 
Number Duty* A B Cc A B Cc 
NIS@ 30 COnsee ae MNO) 5 cane: MOO soios 5:bAOI ane 0.1 0.05 0.1 
500 ay ee COM S000 ene 36,000........ 33 200K eee Ogi eee (ds oe Le OS 
i ae COE 40,400........ 23500 21°700 ae DIRE pee Osea 0.05 
F301 ee COmea AL600 205 aes 485100 soe AG/000 2 sane Old soe iee 0:25:50 mane 0.05 
AWA ao cade COnnae 44,200 47,700 46,900 0.25 0.3 
O00 Kae 700 eae OIDs Ss oocoe PsP oe EON 0.05 
=O soccer COME 27.800 eee ae 28,600........ 28,400 esta OAs. Os ee 0.25 
BLS ceelotare orn COTAR aaa No film—approximately 45,000 amperes 
1 ee Conners 45,000........ 491005 ae 46,900........ Ook Ini O/3)e eres: 0.05 
ih, cee Olen 44,600. 48,800 46,500 0.25 0.2 
(600s eee B00 Sea cer BOOMS teas 225 ewe Das and b 
“B15....4.. (Ci aie 44,600........ Nofima, 2 peot Oeeee na: Oa weed No film ee 
316i Otis ARAN esc. ce TOV S oe Gasee ATOOO MME ee rien ees O\05-a eee 0.2 
250 ncbvoure Oe AS MCD, ss ooo. 48,800........ 77500 eee O1o6 Cyeiautee One aie 0.25 
e31 O at One 47,100. 50,200 47,600 0.25 0 
‘LOO meee 200 see 18006 deen i iraneutns Osa aes 2 
Deni oae Ons EGA... oc 51,000) ame FGDs oe she O20 een O\OE all : 25 
AEDT as oiae Dies A700) eee SU sso, A3\500s sae 0105 Ree ae 012512005025 


* O—open; CO—close-open. 
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Figure 10 shows the final version of the 
The arrange- 
ment represents the consummation of 
the development herein described. The 
arrangement of the contacts, in con- 
junction with the pneumatic operating 
and interrupting systems, is such as to 
promote reliable effective high-speed 
operation. In the 2,000-ampere size, 
the contacts shown in Figure 10 are short- 
circuited, except during the interrupting 
process, by solid-copper main current- 
carrying contact blocks provided with 
silver contacts. The arcing contacts 
are faced with tungsten-silver arcing 
material. All contacts are readily ac- 
cessible for inspection and are capable 
of easy and speedy replacement. 

Figure 15 shows metal-clad switchgear 
installation using these breakers. 


Conclusion 


Comprehensive test data indicate that 
means have been found to augment the 
rate of ion diffusion, and to control 
metallic emission and its effects, so that 
axial air-blast circuit breakers, even in 
small physical sizes where space limita- 
tions impose severe penalties, not only are 
capable of interrupting the highest short- 
circuit currents to which they may be 
subjected with a maximum arcing time 
of one current loop, but also offer excep- 
tional performance with extremely low 
maintenance even at those currents. 

This is contrary to the findings pub- 
lished by other investigators!!4 who 
found the current-interrupting ‘‘ceiling”’ 
of the axial (radial- or nozzle-type) 
air-blast circuit breaker to be too low 
for use on American systems. The con- 
siderable penetration beyond this “‘ceil- 
ing” obtained with the interrupter de- 
scribed, again confirms the adequacy of 
the axial air-blast circuit breaker for 
American use. The evidence indicates 
that no such fixed ceiling or point of 
breakdown of relative values exists, and 
that still further development and ex- 
tension of the potentialities of the device 
may be expected. 

The exhaustive test data submitted 
demonstrate that this small axial air- 
blast breaker, equipped with the im- 
proved interrupter, will interrupt success- 
fully scores of faults, without mainte- 
nance, at currents up to 50,000 amperes 
(over 130 per cent maximum interrupting 
current rating) in one-half cycle or less. 
The burden of evidence implies that a 
single set of contacts will last throughout 
the life of the breaker on the average 
application. We submit, therefore, that 
this appears to be truly a severe duty 
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showing breaker 


Figure 12. Oscillogram 
closing against 115,000 peak amperes 


interrupter, capable of meeting the re- 
quirements of the most exacting applica- 
tions, without drastic derating even on 
severe repetitive duty cycles. 


Appendix A.  Circuit-Breaker 
Operating Sequence 


The arrangement shown in Figure 13 is 
used for 2,000-ampere circuit breakers and 
consists essentially of a fabricated rectangu- 
lar steel framework in which are mounted 
the interrupting members, isolating con- 
tacts, and an operating air tank, in which 
compressed air is stored for operation of the 
breaker. The breaker air tank 1 is mounted 
at the top front of the structure. It is 
connected to the interrupting assembly 
through a main air-blast valve 2 and hollow 
insulator 3. The interrupting assembly, 
consisting of a contact chamber 4 and inter- 
rupting chamber 5, is rigidly mounted be- 
tween the terminal stud 8, and cooling 
chamber 9, which is connected to muffler 10. 

When closed, the circuit through the 
breaker is from terminal stud 8, through 
bridging contacts 11 to terminal stud 12, 
and the operation is so arranged as to insure 
that the bridging contacts 11 will break first 
during the breaker opening operation and 
make last during closing. These bridging 
contacts are not used on 600- and 1,200- 
ampere breakers. 

When the main bridging contacts 11 are 
open, the circuit through the breaker is 
from terminal stud 8 through the movable 
and stationary arcing contacts to bronze 
contact chamber 4, and thence through 
movable isolating contacts 15 and stationary 
isolating contacts 16 toterminal12. Opera- 
tion of bridging contact 11 and movable 
isolating contact 15 is obtained pneumati- 
cally through actuation of double-acting 
pistons which transmit their closing and 
opening impulses through connecting rods 
so arranged that they assume an over- 
toggling relationship when the contacts are 
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in the closed position, thereby locking the 
contacts closed and preventing inadvertent 
opening of contacts 11 and 15 caused by 
magnetic reaction during the passage of high 
currents. Solenoid control valves 19 con- 
trol the admission of air to the operating 
parts of the breaker during both the closing 
and opening functions. 


Opening 


Electrical operation of the opening control 
valve admits compressed air to the air-blast 
valve 2, causing immediate opening of the 


air-blast valve and admitting compressed 
air through insulator column 3 to contact 
chamber 4. The compressed air at once 
acts upon a piston attached to the upper end 
of the movable arcing contact (which is 
normally held closed by heavy springs). 
First the auxiliary current-carrying con- 
tacts (see Figure 10) are separated and are 
followed by withdrawal of the movable arc- 
ing contact from the stationary arcing con- 
tact (which is also the air outlet), drawing 
an arc between the arcing contacts; at the 
same time compressed air is allowed to pass 
through the initial arcing zone and through 
the orifice in the center of the stationary arc- 
ing contact into interrupting chamber 5 and 
through cooling chamber 9 and muffler 10 
to atmosphere. On 2,000-ampere breakers 
pneumatic interlocks insure opening of the 
main bridging contacts before blast-valve 
operation is indicated. 

Tests have shown that a short arcing-con- 
tact separation is essential in order to obtain 
maximum air-blast efficiency and maximum 
are control.2?, In order to provide circuit 
isolation in the open position, therefore, 
isolating contacts 15 and 16 are connected in 
series with the arcing contacts. 

As the arc is drawn between the arcing 
contacts, the swiftly flowing compressed air 
centralizes and extends the arc, forcing it 
into contact with an electrode situated below 
the orifice in the center of the interrupting 
chamber 5. The outer end of the electrode 
is connected to one end of a resistor non- 
inductively wound around the outside of the 
cooling chamber 9 and protected by an 
outer insulation tube. The other end of the 
resistor is connected through insulated con- 
Figure 13. Part sec- acai 
tional side view of 
typical 2,000-am- 
pere axial air-blast 
circuit breaker 
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nection 21 to terminal stud 8, so that, when 
the arc is forced into contact with the elec- 
trode, the resistor is automatically con- 
nected in parallel with the section of the arc 
between the movable arcing contact and the 
electrode. 

As the current approaches zero, the highly 
effective diffusion and cooling produced in 
the arcing zone by the sudden expansion of 
the compressed air as it leaves the orifice, 
heightened by the streamlining of the air flow 
in the refractory chamber behind the orifice, 
causes rapid deionization of the arc path, 
preventing reignition of the are following 
current zero, achieving circuit interruption. 

Connection of the resistor into the circuit 
before current zero controls the amplitude 
and rate of rise of the recovery voltage ap- 
pearing between the arcing contacts (see 
Appendix B) which, coupled with the high 
dielectric value of the compressed air passing 
between the contacts, assists in preventing 
reignition of the are. Continued flow of air 
through the cooling chamber and muffler 
scavenges the interrupting chamber and 
projects the cooled are products into the 
atmosphere, 

Immediately following are interruption, 
compressed air is permitted to act upon a 
double-acting piston; causing opening of 
isolating contacts 15 and 16 under no-load 
conditions; providing circuit isolation in 
series with the arcing contacts. 

As the isolating contact 15 reaches the 
full open position, an auxiliary switch opens 
and a slide valve attached to the air-blast 
valve 2 is actuated. Opening of the 
auxiliary switch de-energizes the opening 
control valve; shutting off air supply to the 
blast-valve cylinder. The slide valve bleeds 
off the air already in the blast-valve cylinder 
and admits air to the other side of the 
actuating piston, accelerating closing of the 
blast valve. This cuts off the air supply to 
chamber 4 resulting in reclosing of the arc- 
ing contacts due to spring 
This completes the opening cycle. 


pressure, 


Closing 


As the interrupting contacts are always 
closed, except during the interrupting proc- 
ess, closing of the circuit is effected through 
closing of isolating contacts 15 and 16 on 
600- and 1,200-ampere breakers, and 
through closing of isolating contacts 15 and 
16, followed by closing of main bridging 
contacts 11 on 2,000-ampere breakers. 
These functions are accomplished by elec- 
trical actuation of the closing control valve, 
which admits air to a system of double- 
acting pistons, which move conta™s 11 and 
15 in the'closing direction and in the correct 
sequences, 

Coincident with the closing of contacts 11 
on 2,000-ampere breakers, and with closing 
of contacts 15 and 16 on 600- and 1,200- 
ampere breakers, two limit switches close, 
one of which acts through the closing control 
relay to break the circuit to the closing con- 
trol valve, cutting off the air supply to the 
isolating and bridging contact operating 
cylinders. Closing the other limit switch 
completes the tripping circuit in readiness 
for an opening operation. 


Close-—Open Operation 


Dump valves are provided on the oper- 
ating cylinders to permit high-speed close~ 


Figure 14. Typical axial air-blast circuit 
breaker, 2,000 amperes, 5,000 volts, 150,000- 
kya interrupting rating 


open operation. Figure 16 shows the con- 
tact operating sequence for a close-open 
operation on a 2,000-ampere breaker. On 
the 600- and 1,200-ampere breakers the 
main bridging contact is omitted. 


Appendix B. Transient-Recovery- 


Voltage Control With Axial 
A\ir-Blast Breakers 


KARL LERSTRUP 
NONMEMBER AIEE 


When two contacts separate, as pictured 
in Figure 17A, to interrupt a short-circuit 
current, an are will be drawn between the 
contacts. When the current passes its 
zero value, the are will cease to exist, and 
a potential difference, e (Figure 17B) will 
be established between the electrodes ac- 
cording to some function of time, ey =f(t). 

We are most interested, however, in the 
value of the first derivative with respect to 
time, de)/dt, in the very short interval fol- 
lowing a zero value of the current, If, in 
this interval, the increase in electrical stress 
on the gap exceeds the recovery rate of the 
dielectric strength, an electrical breakdown 
will follow, and the are will be re-established .!4 

Successful current interruption is usually 
accomplished by designing the  cireuit 
breaker in such a way that the rate of di- 
electric recovery is higher than the rate at 
which the electrical stress appears across the 
interrupting gap. 

It is evident, however, that the same 
result can be obtained by reducing the rate 
of rise of the electrical stress, so that it is 
below the limit set by the dielectric recovery, 

The rate of rise of electrical stress on the 
gap, immediately after a current-zero value, 
characterized by the derivative de/dt, is a 
system constant, It is mainly dependent 
upon sizes arid locations of reactances and 
KARL Lierstrup is an engineer in the switchgear 
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capacitances in the system. The valuable 
help derived from the use of reactors to 
reduce the short-circuit current and thereby 
help circuit interruption has been long 
recognized. It is less appreciated that any 
addition of series reactance to the circuit 
will tend to reduce the magnitude of the 
voltage rise de)/dt as will the addition of 
shunt capacitance. 

The extent to which such measures are 
helpful will depend largely upon the relative 
location. Possible sizes and locations of 
reactors are limited definitely by other con- 
siderations, but a wise application of capaci- 
tors undoubtedly will go a long way towards 
the relief of circuit breakers working close 
to their limits, 

Another method is to accomplish the 
interruption by a double break with one gap 
bridged by a resistor, such as pictured in 
Figure 18A. 

To understand the action of this resistor, 
we shall consider the situation immediately 
after a zero value of the current, such as 
pictured in Figure 18B. The two gaps are 
equivalent to two small capacitors in series, 
and since the resistance R is very small com- 
pared with the impedance of the capacitors 
c, and c, we can consider gap 1 as short- 
circuited, and we have a single-break propo- 
sition as pictured in Figure 17B. The 
voltage over gap 2, therefore, will increase 
with the full value de)/dt as determined by 
the system constants. 

Under this heavy stress, gap 2 will break 
down as pictured in Figure 18C. (If not, 
the interruption would be accomplished 
without benefit of the resistor, but this easy 
case is of no special interest.) 

We shall now consider the conditions of 
gap 1 as pictured in Figure 18C during a 
short intervalimmediately after the break- 
down of gap 2. 

We have a circuit (Figure 19) containing 
the short-circuit impedance, Z, where 
Z=r-+jx, and the resistor, R. To that 
circuit is applied an electromotive force, e, 
which we can assume to be constant in the 
very short interval considered. For this 
circuit we have the differential equation 


r) 
Pg et es) 
dt 


with the solution 


where the time constant 
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r T=———— 


(R-+r) nf 
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where x is the reactance at power frequency 
f, 

The voltage over gap 1, Figure 18C, 
therefore, is 


| 
t 


IR _ (1—e 1) 
gm Roe —— (l—e€ 
ie R+r 
Differentiating with respect to time, we 
get 


R ele 
dey =e@—+2Qrf-e T-dt 
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The maximum value of this voltage 
variation is for (0, and, since 7 is usually 
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Figure 15. Metal-clad switchgear installation 
using breaker shown in Figure 14 


small compared to x, e will be almost the 
crest value of the system voltage, and so we 
can write 


de, E ’ R 2 f 
—, max >= max — 
dt eis 


This voltage variation, therefore, is only 
R/x times as severe as that of the basic 
system voltage. Hence, if Ris small enough, 
gap 1 will not break down, and the resistor 
remains connected into the circuit until the 
next time the current reaches zero value. 

Figure 20 shows what takes place when 
the resistor R is introduced into the circuit 
as previously described. Curve 1 shows 
the system electromotive force, curve 2 is 
the quasi-stationary short-circuit current 
and curve 3 indicates the quasi-stationary 
condition with the resistor R in the circuit. 
At the point 4 we introduce the resistor, 
and through a transient condition we shall 
accomplish the change from curve 2 to 
curve 38. The difference between curves 2 
and 3 at point 4 gives the amplitude of the 
transient current at that moment, and we 
have already found the time constant for 
the circuit to be 


> a 
~ (R+n)2Qaf 


The curve 5 indicates this transient cur- 
rent, and the heavy line curve gives a 
picture of the current actually flowing in 
the circuit during the switching period. 


Figure 16. Timing oscillogram showing con- 
tact operating sequence of the 2,000-ampere 
breaker on close—open operation 
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It is obvious that even for a moderate 
value R, the transient current is negligible 
before the first current zero after the intro- 
duction of the resistor. We, therefore, can 
base our investigation on quasi-stationary 
considerations, and we see that the value 
of the system electromotive force at this 
second current-zero point is reduced to 
about x/R times the value at the first 
current-zero point, and we can express the 
voltage conditions on gap 2 (Figure 18D) as 


This is a considerable reduction of the 
stress. The resistor thus enables the breaker 
to interrupt successfully short-circuit cur- 
rents on systems where the rate of rise of 
the reappearing voltage is R/x times larger 
than the usual limit for a breaker not 
equipped with a resistor and resistor gap. 

We have seen, however, that we cannot 
increasé R at will, lest the resistor gap fail 
to clear and thereby fail to introduce the 


Figurest 7: Simple, aes =o v5 
break Zane 
& ———O ,o—— 
Uae. 
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Figure 18. Double 8. abe : ob 58 
break with resistor oS + 
shunted over one R 
gap Ky 
Ss MN 
t de, y 
dt 
R 
xd 
(rat 
2 D. ° 
Figure 19. Equiva- ae] 


lent circuit for con- (e) 
ditions in Figure 18C 


resistor into the circuit. It is evident, then, 
that the resistor is of little value in raising 
the current limit of the breaker, but that it 
is extremely valuable when the problem is 
to interrupt systems with very high natural 
frequencies, such as those found at generat- 
ing stations and large substations. 

The method by which the resistor is intro- 
duced into the circuit by the air-blast 
breaker described in the accompanying 
paper is superficially somewhat different 
from what we have considered so far. 

Figure 21 is a schematic diagram of the 
setup. Figure 21A shows the arc being 
drawn between the contacts A and C. The 
air stream blows the arc up against the con- 
tact B (Figure 21B), and after the first 
current zero only that part of the arc which 
lies between electrodes B and C will re- 
ignite, following the already ionized path as 
previously described (Figure 21C). The 
gap between the electrodes A and C, how- 
ever, is physically small and is subject to a 
voltage rise of full severity, but since no arc 
existed directly between these two elec- 
trodes immediately prior to current zero, it 
is not very difficult to maintain at this place 
a dielectric of sufficient strength to with- 
stand the maximum stresses, and since this 
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Figure 20. Current relations when resistor is 
introduced 


System electromotive force 

Short-circuit current, uninterrupted 

Current according to circuit in Figure 19 

Moment when the resistor is introduced 

Transient current created by the introduc- 
tion of the resistor 


VAwWw Ss 


For clarity diagram is drawn under assumptions: 

r=0, x=1, R=5; in actual performance R is in 

the order of 20-30 times minimum short-circuit 
reactance at rated voltage 


dielectric strength is already built up to full 
value before the current reaches its zero 
point, the time relation de,/dt is without any 
significance whatsoever. The setup, there- 
fore, is equivalent to that previously de- 
scribed with two separate breaks, and the 
advantages gained are the same. 

Because of the light weight of the con- 
tacts, their very short travel, and the light- 
ness of the air dielectric, the axial air-blast 
breaker is mechanically very quick in action. 
Therefore, the conditions necessary for the 
successful insertion of the resistor into the 
circuit will be present at the first current 
zero. The residual current through the 
resistor is so small that fault interruption 
can be considered as accomplished as soon 
as the resistor is introduced, that is one-half 
cycle or less after contact separation. The 
only reignition, therefore, is the one that 
initiates the residual current through the 
resistor, and the resistor is in series with the 
arc. Thus, this great danger of switching 
surges, which usually accompanies all 
multiple half-cycle breakers, is entirely 
eliminated. 

It can be seen from Figure 20 that the 
flow of residual current through the resistor 
ceases at a moment very close to the voltage 
zero passage. This is sometimes referred to 
by saying that the breaker corrects the 
power factor before final interruption. 
Strictly speaking, the term power factor can 
be defined only for quasi-stationary condi- 
tions and has little or no meaning for tran- 
sient phenomena. We have seen, however, 


Figure 21. 
sequence 
automatic 
of resistor during 
interruption in an 
axial air-blast breaker 


Arcing 
showing 
insertion 


that the transient which brings us from one 
quasi-stationary condition to another is 
practically completed before final interrup- 
tion introduces a new transient. It may be 
justifiable, then, to speak of the power 
factor (meaning phase angle) of this inter- 
mediate hypothetical quasi-stationary cur- 
rent, although this current has never been 
allowed to develop. 

The axial air-blast interrupter described 
in the main paper is peculiarly well suited to 
the use of resistors, automatically inserted 
during the interrupting process, for the 
purpose of controlling the amplitude and 
rate of rise of the recovery voltage 


Appendix C. Early Development 
of the Air-Blast Circuit Breaker 


ERWIN SALZER 
NONMEMBER AIEE 


In order better to evaluate the progress 
made to date in the design of air-blast circuit 
breakers, a brief historical survey of their 
origin and early development is of value. 

It has been the general belief that air-blast 
circuit breakers originated in Europe, but, 
in fact, a number of patents seeking to deal 
with the problem of are extinction by the 
use of cross blasts of compressed air had 
been granted to American engineers prior 
to 1895, and there is evidence tending to 
show that such means actually were used at 
that time for extinction of arcs. 

Similarly, pneumatically actuated circuit 
breakers were developed and installed in the 
United States during the last decade of the 
past century. About that time Walter 
Rathenau, a German engineer, philosopher, 
and statesman (later to become German 
foreign minister), came to this country to 
study the progress made in electrical engi- 
neering. Upon his return, he reported upon 
the new pneumatically operated American 
circuit breakers. That report induced the 
designers of the circuit breakers for the new 
Oberspree power plant in Germany to 
change their original designs by adding 
pneumatic actuating means and a pneumatic 
blowout feature for the purpose of ex- 
tinguishing the arc drawn upon separation 
of the contacts. These circuit breakers, in- 
stalled at Oberspree in 1897, seem to have 
been the first air-blast circuit breakers 
which were in actual service for an appre- 
ciable period of time. 

Figure 22 is an illustration of the switch- 
ing arrangement in the Oberspree power 
plant. The circuit breakers, which were of 
the cross-blast type, were provided with a 
nozzle for producing a blast of compressed 
air across the contacts. This arrangement 
did not operate satisfactorily. The are was 
elongated to such an extent that it reached 


adjacent metal parts, thereby causing short - 


circuits. For this reason the circuit breakers 
were removed, and the principle on which 
they were based was discarded. 

The problem of are extinction by blasts 
of prestored compressed gas was taken up 
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Figure 22. Early cross air-blast circuit breaker 
as installed at Oberspree, Germany, in 1897 


again in the United States by R. H. Read 
about 1900. Figure 23 shows one of the 
Read designs, disclosed in United States 
patent 716,475, issued December 23, 1902. 
Read went ways of his own, and his designs 
were fundamentally different from earlier 
structures. 

An important feature which appears, 
among others, in the designs of Read is that 
particular arrangement which has become 
known as the axial-blast type. This term 
has been coined to designate circuit breakers 
wherein are extinction is effected by means 
of blasts of gas flowing in the direction of 
the common axis of two coaxially arranged 
co-operating contacts, one being annular 
and the other plug-shaped. The axial-blast 
type of circuit breaker also has been termed 
sometimes the European (radial or nozzle) 
type. This probably may be attributed to 
the fact that European engineers have 
shown particular appreciation for the merits 
inherent in that essentially American type 
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Figure 23. Early axial air-blast circuit breaker _ 


patented by R. H. Read in 1902 
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Double-break 
arrangement developed by 
T. T. Greenwood in 1926 


Figure 24. axial-air-blast 


circuit-breaker 


of breaker. M. Puppikofer, Swiss designer 
of electric switchgear, acknowledging that 
the axial-blast type which has been adopted 
so widely in Europe was but a reintroduction 
of the old Read structure, wrote: ‘In 1901, 
Robert H. Read, in Schenectady, proposed 
a design of breaker which already embodied 
all the features of the present-day air-blast 
breaker.” 

At approximately the same time that 
Read pioneered the development of air-blast 
circuit breakers, the first oil circuit breakers 
made their appearance and dominated the 
field of power circuit interruption for many 
years to follow. The absolute domination 
of oil circuit breakers greatly retarded fur- 
ther progress in air-blast circuit breakers. 
During the time the oil circuit breaker 
dominated the field of circuit interruption, 
the design and manufacture of air-blast 
circuit breakers was never entirely dis- 
continued. However, the efforts made in 
the development of air-blast circuit breakers 
were insignificant, as compared with the 
efforts made in the development of oil 
circuit breakers. Air-blast circuit breakers 
were considered to be peculiar and strange 
devices, applicable only where high ruptur- 
ing capacity was not required. 

In those early days, pneumatic actuation 
was one among other possible modes of 
circuit-breaker actuation, but not a neces- 
sity, as certain unique characteristics of 
pneumatic actuation were not needed. 
Later that mode of actuation was aban- 
doned, and weights, springs, and electro- 


magnetic devices, such as solenoids and 


electric motors, were substituted for pneu- 
matic means. Because of the close relation 
between actuation of circuit breakers by 
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Figure 25. French cross air-blast circuit 
breaker patented by A. Clerc in 1937 


compressed gas and extinction of ares by 
blasts of compressed gas, the abandonment 
of pneumatic actuation lessened the incen- 
tive to develop further gas-blast circuit 
breakers. 

Up to the beginning of the '20s, it was 
generally believed that gas-blast circuit 
breakers having a sufficiently high rupturing 
capacity for breaking power circuits could 
not be built, but by the middle of the ’20s 
it was shown by different investigators, 
both in continental Europe and in England, 
that high power arcs could be extinguished 
within one-half cycle by powerful blasts of 
compressed gas. As an almost immediate 
result of this and related discoveries, a 
number of European organizations began 
to develop air-blast power circuit breakers. 
At about the same time, further develop- 
ment of the axial air-blast type of circuit 
breaker was started in the United States. 
Figure 24 shows a double-break design by 
T. T. Greenwood of Boston, developed in 
1926. 

The air-blast circuit breakers developed 
in Europe were of both the axial-blast and 
cross-blast types. The former was pre- 
ferred in Germany and Switzerland and 
the latter in France. Figure 25 shows a 
design by A. Clerc, a French designer of 
circuittinterrupting devices, which was made 
not later than 1983. The design comprises, 
in combination, certain typical features, 
such as a cross-blast arrangement, a fishtail 
arc chute made up of insulating barriers, 
and probe electrodes for connecting resistors 
automatically into the circuit for control of 
recovery voltage. 

During the last few years, the demand for 
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oil elimination and high-speed interruption 
has caused reawakened interest in air-blast 
circuit breakers. As a result, both the 
axial-blast and cross-blast principles, origi- 
nally conceived in this country before or 
about the turn of the century, have been 
revived; and various improved devices of 
each type have been successfully developed 
to meet the high current-interrupting re- 
quirements of American systems. 
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Impulse and 60-Cycle Characteristics of 


Driven Grounds—ll 
Effect of Lead in Ground Installation 


P. L. BELLASCHI 


FELLOW AIEE 


ROUN Dinstallations comprise physi- 

cally the ground proper and, in 
addition, a lead which connects the 
grounded part (protective device, insula- 
tor, overhead ground wire, lightning rod, 
and so forth) to the ground. The lead 
(grounding wire or metal structure) is es- 
sentially an inductance, while the ground 
acts as a resistance in the manner dis- 
cussed previously.!_ These two elements 
determine in a large measure the total 
voltage across the ground installation and 
therefore its performance under lightning 
discharges. 

This paper considers the effect of the 
lead inductance in combination with the 
ground proper and sets forth the practical 
importance of the lead or tower-structure 
drop, particularly for the rapid current 
discharges associated with direct strokes. 
Calculations are made for typical in- 
stallations of down-leads and tower 
structures combined with the more com- 
mon grounds such as deep and shallow 
driven grounds, parallel grounds, and 
counterpoise grounds. The circuit ele- 
ments (inductance, resistance, and ca- 
pacitance) of both leads and grounds are 
determined, and their significance is dis- 
cussed. Comparative data are presented 
which show the impulse voltage developed 
in the ground installations for currents of 
given amplitudes and wave form repre- 
sentative of lightning. The other in- 
fluencing factors, terminal conditions in 
the earth and stroke, are surveyed. 

The voltages developed are discussed in 
terms of the impulse charactes@stics of in- 
sulation. In this manner, the problem is 
assessed in relation to the protection and 
co-ordination of line and station insula- 
tion, as well as to other applications of 
protection. 
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Ground Installations 


Typical ground installations are pre- 
sented in Figure 1. The more common 
consist of a lead or metal structure 
grounded at the earth as illustrated in (a). 
In the protection of electric lines, build- 
ings, storage tanks, and so forth, the pro- 
tective system usually provides several 
paths to ground for the lightning dis- 
charge as shown in (b), (c), (f), and (g). 
The protection of station apparatus re- 
quires, in addition, consideration of the 
arrester characteristics and the equivalent 
circuit of the apparatus,? represented 
schematically in (d) and (e). 


In general, ground installations are es- 
sentially a combination of leads and 
grounds, and for analysis even the more 
complex installations can often be re- 
duced to simpler forms such as (a). For 
these reasons ground installation (a) is 
analyzed quite completely here. In the 
calculation ten representative arrange- 
ments of installation (a) have been se- 
lected and are tabulated in Figure 2. 
These consist of a lead or tower in com- 
bination with the common types of 
ground such as single driven rods, rods or 
similar grounds in parallel, and counter- 
poise grounds buried in the earth usually 
not more than two feet deep. 


A necessary step in the analysis is to 
consider the factors which determine the 
impulse characteristics of the lead and of 
the ground proper and their relative im- 
portance. The circuit elements involved 
are shown in (a) and (c) of Figure 3, which 
represent respectively shallow grounds 
(10-to 20-foot depth), and deep grounds. 


In the ground proper, a factor of pri- 
mary importance is the resistance to 
earth, referred to as the ground resistance. 
A second factor of importance, particu- 
larly for extensive grounds such as deep- 
driven and counterpoise grounds, is the 
inductance of the rod or conductor. A 
third factor is the resistance of the ground 
rod or conductor. Calculations, includ- 
ing the skin effect on impulse, show that 
this resistance practically is negligible. 
The capacitance of the rod or conductor 
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' / 
to earth theoretically is also a factor. 


For instance, the capacitance (C) of a 100- 
foot ground rod is in the order of 1,500 
micromicrofarads (dielectric constant of 
earth=9). This capacitance is effec- 
tively in parallel with the ground resist- 
ance (R). For soil of low or medium re- 
sistivity, the time constant RC is in the 
order of 0.01 to 0.1 microsecond, indicat- 
ing that capacitance is a factor of secon- 
dary importance. For grounds buried 
in rocks, the resistivity of which is very 
high, this time constant may increase to 
one microsecond or more, in which case 
the effect of the capacitance becomes con- 
siderable and relatively beneficial. 

The inductance of the lead or tower is 
a factor of primary importance while the 
resistance of these can be disregarded. 
The capacitance to earth of a 100-foot 
tower is in the order of 1,000 micromicro- 
farads and much less for a grounding 
wire. Combining the capacitance and 
the inductance gives an effective time 
constant of 0.2 microsecond. For im- 
pulse currents rising to crest in one micro- 
second or longer the capacitance of either 
tower or lead is a secondary factor. 

From these considerations, it is appar- 
ent that the important factors are the 
ground resistance, the lead or tower in- 
ductance, and the ground inductance. 
For the impulse conditions and ground 
installations considered in this paper 
these factors determine the impulse volt- 
ages. The development of the simplified 
circuits is given in Figure 3. 

The ground resistance varies with the 
impulse current in the manner discussed 
in the preceding paper.! The inductance 
of single ground rods is calculated from 
the formula :$ 


l 
L=0.002/ In 0.785 pmicrohentys 


where | is rod length and 7 is effective rod 
radius (both in centimeters). In deter- 
mining the inductance of parallel grounds, 
proper allowance is made for the mutual 
inductance between individual rods. As 
shown in the equivalent simplified cir- 
cuits (b) and (e) in Figure 3, two thirds 
of the rod inductance is combined with 
the lead inductance for shallow grounds, 
while for the deeper and more extensive 
grounds the calculations are based on uni- 
formly distributed ground resistance and 
inductance. Lead inductance is also cal- 
culated from the formula above. The in- 
ductance of tower structures~is deter- 
mined by ‘substituting for the tower four 
parallel cylindrical conductors arranged 
in a square approximating the dimensions 
of the tower. The tower inductances 
calculated in this manner agree reason-. 
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ably well with the values reported else- 
where.‘~® 

Figure 4 presents the inductance of 
typical leads and towers plotted against 
height. In addition, the figure gives the 
effective inductance of leads and towers 
in combination with shallow grounds. 


Method of Analysis 


The method of analysis in this paper 
consists of determining the voltage de- 
veloped for a current applied to the 
ground installation. The wave form and 
amplitude of the currents considered con- 
form to present knowledge of lightning 
and to the practical experience available. 

Field investigations have established 
the amplitude and frequency of occur- 
rence of currents in lightning strokes, 
through tower structures, in lightning- 
arrester grounds, and in other circuit 
parts.’© On transmission lines, tower 
currents have been recorded as high as 
160,000 amperes, and about a third ex- 
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Figure 1(left). Typi- 
cal ground installa- 
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ceed 20,000 amperes. In distribution 
and station-type arresters, the maximum 
currents recorded do not exceed this 
value. As lightning-stroke discharges to 
electric circuits ‘or protective systems 
usually reach earth through several paths 
or grounds, currents in single grounds 
seldom would exceed 50,000 amperes. 
Therefore, currents of 10,000, 20,000, and 
40,000 amperes are used as typical values 
in this analysis. 

The wave form of lightning currents is 
not so well established as the amplitude, 
but investigations in recent years have 
contributed considerably to present 
knowledge.!7—*> In general, the current 
rises to crest in a time from a fraction to 
several microseconds and recedes to half 
value in 40 to 50 microseconds. The high- 
est rate of rise of current in the stroke oc- 
curs on the front and seldom, if ever, ex- 
ceeds 50,000 amperes per microsecond. 
The average is about 10,000 amperes per 
microsecond. Because of the division of 
current, the rate of rise in single grounds 
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probably does not exceed 20,000 amperes 
per microsecond. A front rising to crest 
in one microsecond can be considered a 
steep front, and in two to four microsec- 
onds an average front. The fronts of the 
currents selected are accordingly 1, 2, 4, 
and 8 microseconds from start to crest, 
and the duration is 40 microseconds to 
half crest on the tail. 

The wave form of lightning currents 
varies. The exponential wave has been 
considered by some investigators as fairly 
representative, and this choice, perhaps, 
has been favored by the fact that this 
form can be expressed by a single mathe- 
matical expression. It should be noted, 
however, that the exponential front rises 
abruptly from the very start, while some 
of the field records show a more gradual 
upturn at the beginning, developing into 
a rapid rise as the current builds up. In 
view of these considerations, waves of 
both sinusoidal and exponential fronts 
have been studied and applied (see Fig- 
ures 5 and 6). In Table I are tabulated 
the constants for these and several other 
wave forms. 

The sinusoidal front starts with a 
gradual upswing, which is followed by 
maximum rate of rise at half value, taper- 
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Figure 6. 8x40-microsecond impulse waves 


ing off as crest is reached. The sinusoidal 
front approaches the average rise more 
closely than the exponential, and in this 
connection it should be noted that the 
field data on current rate of rise are so 
measured or recorded that, essentially, 
these give the average or effective (10-90 
method) rise. Because of the fundamen- 
tal and practical merits, a sinusoidal 
front has been used throughout the analy- 
sis, and in several instances the exponen- 
tial is presented for purposes of compari- 
son. 


Shallow Grounds 


In localities where soil resistivity is low 
it is possible to secure low resistance from 
a shallow driven ground, 10 or at most 20 
feet deep. The first four installations in 
Figure 2 are representative shallow 
grounds. In installations 1 and 2, the 
ground proper is ground F in clay, studied 
in the preceding paper.1 The high-re- 
sistance ground in installation 3 is ground 
M in sand, and the tower footing in in- 
stallation 4 is the parallel ground F-G-H-I 
in clay. In installations 1 and 3, the 
down-lead is a 25-foot conductor; in in- 
stallation 2, a 50-foot conductor; and in 
installation 4, a 50-foot tower. 

For shallow grounds the time constant 
of the ground proper is sufficiently short 
so that the ground inductance can be com- 
bined with the lead inductance as shown 


in Figure 3b. The method of calculation 
used is a step-by-step method which con- 
sists of combining the inductance drop 
with the resistance drop to obtain the 
total voltage developed. The ground re- 
sistance varies with current as explained 
in the preceding paper. Typical calcula- 
tions are presented in Table II for in- 
stallations 1 and 3, and corresponding 
curves are plotted in Figures 7 and 12. 
Figures 7, 8, 9, and 10 present a series of 
curves of the voltages developed in in- 
stallation 1 for a 10,000-ampere discharge 
corresponding to wave forms of 1x40, 
2x40, 4x40, and 8x40 microseconds. 
The voltages resulting from both the ex- 
ponential and the sinusoidal-front cur- 
rents are plotted for comparison. In the 
two more rapid discharges the inductance 
drop is quite pronounced. For the 
slower fronts this effect is not so notice- 
able. 

In the curves which follow we shall 
consider the more severe waves: the 
1x40- and 2x40-microsecond waves. Fig- 
ures 11 and 12 show the voltage devel- 
oped by a 1x40-microsecond, 10,000-am- 
pere discharge on installations 2 and 3. 
The long lead in installation 2 results in a 
higher inductance voltage on the front 
than in installation 1 (compare Figures 11 
and 7). The voltage developed in in- 
stallation 3 has the same inductance drop 
as installation 1, but, because of the higher 
resistance of the ground, the voltage 
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throughout the entire discharge is much 
higher. That is, the 77 values in Table II 
for ground M are nearly three times as 
great as those for ground F. The voltage 
developed in installation 4 by a 40,000-am- 
pere, 2x40-microsecond current is given 
in Figure 13. For the sinusoidal front 
this discharge gives an effective rate of 
rise of 26,000 amperes per microsecond 
which is considered quite severe. These 
typical examples demonstrate that for 
high-current steep-front discharges the 
lead effect is a factor of considerable im- 
portance. 


Deep or Extensive Ground 
Installations 


Where soil resistivity is high, it is often 
necessary to drive grounds deep into the 


§ rod 


on 100-foot ground 


Unit current applied 


distribution for a 100-foot rod driven in 
soil of medium resistivity. The curves 
are calculated for unit current, based on 
the simplified circuit of uniformly dis- 
tributed inductance and leakage resist- 
ance. It is apparent that the current 
does not approach substantially uniform 
distribution for about two microseconds. 

The simplification of the equivalent 
circuit in Figure 3e for deep grounds and 
counterpoise grounds of the lengths con- 
sidered here is justified for grounds in me- 
dium resistivity soils (e=10,000 ohm- 
centimeters) and for current wave fronts 


Table I. 


60 
DEPTH- FEET 


one microsecond and greater. Figures 
15a and 16a show that the effective im- 
pedance with and without capacitance 
essentially are the same, and capacitance 
can be omitted. Figures 15b and 16b 
show that capacitance is an important 
factor for grounds in high resistivity soil 
(p=100,000 ohm-centimeters). While 
these curves are based for convenience 
on infinite length of ground, they indicate 
with adequate approximation the extent 
to which capacitance is a factor. A for- 
mal solution and calculations of the finite 
circuit in Figure 3d are beset with diffi- 


Tabulation of Constants for Impulse-Wave Equations 
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Sinusoidal Front 


A Par = cS ; _imax ae 
earth, or to lay counterpoise grounds of iimex Ale” @*—€~ 4] eo ett comet) 
considerable length in order to secure low ai dts A Ss di_ imax w sin ot 
¥ < ae 7 imax [be Bi_ae Ca ite ain eae 
resistance. Installations 5, 6, 8, and 9 
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culties, particularly for counterpoise 


grounds, because of the penetration of 
the current below the earth’s surface, 
which brings about a variation of the in- 
ductance and also of the capacitance to a 
lesser extent.%°*” Where capacitance is 
to be taken into account, a simplified 
method which has practical merits and 
is adequate for engineering purposes con- 
sists of determining the effective imped- 
ance of the ground,” ”™ as illustrated in 
Figure 15c. 

The variation of leakage resistance with 
heavy currents is another factor which 
presents difficulties, and the complete 
theoretical analysis becomes too involved. 
A practical simplification consists of con- 
sidering the distribution of the current in 
the ground, as illustrated in Figure 14, 
and assigning a resistance value account- 
ing for the lowering of the resistance dur- 
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Figure 16. Voltage developed on extensive 
grounds for uniformly rising current (one am- 
pere per microsecond) 


ing the penetration of the current. Upon 
complete penetration of the current in the 
ground the total leakage resistance be- 
comes effective, its value depending on 
the current as previously discussed.! To 
illustrate the effect produced by the varia- 
tion of the ground resistance, curves B 
and C in Figure 17 have been plotted. 
The curves are compared for a one-am- 
pere current rising to crest in one micro- 
second. Curve B is the voltage across the 
100-foot five-ohm ground developed by a 
medium or low-current surge. A current 
attaining the unusual value of 100,000 am- 
peres would lower the resistance to 40 per 
cent of the value in curve B and would 
result in curve C, which again is the volt- 
age per-unit current. It is apparent that 
the lowering of the resistance of grounds 
with current is beneficial on the front, 
but not to the same extent as it is on the 
crest and tail of the current where the in- 


Table Il. Typical Calculations 


For Curves of Figure 7 


25-Foot Down-Lead Inductance = 16.2 Microhenrys 


25-Foot Down-Lead Inductance = 16.2 Microhenrys 


—D- RESISTANCE ONLY 
R=5 OHMS — 


“ed 


19) ' 2 3 4 5 6 
MICROSECONDS 


Figure 17. Illustration of method for deter- 
mining effect of resistance and inductance on 
front of wave 


ductance effect is not present. For a 
moderate or average current discharge, 
the voltage developed evidently will lie 
between the two curves, close to curve B. 
In comparing deep grounds and counter- 
poise grounds on the front of wave, the 
60-cycle resistance is used, for it gives 
adequately close results and is conserva- 
tive. The purpose of curve A is to dem- 
onstrate that a deep ground driven in 
homogeneous soil cannot be represented 
arbitrarily by a simple inductance (such 
as one-half the total inductance), in 
series with the leakage resistance. It also 
shows that for this particular ground 
about a fourth of the total inductance is 
effective for a one-microsecond front. 
Curves B and D illustrate that the induct- 
ance contributes largely to the voltage 
developed across a deep ground when the 
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steep front of a current wave is being 
discharged. 

In Figures 18 and 19 are compared the 
voltage characteristics of the ground 
proper for five grounds in uniform soil of 
medium resistivity (ep=10,000 ohm-cen- 
timeters). The calculations are based on 
distributed constants. A sixth ground 
represents a 100-foot rod driven in a very 
high-resistivity soil until it reaches a con- 
ducting layer 100 feet below the surface. 
The curve for a five-ohm pure resistance 
is plotted for reference. The parallel 
ground (four 25-foot rods), the 200-foot 
counterpoise at the surface (connection 
at center), the 100-foot rod in uniform 
soil, and the 100-foot rod reaching a low- 
resistivity layer 100 feet in the earth, all 
have five-ohm resistance and can be com- 
pared directly for their relative inductive 
effect on the front. The parallel ground 
(four 25-foot rods) gives the lowest volt- 
age, for it has the lowest inductance. 


es 
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Figure 19 (right). 
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The 100-foot rod tapping low resistance 
deep down would naturally be the worst, 
as it entails the greatest inductance. The 
100-foot rod and the 200-foot counter- 
poise (connection at center) in uniform 
soil are intermediate. The advantage of 
driving a 25-foot single rod deeper into 
the ground is apparent. Insofar as 
limiting the voltages on the front for cur- 
rents rising to crest in less than two micro- 
seconds, there is little additional gain in 
driving a ground more than 100 feet or in 
extending a counterpoise much beyond 
this amount. However, a greater length 
in either case is effective for slower fronts 
and for reducing the voltage beyond the 
first few microseconds. 

The difference between the character- 
istics of the six grounds is not so large 
when the grounds are combined in the 
complete installation with a lead or a 
tower. The curves of Figure 20 give the 
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voltage for a 2x40-microsecond 40,000- 
ampere discharge to the tower and ground 
installations 5, 6, and 7 (Figure 2) and for 
installation 5 with the resistance concen- 
trated at the lower end of a 100-foot rod. 
Figure 21 presents curves for similar 
lead and ground installations. While 
the installation with lumped resistance at 
the end of the 100-foot ground gives a 
high voltage, the difference between the 
other three is relatively small. 

It is not the purpose here to attempt to 
draw up specific recommendations as to 
which type or arrangement of ground to 
recommend. The factors that determine 
the type of installation in practice are 
many. To cite a few: these involve the 
degree of protection, the nature of the ter- 
rain, the question of right of way, the 
cost of the installation, and other consid- 
erations, each of which requires evaluat- 
ing onits respective merits. The primary 
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multiple paths 


purpose of this paper is rather to develop 
an understanding of the problem of 
grounds from a fundamental standpoint. 
Figures 20 and 21 show that the voltages 
developed from steep-front high currents 
in extensive grounds are substantially 
greater than where conditions permit 
shallow grounds. Therefore, in laying 
out grounds for protection against light- 
ning, the inductance of the installation 
and its relation to the effective resistance 
are factors of importance. 


Multiple Paths to Earth 


For practical calculations most installa- 
tions with two or more paths to earth can 
be reduced to one of a few simplified 
forms. For instance, in installation (f) of 
Figure 1, the current of the stroke at the 
middle air terminal will divide equally 
between the four down-leads, provided 
the grounds are alike. The same holds 
for a stroke to the center part of installa- 
tion (g). In these cases of symmetry and 
also in many others, where departure 
from symmetry is not too great, simplifi- 
cation to an equivalent simple L-R cir- 
cuit is permissible. In determining the 
equivalent inductance and resistance, 
the mutual effects should be examined but 
often these can be disregarded. 

A protective system to be effective 
must shield the protected object (electric 
line, building, storage tank, and so forth), 
and limit the voltage from the protective 
system to the object. These are well- 
known principles in protection. To this 
end low-resistance grounds and a low 
effective inductance of the protective sys- 
tem are essential. To illustrate: in in- 
stallation (f), should the grounds at one 
end be unduly high, the impedance to 
earth would be nearly twice the original 
amount and the voltage practically 
doubled. Again, consider the arrange- 
ment in (f) applied to a building of the 
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same height and side dimensions, but con- 
siderably longer. To maintain the same 
degree of protection, the number of down- 
leads and grounds as well as air terminals, 
would have to be increased accordingly. 

Protective systems of an extensive char- 
acter often comprise several paths each 
of increasingly greater time constant, that 
is, Li/RiXL2/R:XL;/R3, and so forth. 
As the duration of the high current of the 
stroke is limited, the effective parallel 
paths usually can be reduced to two or 
three. Let the operational admittance 
of each be denoted as Y(p) and the cur- 
rent of the stroke z(t). The voltage de- 
veloped is 


e(t) = [Vi(b)+ Yelp) + Y3(p) ]e(t) 


The complete solution of this expression 
is more elaborate than difficult. Usually, 
it can be simplified by the fact that the 
nearest path to ground (Z;/R:) deter- 
mines largely the voltage across the in- 
stallation for the first few microseconds, 
and thereafter this part of the circuit in 
effect is simply the resistance R). 

A typical example is installation (b) of 
Figure 1, considered in the numerical 
example of Figure 22. A stroke occurs at 
tower 1 which has an inductance of 10 
microhenrys and a ten-ohm footing re- 
sistance. The other two paths to ground 
each are over an 800-foot span of wire 
(400 microhenrys) to adjacent towers 2 
and 38, having footing resistances of 10 
and 40 ohms. The current in tower 1 is 
41, and the currents 7) and 73 in the adja- 
cent towers build up as determined by 
their respective time constants, Lo/R, and 
L3/, R3. 

The division of currents shows that the 
inductance and resistance of tower 1 
practically establish the voltage devel- 
oped for the first two or three micro- 
seconds in the same manner as in Figure 
13. The drain on the stroke current from 
the adjacent towers becomes pronounced 
in a few microseconds and reduces the 
duration of the current in tower 1. For 
slower fronts the beneficial effect of the 
adjacent towers is increased. Another 
important observation in Figure 22 is 
that the crest currents in the three towers 
cannot be added directly to determine 
the crest current of the stroke, as has 
been the practice in analyzing magnetic- 
link measurements of currents. From 
the crest measurements at the tower hit 
and at the adjacent towers, however, it is 
possible to estimate the duration of the 
stroke current.*? 

From the method of lumped induct- 
ance, we find from Figure 23 that strokes 
at mid-span of 40 kiloamperes per micro- 
second average rate-of-rise, develop a 
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Voltage developed by stroke to 
mid-span 


Figure 23. 


crest voltage close to (40)(m/2)(100)= 
6,300 kv. 

In the examples of Figures 22 and 23 
and in similar problems a short segment 
of line is represented by its lumped induct- 
ance. The justification of this simplifi- 
cation is illustrated in Figure 24, where 
currents in the 800-foot line segment ter- 
minating in ten ohms are compared on 
the basis of both the lumped-inductance 
method and the traveling-wave theory. 
In the presence of very high voltage co- 
rona becomes a factor which reduces both 
the surge impedance and the velocity of 
propagation and increases the attenua- 
tion. The surge impedance and the ve- 
locity of propagation are reduced propor- 
tionally, giving practically the same re- 
sults as in Figure 24. In these problems 
attenuation is not a primary factor, as 
the energy supply is considerably greater 
than the drain effected from this cause. 
It should not be construed from the above 
example, however, that the same simpli- 
fication applies invariably to other prob- 
lems which fundamentally require the 
application of traveling wave methods. 


Terminal Conditions in Stroke 
and Earth 


As pointed out in the preceding paper,* 
the distribution of the electric charge in 
the earth is a factor that requires study. 
A comprehensive survey of this factor 
would, in itself, comprise a paper, and we 
shall of necessity limit this presentation to 
an outline of the physical processes in- 
volved and to their bearing on the ground 
problem. 

Consider the mechanism of lightnin 
stroke.*!7 The stepped leader initiates 
the stroke, progressing from the, base of | 
the cloud to earth and, in this manner, 
lowering a charge to earth. When the 
leader contacts earth, the high current of 
the discharge (main stroke) blazes its way 
up the channel. For the purpose of this 
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analysis the charge in the leader pro- 
gresses uniformly to earth as shown 
schematically in Figure 25. The distri- 
bution curves of the induced-charge 
density in the earth for various positions 
of the leader are plotted in the figure. 
Representative values of total charge, 
cloud height, and leader velocity are as- 
signed, and the surface at the earth is as- 
sumed to be flat and the soil of high or 
medium conductivity. 

In Figure 26 are plotted curves of the 
charge per foot of radial distance from the 
center point ‘‘O”’ on the earth. A second 
family of curves gives the corresponding 
current flow in the earth. As the leader 
progresses, the charge moves up closer 
and closer to point “‘O” on the earth. As 
it approaches the earth, its velocity is in- 
creased, apparently gapping the last 
hundred feet in a few microseconds. It 
will be noted that the crest current ap- 
proaches more and more the average cur- 
rent of the leader. Of even greater signifi- 
cance is the distribution of the charge as 
the leader reaches ground. When the 
leader contacts earth, the rush of the 
charge from earth into the leader channel 
determines the high-current component 
of the discharge. At this point, it is well 
to examine the significance of charge dis- 
tribution in the earth. From the curves 
in Figure 26 as the leader contacts earth, 
consider that the charge is converted 
into the high-current discharge. Funda- 
mental considerations show that free cur- 
rent flow in the earth attains a velocity 
in the order of one-third the velocity of 
light. On this basis curves for h=100 
and 200 feet in Figure 26 are plotted in 
Figure 27 as current waves. In these 
curves we recognize current waves of form 
and magnitude of lightning discharges. 

Actually, the conversion of the equal 
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and opposite charges on leader and earth 
into the current discharge is a more com- 
plex process than we have indicated, for 
the two charges are not symmetrically 
distributed with respect to the ground 
(point ‘‘O’’), nor are their mediums nor 
mode of propagation physically matched. 
For instance, in the example the two op- 
posite charges in the first 1,000 feet up the 
leader and on the earth are respectively 
1 and 0.7 coulombs. However, the 
charge on the leader 2,500 feet up has its 
counterpart on the earth 5,000 feet from 
the ground point ‘‘O,” and the ratio of 
the two per-unit length is 1 to 0.3. The 
dissymmetry increases with the distance. 
Thus, attenuation considered, the current 
wave progresses up the channel with a de- 
creasing velocity. This deduction on the 
current propagation in the stroke is con- 
firmed by the experimental evidence*!?% 
which shows that the main stroke moves 
up the leader channel initially at about 
one-third the velocity of light, but, as 
the wave progresses higher up the chan- 
nel, the velocity tapers off, and it may 
dwindle to one-tenth the velocity of light 
or less before reaching the base of the 
cloud. 

Other influencing factors are present. 
The state of ionization as well as the pres- 
ence of branches associated with the 
leader no doubt have some effect on the 
current discharge. The charge lowered 
by the leader varies with the intensity of 
the stroke and governs the current. In 
multiple strokes the leader of the second 
and subsequent discharges progresses 
more rapidly than in the first discharge. 
However, the charge distributions are of 
the form given in Figure 26, except pos- 
sibly for very high-resistivity soils. The 
topography, geology, and resistivity of 
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the earth are also factors. Obviously, a 
complete survey of the variations of the 
current and wave form in lightning dis- 
charges requires consideration of all these 
factors. Figures 26 and 27 set forth the 
fundamental process and relationship as 
the charge in the earth is converted into 
the lightning-stroke discharge. 

Next consider the terminal conditions 
in the earth in relation to the ground 
problem. As curves of Figures 26 and 27 
show, the charge in the first few hundred 
feet determines the front of the current 
discharge. The ground should be of a 
type and arrangement to minimize the 
combined inductance and resistance drops 
in this initial stage. After the current 
has reached crest, the charge flows in 
from greater distances, and the ground 
then performs essentially as a resistance. 
In a low- or medium-resistivity soil the 
common driven ground provides low im- 
pedance during the entire current dis- 
charge. A counterpoise ground fanning 
out in multiple paths also is effective, al-- 
though it does not appear to be the eco- 
nomical type for low-resistivity soils. In 
soils of high resistivity, a counterpoise 
ground is more effective for it “picks up” 
the charge on the surface. To limit ef- 
fectively the voltage developed on the 
front, the counterpoise need not extend 
more than a few hundred feet, but, where 
low resistance throughout the entire dis- 
charge is required, the advantages of a 
continuous counterpoise are apparent. 
The effectiveness of one type of ground 
in preference to another depends also on 
the structure of the earth’s surface, ge- 
ology, and so forth. For instance, one 
type of structure consists of a layer of 
some 20 to 50 feet of sand, gravel, or 
other high-resistivity soil, followed under- 
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neath by clay or other low-resistivity 
strata. In this case, deep-driven grounds 
are practical and economical, and have 
given good results. Here the surface 
charge flows into the low-resistivity 
strata and then to the driven ground; 
thus for this condition, the deep ground 
provides a low-impedance path. Should 
the low-resistivity strata lie too deep, the 
condition approaches in effect a high-re- 
sistivity soil for which a counterpoise 
ground has advantages. These examples 
illustrate the many aspects of the ground 
problem and the importance of the struc- 
ture and resistivity characteristics of the 
earth’s surface. 

The charge distribution on the earth in 
the curves of Figure 26 is for a flat sur- 
face. A ground installation in the field 
of the leader assumes part of the charge. 
For instance, an overhead ground wire 50 
feet high will have an induced charge as 
shown in the bottom curve of Figure 26, 
and the charge on the surface of the earth 
is reduced by this amount. In like man- 
ner, the presence of the down-lead or 
tower reduces the charge on the earth 
near the installation. It should be noted 
also that, as the leader approaches earth, 
a streamer formation from the installa- 
tion results in a current flow which will 
drain part of the charge from the installa- 
tion and, in turn, from the earth nearby. 
These factors cause the curreat which 
flows into the ground installation to rise 
more slowly on the front than is indicated 
in Figure 27, and, in effect, the induct- 
ance drop is somewhat reduced, 

A number of field observations become 
more understandable when examined in 
the light of terminal conditions in the 
earth. For instance, long-duration cur- 
rents seem to prevail in regions of high- 
resistivity earth, Consider an installa- 
tion of limited extent in very high-resis- 
tivity soil such as granite rock (p= 
1,000,000 ohm-centimeters). The effec- 
tive resistance in the earth, through which 


342 


EREEREIE? 4S ESREREE Ee 


26) 


the bulk of the charge must flow during 
the discharge, is in the order of 200 ohms. 
If it were possible for the charge to flow 
in as short a time (7=50 microseconds) 
as in low-resistivity earth, the voltage de- 
veloped in the earth would be in the order 
of 20,000,000 volts (OR/T=5x200/50). 
Estimates of the potential of the lightning 
stroke vary, but figures assigned in recent 
years average well below 100,000,000 
volts. All this means that the flow of the 
charge in high-resistivity earth is of ne- 
cessity prolonged into a long-duration 
discharge. 

Terminal conditions in the stroke 
proper also affect the voltage developed 
in the ground installation. That is, the 
heavy current flow up the leader channel 
has a mutual inductive effect on the down- 
lead or structure. The voltage induced 
in the installation is the product of the 
mutual inductance and the rate of change 
of current in the channel. This voltage 
is not more than about 20 per cent of the 
total inductive drop in the lead proper. 
For practical purposes the inductance of 
the lead may be increased by this amount, 
as the examples of Figure 28 indicate. 

Judged in the light of the terminal con- 
ditions and their effect, the simple method 
of analysis for determining the voltage 
across the ground installation, in which a 
current is applied to an equivalent circuit, 
is reasonably correct and practically sat- 
isfactory. The justification of a gradual 
rise to crest as represented by a sinusoidal 
front is also borne out. However, the 
terminal conditions in the earth are of 
such character and can vary to such an 
extent with different regions and locali- 
ties that a survey of these conditions in 
the more important installations of 
grounds should supplement the simple 
method of analysis. It is clear, too, that 
to advance further the art of grounding 
on a quantitative basis more fundamental 
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and detailed study of terminal conditions 
is both desirable and necessary. 


The Insulation Problem 


The insulation problem consists in pro- 
portioning the insulation of the installa- 
tion to withstand the voltages appearing 
across the various parts. The amount of 
insulation may be governed by economics, 
as for transformer and similar substation 
apparatus, in which case protective de- 
vices are applied and co-ordinated with 
the insulation to limit the voltages to 
permissible values. 

Present impulse data for air, oil, wood, 
and so forth, and for the apparatus 
proper, are based largely on the volt-time 
curves from the 1!/.x40-microsecond 
wave, extending from full wave to break- 
down on the front in a fraction of a mi- 
crosecond,782—89 Curve a and curves b 
and c in Figure 29 illustrate the volt-time 
characteristics for two of the more com- 
mon types of insulation: oil-insulated 
apparatus (transformers, and so forth), 
and air (rod gaps, bushings, and so forth). 
These and the corresponding data for 
other types of insulation permit deter- 
mining to a fairly satisfactory degree the 
insulation requirements in most practical 
applications. 

The volt-time method for determining 
and applying insulation data has well- 
known practical and theoretical advan- 
tages. It has however certain limitations 
which have been partly recognized. In 
ground-installation problems and other 
protection problems, a general form of the 


wave encountered is shown in curve d of 


Figure 29. This is more complex than 
either the 1'/.x40 wave or the chopped 
impulses which the volt-time characteris- 
tic of insulation for the 1'/.x40 wave rep- 
resent. Because of a lack of data on this 


wave form, some tests on the strength of — 
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air were obtained and are reported in 
curve b of Figure 30. The following illus- 
trates the usefulness of such data in as- 
sessing the insulation requirements in 
problems of ground installations and pro- 
tection. 

Where the ground-resistance drop or 
the arrester voltage alone is prevalent, 
the air-insulation requirements are esti- 
mated satisfactorily from curves d and e. 
All considered, a minimum air clearance 
of about one foot per 150 kv will suffice. 
Should the clearance be from a down- 
lead to a separate object connecting to the 
same ground, 300 kv per foot is permis- 
sible as indicated in curve a. For in- 
stance, the voltage across a 50-foot lead 
discharging a current rising at the unusual 
rate of 40,000 amperes per microsecond 
would not exceed 1,250 kv, and a four- or 
even a three-foot clearance to a separate 
lead connecting to the same driven ground 
would be suitable. Consider now the case 
in which the combination of the two com- 
ponents is effective. In curve b the wave 
of the tests made is based on a ratio of the 
two voltages, Vi/V2=2, having durations 
of 1.3 and 15 microseconds. The air 
clearance required to withstand this type 
of wave is 30 per cent greater than for 
either the full wave or the short impulse 
component alone. 

From the examples of the paper (see 
Figures 7 to 13, 20, and 21), the lead drop 
or short impulse component bears a ratio 
to the resistance drop or long component 
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which varies over wide limits (V\/V2= 
1.5 to 15). Obviously, more impulse 
data on the strength of insulation for this 
type of wave are desirable, but, pending 
the future availability of such data, the 
curves in Figure 30 and other available 
data should serve reasonably well in de- 
termining the insulation requirements in 
problems of ground installations and in 
similar problems. 

Insulation designed entirely for the re- 
sistance drop of the ground may not be 
adequate under the more severe condi- 
tions of rapid high-current discharges. 
There has been field evidence to this ef- 
fect.° The example in Figure 29 clearly 
shows that, while the air insulation would 
be satisfactory for either a full wave or a 
short impulse, the combination of the 
two in the wave form d will flash over the 
air insulation. The combined effect of 
this type of impulse is particularly notice- 
able on air insulation. The effect of this 


‘impulse on oil-immersed insulation is 


probably much less than on air insulation. 


Summary 


In laying out grounds for protection 
against lightning, the inductance of the 
installation and its relation to the effec- 
tive resistance of the ground are factors of 


importance. The lead and ground induct- 
| 


ance becomes particularly significant for 
rapid current discharges associated with 
direct strokes when the inductance drop 
may exceed the resistance drop. Ex- 
amples show that the voltages developed 
from steep-front high currents in exten- 
sive grounds are considerably greater 
than where conditions permit shallow 
grounds. 

The simple method of analysis for de- 
termining the voltage across the ground 
installation, in which a current is applied 
to an equivalent circuit, is reasonably 
correct and practically satisfactory. 
Ground installations comprising multiple 
paths to earth are also amenable to sim- 
plified calculations. A survey of the 
terminal conditions in the earth should 
supplément the simple method of analy- 
sis in the more important installations of 
grounds. 

In assessing the insulation require- 
ments, these should be considered in re- 
lation to the impulse voltages developed, 
which for ground installations are more 
complex than the ordinary standard 
waves. 


Appendix |. Method of Solution 


for Extensive Grounds 


While the calculation for shallow grounds 
is effected simply from the addition of in- 
ductance and resistance voltages, the calcu- 
lations for deep grounds are more involved 
and require explanation. 

The equation for the curves of current 
distribution (Figure 14) is obtained from 
the transmission formula*® which, expressed 
operationally, is 


AG) 
sinh] ViReeLoG+ CD +) 
Soh (V PLD NGCP 


4.1 (1) 


where 


x=distance from lower end of rod in feet 
i(«) =current at « in amperes 
i=input current in amperes 
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R=total rod resistance in ohms 
L=total rod inductance in henrys 
G=total ground leakance in mhos 
C=total capacitance in farads 
J=rod length in feet 
p=Heaviside’s operator d/dt 


Since R and C are considered negligible, the 
operational expression becomes 


———/ x 
sinh |v ara =)] 
sinh VA GLp 
From the Heaviside expansion theorem the 

current at any point on the rod is 


11 (2) 


t(x) = 


(3) 


The operational expression for the im- 
pulse voltage on the ground proper is 


4 


C= a a (4) 
y~ tanh a/. GLp 


and the solution for unit current becomes 


€ Zi eo (5) 
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The response to currents of other forms 
than unit function can be derived by super- 
positicn or operationally. The two forms 
of lightning currents considered in this 
paper are the exponential and the sinusoidal 
front, in each case with exponential tail. 
The exponential wave form is expressed by 
the equation 


a(t) =I [e-*!— 84] (6) 


This expression in operational form and 
combined with equation 4 gives 
e=I(B—a)X 

if 
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From the Heaviside expansion theorem, the 
solution for the voltage is 
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The sinusoidal front expressed by the 
equation 


u(t) =A(1—cos Bt) (9) 


and, combined operationally with equation 
4, gives the operational expression for the 
voltage 


e=AB? i 1 


(p?-++B?) ye tanh \/GLp 
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Solving the Heaviside expansion theorem, 
the voltage is 


A LB 
=——A4/— 
é G \ G x 
sin \/2GLB 
Bt 0.783 — tan! pe 
cof ic . (= ea) 
\/ sinh? \/2GLB+ sin? »/2GLB 
cosh \/2GLB+ cos \/ 2GLB 
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This solution applies to the front of the 
wave only. From the crest point, the cur- 
rent decreases exponentially. 

In the calculations for curves a and b of 
Figure 15, the impedance (voltage for unit 
current applied) of a ground of infinite 
length in which capacitance is considered is 
derived following a method of analysis in 
Carson’s book.*! 


(12) 


where Jo(Gt/2C) is the modified Bessel func- 
tion of the first kind and zero order. The 
voltage for a current rising uniformly, as 
plotted in Figure 16, is obtained from the 
principle of superposition applied to equa- 
tion 12. 


Appendix Il. Charge Distribution 
in the Earth 


The curves in Figures 25 and 26 for charge 
distribution in the earth as the leader 
progresses toward earth are determined by 
the method of images on the basis that the 
earth is an equipotential surface. The field 
intensity at the earth’s surface is calculated. 
From this the charge density, in coulombs 
per square foot, is determined: 


pe Oe, Qs 
7 ORE?) | Oe(H—h) 


1 1 
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where 


Q,=charge concentrated at upper end of 
leader in coulombs 
Qo=charge distributed uniformly on leader 
in coulombs 
H=distance between Q, and earth (cloud 
height) in feet 
h=distance from leader tip to earth in feet 
(see Figure 25) 
r=radius in feet from center point “O” to 
point at which oa is calculated 


The charge per radial foot in Figure 26 is 
obtained by multiplying o in Equation 13 
by 2z7r. 

As the leader progresses, the charge on 
the earth’s surface moves in toward the 
center point “O.” The current in Figure 
26, represented by this flow of charge, is the 
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total charge within a given radius differen- 
tiated with respect to time, that is, 


(14) 
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q=charge density on leader in coulombs 
per foot 
v=leader velocity in feet per second 
H=cloud height in feet 
h=height of streamer tip in feet 
=radius for which current is calculated in 
feet 
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we HE present knowledge of the mecha- 

nism of natural lightning permits 
more accurate calculation of its electric 
and magnetic fields than has hitherto 
been possible. In a previous paper,' the 
electric ground gradients for nearby 
strokes to earth were treated principally 
for the determination of the voltages 
induced on transmission lines by indirect 
strokes. In this paper the study is ex- 
tended to the fields produced at greater 
distances. Knowiedge of the character 
of such fields is important because of their 
relationship to stroke mechanism and 
electrical cloud conditions in general. 
They also are sources of interference to 
radio and telephony communication and 
ean cause sparking which may be serious 
in structures constituting a fire or ex- 
plosion hazard. 

Measurements have been made by 
numerous investigators of the electric 
gradients during both fair and disturbed 
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weather conditions, and extensive studies 
have been made of the high-frequency 
fields produced by lightning discharges. 
However, the information gained has 
been limited by several factors, such as 
limitations in recording speed, field dis- 
tortion with propagation, the large 
number of influencing characteristics of 
the stroke discharge, and the lack of 
sufficient knowledge of their exact effects. 
It was, therefore, felt that a critical analy- 
sis of these field disturbances would be of 
value at the present time. 


Electric Ground Gradient During 
Various Weather Conditions 


The relation between the fields pro- 
duced during the brief period of a light- 
ning stroke and those existing at all other 
times is important for a comprehensive 
analysis of this subject. 


FarrR-WEATHER FIELD 


There exists at all times an electric 
field in the atmosphere surrounding the 
earth? During fair weather it is always 
directed vertically downward, being pro- 
duced by negative charges on the earth’s 
surface and positive charges in the upper 
layers of the earth’s atmosphere. Fields 
of this direction have been adopted by 
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convention as positive. The average 
magnitude of the fair-weather field ranges 
from about 15 to 100 volts per foot in 
different parts of the world. Over oceans 
it is less variable and averages about 40 
volts per foot with a daily variation from 
a minimum of about 25 volts per foot 
occurring around 4 a.m. local mean time 
to a maximum of 50 volts per foot at 6 or 
7 p.m.s-* This variation progresses ac-— 
cording to universal solar time across the 
oceans. Over land there is also a diurnal 
variation which is greater in magnitude 
and more variable in its nature.6~! 
These variations are due principally to 
fluctuations in atmospheric pollution, the 
earth’s gradient increasing with the in- 
crease in pollution. The maximum range 
of this variation is approximately 15 to 
200 volts per foot. 


DISTURBED-WEATHER FIELDS 


The increase of ground gradient with 
atmospheric pollution is caused by the 
relation existing between the atmospheric 
gradient, conductivity, and conduction 
current.?. The conduction current varies 
only slightly despite large variations in 
the other two quantities. The presence 
of dust particles or fine water droplets in 
the air decreases its conductivity by pro- 
viding condensation nuclei for raising 
the proportion of slow ions. Decrease 
in the air conductivity, however, produces 
an increase in the gradient and little 
change in the conduction current. Dur- 
ing fog the ground gradient increases to 
as high as 300 to 500 volts per foot. 

There are also several types of atmos- 
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Figure 1. Typical 
variation of ground 
gradient beneath 
shower and thunder- 
clouds (Simp- 
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pheric disturbances producing sufficient 
charge separation in the air to change 
the earth’s field materially. Under 
violent dust storms common to arid 
regions, the ground gradient usually be- 
comes negative and may reach magni- 
tudes as high as 3,000 to 4,000 volts per 
foot, There is no sharp distinction be- 
tween the conditions of charge separation 
in rain and thunderclouds or the magni- 
tude of the ground gradients they pro- 
duce, except during the brief period of a 
lightning stroke. Light or steady rain is 
usually accompanied by negative gradi- 
ents. Positive charge is carried to’ earth 
by the raindrops reversing the sign of the 
earth’s charge, and negative charge is 
left in the cloud base,'® As the turbulence 
and violence of the storm increases to 
heavy shower or thunderstorms, the 
magnitude of the gradient increases, and 
a greater number of cases of positive- 
charge centers at the base of the cloud, 
resulting in positive gradient beneath, 
are observed, Gradients of either polarity 
may be as much as 5,000 to 8,000 volts 
per foot, with the negative usually some- 
what higher.?° 

The measurements by Simpson and his 
associates?! at Kew, England, of the 
electric gradients both at ground and in 
the cloud have provided data ou the rela- 
tion between the charge distribution in 


Table |. Types of Lightning Discharges and 
the Field Changes They Produce 


Sign of Field Change 


Less Than Greater Than 

Type of Reversal Reversal 

Discharge Distance Distance 

Q: to ground,..... Negative....... Negative 
Q2 to ground...... Positive, o...isc Positive 

Qs to ground,,,... Negative....... Negative 

[OT CW OF Vain cunicntucht Positive. ivi. Negative 

Osito' Orvis cat, Uncertain, ...,. Uncertain 


Charge Centers Q are shown in Figure 3. 
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both thunder and shower clouds and the 
ground gradient. Figure 1 represents 
the major typical relations which he has 
found to exist. The top of the cloud hay- 
ing positive charge affects the gradient 
at the surface of the earth first as a cloud 
approaches, so that the fair-weather field 
is first increased positively. It then is 
usually reversed by negative charges 
near the base and front of the cloud and 
is predominantly negative under the base 
of the cloud unless a positive charge cen- 
ter is overhead. 


FIeELps FrRoM LIGHTNING DISCHARGES 


The only definite means of distinguish- 
ing between shower and thunderstorms 
from the nature of the ground gradient are 
the rapid changes during a lightning 
discharge. Measurements of these field 
changes have been of two principal types, 
using the relativeiy slow capillary elec- 
trometer!?~!7 and the cathode-ray os- 
cillograph.?*~*5 It is important to dis- 
tinguish carefully between the data ob- 
tained from these two types of studies. 
The cathode-ray oscillograph is capable 
of measuring the magnitude and wave 
shape of the field during the period of the 
discharge, whereas the capillary elec- 
trometer records the field only just before 
a stroke occurs and the change produced 
after the cloud charge involved in the 
stroke has been neutralized. However, 
the time constants of pickup circuits used 
with oscillographs are necessarily too 
small to record the slow field changes 
during the charging process previous to 
a stroke. The zero axis of an oscillogram 
is, therefore, the field just preceding a 
stroke. 


Types or LIGHTNING DISCHARGES 


In Figure 2 are replots of typical rec- 
ords of ground gradient recorded by 
Wilson!’ with the capillary electrometer. 
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As shown by Figures 2b and 2c the cloud / / 


charge builds up in an exponential man- 
ner and requires several seconds before 
reaching a substantially constant value. 
At the instant of a discharge the gradient 
is changed rapidly by the charge neutrali- 
zation. This field change is the portion 
designated by A-B. Correlation of the 
analyses which have been made of ground- 
gradient data of this type in both Eng- 
land!*17 and South Africa!®!6 with the 
balloon studies of Simpson in England 
and the records which have been obtained 
in America of the wave shape of the cur- 
rent in direct strokes to ground*’~*® gives 
considerable information on the types of 
discharges which can take place and their 
relative occurrence. As mentioned pre- 
viously, Simpson’s balloon soundings have 
shown that the type of charge distribu- 
tion of Figure 1 was typical of all thunder- 
clouds studied. There is positive charge 
in the upper regions of the cloud, negative 
charge in the main base of the cloud, and 
one or more smaller positive charge 
centers in the lower regions of the cloud. 
The components of the gradient produced 
individually by the first two charge 
centers have been pointed out by Wilson 
and are illustrated in Figure 3. The posi- 
tive charge at a greater height above 
ground will produce a smaller ground 
gradient at close distances than the 
negative charge. However, it becomes 
greater after a certain distance. The 
effect of the third type of positive-charge 


distribution is also illustrated in Figure. 


3a. The gradient produced by it should 
be relatively small and should decrease 
rapidly with distance. 

There are six conceivable types of dis- 
charges which may occur either in the 
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Figure 2. Typical capillary electrometer 


ground gradient records obtained by Wilson! ~ 
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form of a single-component stroke or in 
various combinations in a multiple stroke. 
The five involving discharges either be- 
tween the three cloud charge centers or 
from any one of them to ground are listed 
in Table I, together with the net field 
change that would be recorded by the 
capillary electrometer. The sixth possi- 
bility is partial discharges which do not 
develop to earth or to other discreet 
charge centers in the cloud. Visual 
evidence is available to indicate that a 
glow discharge can occur infrequently 
from the top of the cloud into the air 
above.** In Figure 4 is reproduced a still 
photograph taken with about a ten- 
minute exposure by L, R. Abraham in 
Illinois which shows several discharges 
from the base of the cloud reaching only 
part way to earth. 

As shown by Table I and Figure 3, 
strokes to ground discharging either of 
the two types of positive-charge center 
will produce a negative change in ground 
gradient at any stroke distance. Like- 
wise, such a discharge from the negative 
charge center will always produce a 
positive field change. However, cloud- 
to-cloud discharges between charge cen- 
ters 1 and 2 will, as shown in Figure 3b, 
produce a field change varying in sign 
with distance. Depending upon the 
amounts of charge involved and their 
mean heights, there will be a certain dis- 
tance, designated by Wilson as the rever- 
sal distance, at which the sign of the net 
field produced by the two sets of charges 
will change from negative to positive. 
Thus, when the discharge occurs, the 
field change at distances less than this will 
be positive, whereas at greater distances 
it will be negative. The field change from 
a discharge between centers 2 and 3 is 
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_ Figure 3. Ground gradients as produced by 
individual thundercloud charge centers 
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Figure 4. Reproduction of photograph of 

natural lightning showing cloud-to-cloud dis- 

charges at cloud base and partial discharges 
toward earth, taken by L. R. Abraham 


uncertain. It depends on which center 
lies at the greater height and on their 
horizontal separation. The change will 
be much smaller than for cloud to ground 
or the first mentioned type of cloud to 
cloud. At distances greater than about 
five or six miles it is probably relatively 
small. 

Capillary electrometer records for 
cloud-to-cloud discharges indicate that 
for both South Africa!®!® and Eng- 
land!*” the reversal distance ranges from 
about two to ten miles with a mean at 
about 4.5 miles. Of 145 records of cloud- 
to-cloud discharges at distances greater 
than six miles, Halliday!® found 137, or 
95 per cent, producing negative field 
changes. Schonland!® found 130 out of 
144, or 90 per cent, negative. For cloud- 
to-cloud discharges at distances less than 
four miles, Halliday records 86 out of 
104, or 83 per cent, as negative, and 
Schonland 19 out of 19, or 100 per cent, 
negative. For strokes to ground Halliday 
has recorded 267 out of 283, or 94 per 
cent, which produced positive field 
changes. The field changes and charge 
moments indicated to be destroyed for 
both types of discharges have approxi- 
mately the same magnitude. They are 
higher than would be expected by partial 
discharges into the air, which are known 
to occur only rarely, and, except at close 
distances, higher than would be produced 
by discharges between centers 2 and 3. 
They indicate that the preponderance, at 
least 90 per cent, of cloud-to-cloud dis- 
charges are between centers 1 and 2 and 
that about 90 per cent of strokes to 
ground lower a preponderance of negative 
charge to ground. However, that dis- 
charges only between centers 2 and 3 can 
occur is indicated by Figure 4 which 
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shows horizontal discharges along the 
base of the cloud not connected to dis- 
charges to ground. This is less likely to 
occur between two sections of the nega- 
tive-charge center than between posi- 
tively and negatively charged regions 
unless the discharge is a multiple one to 
ground. 


That practically all strokes to ground 
involve only negative cloud charge is 
shown by the direct-stroke current data. 
Thirty-three strokes to objects ranging 
in height from 85 to 585 feet have been 
recorded with the fulchronograph.*’ 
Twenty-nine, or 88 per cent, have shown 
entirely negative current flow to earth. 
McEachron has published data showing 
that 41 out of 49, or 84 per cent of strokes 
to the 1,250-foot Empire State Building, 
were of entirely negative polarity.**%? 
Of the four remaining fulchronograms, 
only one was entirely positive. It was a 
single-component stroke and is, as far as 
the authors are aware, the only record of a 
stroke that was definitely entirely posi- 
tive, The remaining three fulchrono- 
grams and the five records of McEachron 
are of oscillatory surges. Of these eight 
oscillatory records, five were initiated by 
a negative discharge, and positive cur- 
rent only flowed toward the end of the 
stroke. However, one fulchronogram 
has been obtained of a discharge to a 360- 
foot radio tower which started initially 
as a positive continuing current flow of 
low magnitude followed by successive 
high-current negative components. 
McEachron*®® has recorded one stroke 
starting as a positive high-current com- 
ponent followed by a negative high- 
current component which in about five 
microseconds reversed to a positive low- 
current discharge, remaining positive for 
only about 30 microseconds. It seems 
most likely that strokes initially positive 
will originate from charge center 3 of 
Figure 3. However, Mr. D. D. Clark of 
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the Kansas City Power and Light Com- 
pany reports observing discharges from 
the top of the cloud along its side to earth. 
The negative-polarity portions of the os- 
cillatory stroke-current records involve 
predominantly greater amounts of charge 
than the positive portions. This, to- 


(a) PERIOD OF INITIAL 
DOWNWARD LEADER 


Figure 6. Charge moment and its derivatives 
for average stroke 


Basic stroke mechanism of Figure 5. Crest 
current 20,000 amperes. Cloud height 5,500 
feet 


gether with the fact that the smaller 
positive center 3 of Figure 3 is in the 
lower region of the cloud, indicates that 
it is most often involved in such strokes. 
To summarize, the evidence available 
to the authors indicates that thunder- 
cloud charge conditions and the types 
of discharges which can take place are 
essentially the same in South Africa, 
England, and the United States. The 
preponderance of cloud to ground strokes, 
about 90 per cent, involves only the dis- 
charge of the negative charge in the 
cloud base. Also, about 90 per cent of 
cloud-to-cloud discharges are from the 
negative-charged region in the cloud base 
to the positive charge in the cloud top. 
There are undoubtedly considerable data 
not available to the authors that would 
give more information on this subject 
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(left). 


and the presentation of it would be most 
welcome. 


RELATION BETWEEN CLOUD HEIGHT AND 
PROPORTION OF STROKES TO EARTH 


It has been commonly observed that 
the greater the cloud height the lower the 
ratio of strokes to ground to discharge 
wholly within the cloud. In England, 
thundercloud heights have been found to 
range from 1,000 to 30,000 feet with an 
average of about 6,500 feet.2° Wormell 
finds that for this average cloud height 
the ratio of positive field changes to 
negative field changes at greater than the 
reversal distance averages 1.7. This gives 
the ratio of ground discharges to those 
in the cloud. Schonland’s data give a 
ratio of 0.22 for Cape Town where he 
states that the cloud heights are generally 
greater than in England. Halliday finds 
a ratio of 0.36 at Johannesburg, but he 
merely states that the cloud heights are 
lower than near Cape Town. Available 
data! on thundercloud heights in this 
country indicate the same range of 
variance and average as for England. 


Wave Shape of Field Produced by 
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accurately by the basic assumptions illus- 
trated in Figure 5. The effects of varia- 
tion from these conditions will be treated 


later. The cloud charge involved in this 
portion of the discharge is assumed to be 
lowered at a constant rate and dis- 
tributed uniformly along a straight verti- 
cal channel. This charge is then lowered 
more rapidly the rest of the way to 
ground by the return streamer. The 
current flowing at the earth terminus of 
the stroke and in the return-streamer 
channel can be considered as determined 
by the distribution along the stroke 
channel of its charge and the velocity of 
the return streamer which instantane- 
ously discharges each portion of the 
channel as it is reached. The stroke 
current flowing at any instant can be 
considered as the product of the return- 
streamer velocity and the charge density 
at the point on the channel reached at 
that instant. For the short distances 
considered in the previous paper, varia- 
tion of these quantities along the channel 
did not affect the field calculations 
greatly. However, at greater distances 
they become important. For the basic 
calculations it is assumed that the 
stroke-current variation with time is 
determined entirely by variation of the 
return-streamer velocity along the stroke 
channel. 


EQUATIONS FOR FIELDS AT LARGE 
DISTANCES 


In the previous paper the field equa- 
tions developed for short distances from 
the stroke channel were fairly complex. 
At larger distances, for which the dis- 
tance y, shown in Figure 5, from the point 
of field measurement to any point in- 
volved in the stroke discharge varies 
only slightly from the horizontal dis- 
tance d, considerable simplification can 
be made. 

The equation for the electric ground 
gradient can be written as follows: 
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AT MEDIUM DISTANCES 28 


. Figure 9. Relation between stroke mecha- 


nism and ground gradients as observed by 


Schonland?6 


and for the magnetic field intensity the 
equation is 


H=6.48X 105 CL Ss Ne 
00? “Ob 567d On* 

gilberts per square centimeter (2) 

It is horizontal, and its direction, of 


course, conforms to the right-hand screw 
law with respect to the flow of current 
in the stroke channel, 

In these equations 


d=distance from stroke channel in feet 

t=time in seconds 

c=velocity of light =984 x 105 
second 


feet per 


Mis the moment of charge in coulomb- 
feet at the time d/c before the field is 
measured at the point P. It is the 
integral at any instant of the product 
of each differential element of charge 
involved in the discharge and its height 
above ground. The effect of the image 
charge shown in Figure 5 is taken care of 
by a factor of 2 included in the equations. 
These equations give an accuracy of about 
ten per cent for distances that are twice 
the cloud height (H). They are thus 
sufficiently accurate for the average 
channel height at distances greater than 
about two miles, The equations contain 
three terms involving the charge moment 
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Figure 10. Ground gradient during period of 
a two-component multiple charge 
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and its first and second derivatives. 
These are commonly designated as the 
electrostatic, induction, and radiation 
components, respectively. It only 
after the start of the return-streamer 
period of the discharge that the induction 
and radiation terms are appreciable. As 
shown by the equations, the three terms 
decrease respectively with the third, 
second, and first power of the distance. 
Thus their relative importance varies 
considerably with stroke distance. The 
equations for the fields during the initial 
downward leader and return-streamer 
periods have been developed in the ap- 
pendix for the basic mechanism of Figure 
5 and an exponentially varying stroke 
current. 


is 


FIELDS PRODUCED BY A TYPICAL STROKE 


To show the principal characteristics 
of the field disturbances and_ their 
variation with distance, calculations have 
been made for a negative stroke com- 
ponent of average characteristics. The 
average value of 0.5 foot per microsecond 
is used for the effective velocity of the 
initial leader for the first component of 
a stroke. For successive components of a 
multiple stroke the dart-leader velocity 
averages about ten feet per microsecond. 
The current and return-streamer velocity 
are shown in Figure 6a. In Figure 6b are 
the curves of the moment and its deriva- 
tives during the return-streamer period. 

The use of an exponential expression 
that gives a reasonable representation 
of the high-magnitude portion of the 
stroke current does not represent the 
subsequent continuing flow of low current 
that may be present to varying degrees. 
It also results in too long a time for the 
return streamer to reach the cloud. 
Therefore, the wave shape after 100 
microseconds was modified, as shown by 
the dotted portion of the curve of Figure 
6a. 

Figures 7 and 8 show the electric 
ground gradient and the magnetic-field 
intensity as calculated for various dis- 
tances from the stroke channel. The 
curves of Figure 7a for distances below 
one mile were determined from the equa- 
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tions of the previous paper.! At these 
distances only the electrostatic com- 
ponent of the electric field is appreciable. 
Also, below about one mile the field in- 
creases negatively during the progress of 
the initial downward leader and then 
rapidly decreases as the return streamer 
propagates up the stroke channel. From 
one to about five miles it decreases during 
both periods. However, as distance is 
increased further and the first and second 
derivative components become impor- 
tant, the field during the return-streamer 
period has an increasingly positive peak. 
At distances above about 20 miles both 
the electrostatic and induction compo- 
nents of the field become negligible. No 
appreciable field change occurs during 
the initial downward-leader period, and 
the field during the period of the return 
streamer has the oscillatory wave shape 
of the radiation component. 


The magnitudes of the currents flowing 
in the stroke channel and their rate of 
variation with time are only high enough 
to produce a magnetic-field intensity of 
appreciable magnitude after formation of 
the intense return streamer. Asshownin 
Figure 8 the first derivative component 
of the field during this period predomi- 
nates up to about two miles. Above 20 
miles the second derivative term pre- 
dominates and the wave shape is identical 
with that of the electric gradient. 


Most field measurements have been of 
the electric field, using either a short 
horizontal antenna, a vertical rod, or 
sphere. Published cathode-ray oscillo- 
grams that are not distorted by propaga- 
tion conditions (to be discussed later) do 
not have sufficient resolving power to 
show the wave shape accurately. Those 
of Schonland appear to give the most re- 
liable information. For relatively close 
distances he has co-ordinated them with 
Boys camera records of the stroke mecha- 
nism,”6 and the effects of propagation 
can be eliminated from those he obtained 
at large distances.*4 In Figure 9 are 
shown typical records obtained in South 
Africa and published by him. ¥igures 
9a and b illustrate the characteristic 
fields he recorded at medium distances, 
Figure 9c is typical of those recorded at 
greater distances and shows the character- 
istic oscillatory wave shape of the second 
derivative component of the moment. 
All of his measurements were made at 
distances for which the radiation com- 
ponent predominated. He found that 
the field change during the period in which 
the return streamer is propagating up to 
the cloud has the characteristic wave 
shape shown by Figures 7d and 9c. 
Figures 9a and b show the two principal 
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types of initial leader conditions which 
he observed. Schonland designated the 
three principal periods of the discharge 
mechanism as a, b, and c. The symbol 
a designates the initial downward-leader 
period, b the return-streamer period, and 
c the period after the return streamer has 
reached the cloud and ceased to propa- 
gate upward. Figure 9a, typical of 
about 65 per cent of the recorded cases, 
indicates, as Schonland points out, that 
the effective rate of progress of the 
initial downward leader is uniform and 
that charge is distributed approximately 
uniformly along the channel. The ripples 
superimposed on the main field change in 
this period are produced by the stepped 
leader mechanism. About 35 per cent 
were typical of Figure 9b for which the 
downward progress of the stroke leaders 
starts at a uniform rate of the same order 
of magnitude as for the first case. How- 
ever, at acertain point the stepped leaders 
suddenly become shorter, and the effec- 
tive rate of propagation decreases. Be- 
cause of the time constant of the am- 
plifier used for the field measurements, 
the recording spot falls to zero during this 
period on account of the relatively slow 
change of gradient. This second type of 
leader mechanism has been attributed by 
him and others*? to the presence of space 
charge in the air which tends to neutral- 
ize the charge lowered from the cloud. 
The difference between the two initial 
leader conditions does not appear to 
affect the more important and higher- 
magnitude field changes recorded during 
the b and c periods. 

Figure 9 illustrates the third phase in 
the field change, the c portion which is the 
field change produced by the further 
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Figure 11. Four as- 
sumptions of charge 
distribution, return- 
streamer _ velocity, 
and channel height 
that produce the 
same stroke current 
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(a) 


slower lowering of charge to earth after 
the return streamer has reached the 
charge center at which the stroke origi- 
nated. This process produces the low- 
magnitude long-duration portion of the 
stroke current. Fulchronograms of di- 
rect strokes show that the length of this 
period and the amount of charge lowered 
varies widely. For some records this 
portion of the stroke current has been of 
negligible duration and in others has 
lasted several hundredths of a second. 
Magnitudes of charge as high as 50 
coulombs have been measured for the 
charge lowered in this period.*” Lowering 
of charge does not necessarily continue 
until the start of another component in 
the case of a multiple stroke.*! However, 
McEachron has found that this is gener- 
ally the case for strokes to very tall ob- 
jects.58 As illustrated in Figure 9a 
Schonland found that subsequent com- 
ponents of multiple strokes sometimes 
produced additional lower-magnitude os- 
cillation in the field just following the ) 
period and just after the return streamer 
had reached the cloud. This will be 
discussed later. 

The net change in field from the start 
of the initial downward leaders to the 
end of the ¢ portion represents the field 
change A-B shown in Figure 2 that would 
be recorded by the capillary electrometer 
for a single-component stroke. It is, 
however, only one phase of the field 
change for a multiple stroke. The com- 
plete characteristics of the electric gradi- 
ent during the whole period of the dis- 
charge is illustrated in Figure 10 which 
shows the field change at close and 
medium distances for a two-component 
stroke. At greater distances, of course, 


—>-8 


s 
z 
2 
= 
= 
2 
RC ate a pehighs 
Hla 
5500 FT fo}t) 
Pals 
ol|< 
° 


(b) 


ALL OF CHARGE ON STROKE GHANNEL 


CHARGE ON TOP I500 FT. 
OF CHANNEL FOR CASE (a) 


(c) 


UNIFORM CHARGE DISTRIBUTION 


CHARGE ABOVE 4000 FT. 
FOR CASE (b) 


H=4000 FT 


ais 


OmICROSEG.S 


(d) 


CHARGE ON CHANNEL ABOVE 4000 FT FOR GASES a & b CONCENTRATED IN CLOUD 


CONSTANT RETURN STREAMER VELOCITY 


AIEE TRANSACTIONS 


ve 


i) 


rr 


where the electrostatic field component is 
negligible, the net change from A to B 
is zero, and the oscillatory components of 
field occurring during the b period each 
start from and return to essentially zero, 
The same condition is aiways true for the 
magnetic-field intensity, regardless of 
m distance. 


Variations From Basic Stroke 
Mechanism 


When consideration was given to the 
fields at close distances from the stroke, 
it was found! that conditions in the lower 
part of the stroke channel near the earth 
are of most importance. For the dis- 
tances considered in this paper, appreci- 
able field changes are produced, not only 
during the first few hundred feet of propa- 
gation of the return streamer, but 
during the entire period that high rates 
of charge movement exist. Conditions 
at the top of the stroke channel and in 
the cloud itself assume greater impor- 
tance. Only the conditions which were 
not treated sufficiently in the previous 
paper! for large distances will be con- 
sidered. The justification for assuming 
that the channel charge is neutralized 
instantaneously by the return streamer 
has been considered. The effects of up- 
ward streamers from the ground were 
shown and found to be unimportant at 
stroke distances greater than 500 feet. 
Trregularities of the main-stroke channel 
have also been treated. Their effects 
decrease with distance, and, except for 
irregularities that they might produce 
in the wave shape of the stroke current, 
they are unimportant at distances where 
r of Figure 5 to any part of the stroke 
channel can be considered equal to the 
stroke distance d. This consideration 
applies to the field disturbance that propa- 
gates directly to the point of measure- 
ment. Irregularities in the shape of the 
main channel do become important at 
large distances for the field disturbances 
reflected from the ionosphere. This will 
be considered later. 


VARIATION OF CHARGE DISTRIBUTION 
ALONG CHANNEL 


Although measurements of the return- 
streamer velocity show sufficient varia- 
tion along the stroke channel to determine 
entirely the stroke-current wave shape,! 
and the field measurements of Schon- 
land*® indicate approximately uniform 
charge distribution along the channel, a 
study was made to determine the ac- 
curacy of the assumption of uniform 
charge distribution. The two limiting 
relationships which can be assumed be- 
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Figure 12. Comparison of charge moment and 


its derivatives for the stroke-mechanism as- 
sumptions of Figure 11 


tween return-streamer velocity V and 
channel charge gq are those shown in 
Figures lla and b. Figure lla represents 
essentially the basic mechanism condi- 
tions of constant charge already treated. 
Figure 11b represents the assumption of 
constant return-streamer velocity and 
variation of charge distribution to pro- 
duce the proper stroke-current wave 
shape. If an exponential wave form is 
used for the stroke current in which it has 
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SECOND DERIVATIVE OF MOMENT 


decreased to zero by the time the return 
streamer has reached the top of the stroke 
channel, the required variation of V for 
Figure lla produces infinite time for the 
return streamer to reach the channel top 
and the variation of g for Figure 11b, an 
infinite channel height. Equations 5 to 10 
of the appendix give the charge moment 
and its derivatives for these two cases, 
and these quantities for the specific 
conditions in Figure lla and b are com- 
pared on the left side of Figure 12. The 
greater height for the case of constant V 
produces a greater initial-charge moment 
and a greater change of moment. How- 
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Figure 13. Variation of second derivative of 

charge moment producing radiation-field com- 

ponent over significant range of cloud height 

(H), return-streamer velocity (V), and stroke- 
current wave shape 


ever, as shown by Figure 12, the second 
derivatives of the moment producing the 
radiation component are very similar. 

Both of these assumptions are extremes 
that are not representative of actmal con- 
ditions, A comparison of the two sets of 
conditions should be based on equal cloud 
heights sufficiently below 5,500 feet to 
produce a reasonable time for the return 
streamer to reach the channel top in the 
case of Figure lla. For large distances 
from the stroke channel, the charge above 
this point can be assumed concentrated 
at the top of the channel. 


RELATION BETWEEN CHARGES IN CLOUD 
AND ON STROKE CHANNEL 


The transition between the two periods 
that Schonland has defined as the b and 
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b periods is not clear cut. It is not 
definitely known at just what time rela- 
tive to the stroke current wave the return 
streamer reaches the top of the main- 
stroke channel. The conditions existing 
in the cloud to produce the further con- 
tinuing flow of current are not exactly 
known. Schonland’s?é measurements 
show that the time at which the return 
streamer reaches the cloud is well down 
on the tail of the high-current portion of 
the stroke current, because even the 
second or negative part of the radiation 
field component in his records is over 
before the return streamer reaches the 
cloud, and the current must have de- 
cayed to a low value by this time. 

That the relation between the amount 
of the charge on the channel and in the 
cloud is not important if the latter be 
considered as concentrated at a point 
can be shown by the two conditions set 
up in Figures lle and d. All of the 
charges above 4,000 feet for the two pre- 
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vious cases are concentrated at the 
channel top. This produces a wide varia- 
tion in the ratio between the two sets of 
charge. It also provides a better basis 
for comparing the effect of channel- 
charge variation. The additional equa- 
tions 11 to 15 are necessary for deter- 
mining the charge moment and its deriva- 
tives when charge is concentrated 
at the channel top. The three com- 
ponents of the field are compared on the 
right-hand side of Figure 12. Practically 
equivalent results are obtained which 
show that not only is the transition pe- 
riod between charge movement on the 
main-stroke channel and in the cloud 
unimportant, but also the variation of 
charge distribution along the channel, 
as long as the stroke current is fixed. 


WAVE SHAPES DIFFERING FROM 
EXPONENTIAL FORM 


With uniform channel-charge distri- 
bution, calculations were made with the 
return-streamer velocity varying in sev- 
eral possible ways that still would 
produce the same standard definition of 
a current wave in terms of time to crest 
and time to half value. For any logical 
wave form the method of varying the 
tail was found to be unimportant, unless 
pronounced irregularities were produced. 
The greatest effect is caused by variations 
in the front of the current wave, and it 
appears principally in the crest and time 
to crest of the first peak of the radiation 
component. However, for a range of 
current fronts including a straight line 
producing a uniform rate of rise, an ex- 
ponential wave, and a sine wave both 
passing through the 10 and 90 per cent 
points of the uniform front, the variations 
of the time to first crest of the radiation 
component and its magnitude were less 
than ten per cent. 


EFFECT OF BRANCHING 


Boys camera records published by 
Malan and Collens*® indicate that the 
brilliancy of the stroke channel suddenly 
increases at the instant the return 
streamer reaches a branch point. Bruce 
and Golde point out that this probably is 


-associated with an increase of stroke 


current, and thus irregularities are 
produced in the stroke current as each 
branch point on the channel is reached. 
As shown by equation 5 of the appendix, 


this should produce a similar variation in _ 


the charge moment which would be ac- 
centuated in its first and second deriva- 
tive producing oscillations in the radia- 
tion component of the field. However, 
the electric-field records of Schonland?6 
which are correlated with Boys camera 
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VELOCITY 100 FEET /MICROSEGOND 
Figure 14. Effect of return-streamer velocity 
and crest stroke current on crest magnitude of 
second derivative of charge moment producing 

radiation-field component 


records show no evidence of such oscilla- 
tion during the period the return streamer 
is propagating back to the cloud. Neither 
has any evidence of this been found as 
yet in stroke-current records.*7,38,59 


ADDITIONAL OSCILLATIONS FOR 
SUCCESSIVE COMPONENTS OF 
MULTIPLE STROKES 


The successive oscillations recorded by 
Schonland** in the period following the 
return streamer’s entry into the cloud 
(see Figure 9a) are difficult to account for 
quantitatively, since little is known about 
the stroke mechanism within the cloud. 
He found that in general the duration 
and number of oscillations increased pro- 
gressively with each successive stroke 
component, indicating that each addi- 
tional set of oscillations is identified with 
each new charge center tapped. The 
variation in height of these charge 
centers can be large enough that the 
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streamer path connecting them to the 
main-stroke channel will be quite vari- 
able. As a certain successive stroke com- 
ponent is initiated by a steamer starting 
from its charge center, it may, in some 
cases, travel first to the charge center 
producing the component occurring just 
previously, thence to the next charge 
center, and so on until the center origi- 
nating the initial component is reached 


-and the path is completed to ground, 


Thus, although the return-streamer veloc- 
ity and charge distribution along the 
streamer channel in the cloud may have 
no irregularities, variations in the cloud- 
streamer path might produce field irregu- 
larities, that would be accentuated in 
the radiation component, even though 
they are not produced in the stroke 
current. 

Schonland himself points out? that 
Boys camera records do not indicate ir- 
regularities in the channel current below 
the cloud at this corresponding time, nor 
do they commonly appear in measure- 
ments of the stroke current at the 
ground.*” The only measured stroke 
current known to the authors with such a 
characteristic is that discussed under 
“Types of Lightning Discharges,” in 
which the current reversed polarity five 
microseconds after the start of the high- 
current component. The relative effect 
of such irregularities in the cloud-streamer 
path should decrease with stroke dis- 
tance, and Schonland makes no mention 
of this effect in the fields recorded at large 
distances,*4 although he states that the 
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Figure 16. Train of pulses produced in the 

electric field at large distances by reflections 

from the ionosphere as observed by Schon- 
land*! 


G represents field propagating directly to 
point of measurement. S, are the reflected 
pulses 


fields from successive components were 
recorded. The wave shape of Figure 9c 
is given as typical of all records of fields 
undistorted by reflections from the 
ionosphere. 


SUCCESSIVE REFLECTIONS FROM THE 
IONOSPHERE 


The wave shapes of fields measured at 
great distances are very complex and 
show considerable distortion from propa- 
gation which makes them difficult to 
interpret. Schoniand,*4 however, has 
quite definitely established that this dis- 
tortion is produced by successive re- 
flections of the radiated field between the 
ionosphere and earth which, because 
each higher order of reflected wave travels 
a greater distance to the point of measure- 
ment, produces a train of waves. This is 
illustrated by the set of records in Figure 
16 reproduced from Schonland’s paper. 
As the stroke distance increases, the time 
interval between the field disturbance 
propagating directly to the point of 
measurement (the ground pulse G) and 
the sky pulse S becomes smaller, until at 
a certain distance the sky pulse S; of 
Figure 16 merges with the ground pulse 
and thus distorts it, so that it loses its 
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initial character. Finally, at very great 
distances, the pulses have all merged 
together producing the type of record 
shown at the bottom of Figure 16b. For 
atmospherics at night as recorded by 
Schonland, the height of the reflecting 
layer ranges from 50 to 60 miles and the 
S; sky pulse begins to merge with the 
ground pulse at stroke distances of 250 to 
300 miles. However, during the day the 
height of the reflecting layer is lower, 30 
to 40 miles, and they merge much sooner. 
Records of “Appleton and Chapman 
indicate merging at distances of 50 to 
100 miles during the day. 

All records of Schonland where the 
ground pulse is undistorted have shown 
the wave form which the calculations 
indicate as typical for the radiation com- 
ponent. The more complicated wave 
forms that have been recorded are most 
likely due to this reflection effect. Quite 
frequently the sky pulses have the same 
wave form. However, they are subject 
to additional distortion because of this 
reflection from the ionosphere. Another 
factor causing variation from the ground 
pulse is stroke-path irregularity. The 
sky pulse reflected to a certain point on 
the earth is the result of the portion of the 
field radiated from the stroke at a cer- 
tain angle with the vertical to the iono- 
sphere. For successive pulses this angle 
is different. If the stroke path is con- 
sidered as made up of individual segments 
inclined at varying angles, the field 
radiated at different angles will vary, and 
thus each segment can produce a different 
field for each successive sky pulse. 


Errect or CLoup Hericut, RETuRN- 
STREAMER VELOCITY, AND STROKE 
CURRENT 


The principal factors affecting both the 
electric and magnetic field are the cloud 
height, return-streamer velocity, and 
channel charge which can be specified 
in terms of the stroke current the quan- 
tity that has been measured. The effect 
of these on the radiation component can 
be analyzed quite simply, so that they 
can be established over the pencipal 
range of distances, However, at close 
distance (one to ten miles) their effects 
are too complicated and interrelated to 
warrant summary. 


In Figure 13 are shown curves of the 
second derivative of the charge moment 
for cloud heights, crest magnitudes of 
return-streamer velocity, and current 
wave shapes covering the principal range 
of variation. As shown previously, the 
principal range for the crest magnitude 
of the return-streamer velocity as indi- 
cated by available data is 100 to 500 feet 
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Figure 17. Magnitude of net field change 
(see Figure 10) produced by a stroke to 
ground 


per microsecond with an average of about 
200 feet per microsecond. The fronts of 
most current waves lie between one and 
ten microseconds and their times to half 
value between 20 and 100 microseconds. 
For this range of current wave shapes, 
variation of cloud height above 10,000 
feet is unimportant. As shown by these 
curves, the duration of the radiation 
component increases with stroke-current 
duration, The field wave shape is in- 
dependent of everything but stroke cur- 
rent for current waves as short as the 
2x10-microsecond wave. For longer cur- 
rent waves, the duration of the first posi- 
tive portion of the field increasessomewhat 
with increasing cloud height and de- 
creasing streamer velocity. However, the 
magnitude is affected little by cloud 
height and depends principally upon the 
magnitude of the stroke current and re- 
turn-streamer velocity being directly 
proportional to both as shown by Figure 
14. It is interesting that the time to the 
first crest is proportional to the time to 
crest of the stroke current as shown by 
Figure 15 and independent of the other 
factors. 
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Figure 18. Crest magnitude of field change 

produced at close distances by a stroke com- 
ponent (see Figure 7a) 
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The dominant effect of stroke current 
indicates that considerable information on 
stroke-current wave shapes could be ob- 
tained from field records of sufficient re- 
solving power, if they were obtained in 
the proper range of distance, so that the 
undistorted radiation component is re- 
corded. Measurements of the front of 
the field would provide information on 
the fronts of the stroke current for which 
there are fewer data than for any other 
part of the current wave. Schonland?6*4 
has found the total measurable duration 
of the radiation component to range from 
50 to 250 microseconds with an average 
and most common value of about 80 
microseconds. This indicates current 
wave shapes with times to half value 
ranging from 20 to 100 microseconds and 
averaging about 30 microseconds. ‘This 
range of wave shape is also indicated from 
the range (20-70 microseconds)** of the 
measured durations of the first positive 
portion of the field. This checks quite 
well with stroke-current measurements.*” 
Attempts at stroke-current analysis from 
field measurements have been made by 
Norinder.”* However, they are in- 
accurate, because not enough knowledge 
of the stroke mechanism was available 
at the time. 


MAGNITUDE oF ELECTRIC FIELDS 


In Figures 17, 18, and 19 are given 


data on the range of magnitudes of the 
principal field changes produced during 
a discharge to ground and their variation 
with stroke distance. The solid curves 
were calculated from the formulas of this 
and the previous paper,! and the plotted 
points represent actual measurements. 
In Figure 17 are shown the range of the 
net A-B field change as produced by the 
cloud charge lowered by a stroke and the 
field change recorded by the capillary 
electrometer. The curves were calculated 
by assuming the total stroke charge to 
be concentrated at one point. Stroke- 
current measurements*”)*§ indicate that 
one to 100 coulombs is the principal 
range for the amount of charge lowered 
with an average of 20 to 30. Cloud-height 
data indicate a range of 1,000 to 35,000 
feet with an average of about 6,500 feet. 
The curve for the average conditions 
conforms quite closely, for distances 
above three miles, to the averaged plotted 
data of Wormell!” who has published a 
summary of the records obtained at 
Kew up to 1939. The divergence below 
three miles may be due to the inacctiracy — 
of assuming the charge concentrated at 
one point. 


In Figure 18 are plotted curves for the — 
crest magnitude of the field at close dis- 
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tances which has the wave form given by 

_ Figure 7a. For this range of distance 
crest stroke current is the principal 
factor determining the field. As shown by 
this curve quite high gradients can be 
produced as far away as half a mile. 
They are sufficient to produce sparking, 
even between relatively small metallic 
\\objects at close spacings. Induced sparks 
produced in this way are a consideration 
in structures which constitute a fire or 
explosion hazard. There is evidence that 
fires are started in wooden barns in this 
manner. No field measurements are 
known to the authors for this range of 
distances. Figure 19 applies to the crest 
magnitude of the radiation-field com- 
ponent which predominates above 10 to 
20 miles. The magnitude of this com- 
ponent is a function only of the crest 
stroke current and return-streamer veloc- 
ity, and it should vary inversely with 
distance (see equation 1). This is veri- 
fied by the averaged plotted points of the 
field measurements shown on the figure. 
They also confirm the estimated average 
curve based upon an average crest stroke 
current of 20,000 amperes and an average 
crest return-streamer velocity of 200 
feet per microsecond.! However, the 
field can be distorted somewhat at dis- 
tances above 50 miles in the daytime and 
200 miles at night by sky reflections. The 
good comparison between the calculated 
and measured values indicates that the 
distortion does not greatly affect the 
crest magnitude of the field. Similar 
field data published by Lutkin*! are not 
plotted, because the averaged values are 
more than ten times those plotted in 
Figure 19 and lie above the calculated 
upper limit. It is felt that there is some 
error in his results. 


Fields From Cloud-to-Cloud 
Discharges 


Insufficient information is available on 
the mechanism of cloud-to-cloud dis- 
charges to calculate the fields they pro- 
duce. Wormell has found that the total 
A-B field change of such discharges is 
the same order of magnitude as for dis- 
charges to ground, indicating the same 
range of magnitude of charge to be neu- 
tralized. However, the fields produced 
at close distances will be very much less 
and insignificant below one-half mile 
compared to those shown in Figure 7a 
for cloud-to-ground discharges. The 
reason for this is that the discharge 
mechanism takes place at a great distance 
from the earth. The radiation fields 
recorded at larger distances also have 
been found to be less*4 and are dis- 
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Figure 19. Crest magnitude of electric 


gradient at large distances 


Radiation component (see Figure 7d) 


tinguishable from those produced by 
strokes to ground. The reason for this 
is that the rate of combination of charge 
is much lower. For the more common 
type of discharge between the negative 
charge in the cloud base and the positive 
charge in the cloud top, photographic 
records of the discharge mechanism 
indicate that it consists of a series of 
“dart” leaders similar to those initiating 
subsequent components of multiple 
strokes but unaccompanied by the in- 
tense return streamer.$4 Several such 
records have been obtained in the West- 
inghouse lightning investigation that 
are, however, too faint for reproduction. 
One of these showed six such dart leaders 
of very short duration compared to the 
typical return streamer and separated 
by time intervals ranging from 0.0005 to 
0.015 second with a total duration of 
0.109 second. The time intervals between 
these streamers is in general much less 
than for the interval between multiple 
components of cloud-to-ground  dis- 
charges. The fields as recorded for such 
discharges*!*4 are a series of very short 
pulses, each lasting not more than about 
five to ten microseconds. Records have 
also; been obtained*!*4 of fields which 
have the characteristic of the gradient 
produced by the step-leader process of a 
stroke to ground. They consist of very 
low magnitude and short pulses separated 
by intervals of the order of 50 to 100 
microseconds. These have been attri- 
buted by Lutkin®! to the type of dis- 
charge previously discussed, starting to- 


ward the earth but not reaching all the: 


way to ground, 


Summary and Conclusions 


The variations of the electric ground 
gradient produced by lightning discharges 
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have been compared with the gradient 
present at all other times both in fair and 
disturbed weather. These rapid varia- 
tions provide the only definite means of 
identifying and locating thunderstorms 
from the nature of the ground gradient. 


The field data now available indicate 
that, although there are several types of 
lightning discharges, the great prepon- 
derance is of two kinds; cloud-to-ground 
discharges involving only the negative 
charge in the base of the cloud, and cloud- 
to-cloud discharges between these nega- 
tive-charge centers and the 
charge in the cloud top. Their relative 
frequency of occurrence varies with cloud 
height. The lower the cloud base above 
ground, the greater the number of strokes 
to ground. Field measurements indicate 
that their ratio to cloud-to-cloud dis- 
charges ranges from 0.22 in South Africa 
to 1.7 in England where cloud height 
conditions are about the same as those 
over relatively flat terrain in the United 
States. 


The analytical study that has been 
made of the electric and magnetic fields 
produced by strokes to ground gives their 
magnitude and wave shape during the 
entire period of the discharge as a function 
of the stroke distance. Measurements of 
the net field change from the beginning 
to the end of a stroke to ground confirm 
the average of 30 coulombs, as found by 
stroke-current measurement, for the 
charge lowered to earth. The crest 
magnitude of the fields produced at dis- 
tances below about a half-mile are deter- 
mined primarily by the magnitude of the 
stroke current. Fields of sufficient magni- 
tude to cause induced sparks even be- 
tween small metallic objects can be 
produced at distances as great as one 
half-mile. The data on magnitude of 
the ground gradient provide a method of 
determining sparking conditions which 
are an important consideration in the 
protection of structures that are a fire or 
explosion hazard and which can be pro- 
duced at even greater distances. Above 
10 to 20 miles the magnitude and wave 
shape of the stroke current and the magni- 
tude of the return-streamer velocity are 
the principle controlling factors. Cal- 
culated and measured values of the 
magnitude of the field in this range of 
distances are in good agreement. Aver- 
aged measured values conform closely to 
calculation of the field using magni- 
tudes of return-streamer velocity (200 
feet per microsecond) and stroke current 
(20,000 amperes) that other investiga- 
tions indicate to be average. In the 
intervening range number of influencing 
factors is large and their effects complex. 


positive 
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Despite the complex wave forms that 
have been recorded at great distances, 
the field as radiated from the stroke has a 
relatively simple well-defined form deter- 
mined principally by the wave shape of 
the stroke current. The complex records 
are produced by reflections from the 
ionosphere that begin to cause distortion 
at distances ranging from 50 to 300 miles. 
Analysis of available records of the wave 
shape of the electric field indicates that 
they are produced by strokes with cur- 
rents having times-to-half value ranging 
from 20 to 100 microseconds and averag- 
ing about 30 microseconds. This checks 
measurements that have been made of 
stroke currents. More accurate records 
of the undistorted field should give con- 
siderable information on the wave shape 
of stroke currents, particularly their 
fronts for which relatively little informa- 
tion is available. 

Cloud-to-cloud discharges usually pro- 
duce a net change in field of the same 
order of magnitude as strokes to earth 
indicating that about the same amount of 
charge is neutralized. However, the 
field changes produced are usually dis- 
tinguishable from those of ground strokes 
by being of lower magnitude and consist- 
ing of a series of pulses of very much 
shorter duration with time intervals 
generally much less than between success- 
ive components of strokes to ground. 


Appendix. Equations for Light- 
ning-Stroke Charge Moment and 
Its Derivatives 


General equations can be developed for 
the moment and its first and second time 
derivatives for use in the field equations of 
the section, “Equations for Fields at Large 
Distances.” 


1. Before Start of Discharge 


Just previous to the initiation of the down- 
ward leader, see Figure 5a 


M=O0H (3) 
where 


M=moment of charge 
Q=concentrated charge 
H=height of charge 


All units are in terms of coulombs, feet, 
and seconds. 


2. Initial-Leader Period 


During the downward leader process, 
Figure 5b, if uniform initial-leader velocity, 
v, and uniform channel-charge distribution, 
q, are assumed, the equation for the moment 
is 
0 
q(H —2z)dz+ (Q—qz)H 


H 


M= 


where 


z=ut 
qu? 
M=qHut— Se ?+QH —qHvt (4) 


where 


q=distributed charge per-unit length 

z=length of channel developed from con- 
centrated charge 

v=velocity of downward streamer 

t=time 


3. Return-Streamer Period—Constant- 
Charge Distribution 


During the period that the return streamer 
is neutralizing the charge on the channel, 
the analysis is based upon an assumed cur- 
rent of the form 


i=1(e-@ —e-#') 

From 

i=qV 

and Figure 5c, the expression for velocity, V, 


may be evolved 


I 
V=-(e—*! —e 6) 
q 


The total length, LZ, of the channel is this 
same integral carried to infinity. 
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4. Return-Streamer Period—Constant- 
Streamer Velocity 


If one starts again from the assumed cur- 
rent wave, the expression for charge distri- 
bution may be evolved 


I 
Coa Cora 9) 
y= Vt 


Here the total channel length, L, must al- 
ways be infinite. Then 


umf qy dy 

7] 
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5. Part of Charge Concentrated 
at Top of Channel 


The method of calculation of the three 
quantities where the channel height arbi- 
trarily is chopped involves working through 
a point of discontinuity. All the charge 
which has been considered to be on the 
channel above the point of chopping is as- 
sumed to be concentrated at that point. 
If L is the fully developed channel height, 1 
is the chopped height, and constant- 
charge distribution is assumed, the charge 
which must be concentrated can be ex~ 
pressed as 


L 
a= f q dy 
H 


Up until the time at which the return 
streamer reaches the height, H, the moment 


1S 
es 
u- f qy dy+Q,H 
0 


After this time the moment varies directly 
as the current and 


(11) 


M = M'(e~™ —e- 8") (12) 
where a and @ are the constants from the 
assumed current expression. MM’ is a con- 
stant determined by letting M equal 
Q-H and ¢ equal the time at which the 
streamer reaches height H. 

After the discontinuity 


dM 
Pits M'(—ae~+ Be-*') (13) 
GMT cue ae 

aH = M’(a2e~ Bt — Bre") os (14). 


With the assumption of constant velocity 


t 
an food 
0 
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where ¢ is the time at which the discon- 
tinuity occurs. The moment till this time 


is then 
us * 
Me qy dy+Q-H (15) 
uv 
After this time. the equations for WM, 


dM /dt and d*M/dt® are the same as given 
previously for the constant-charge distri- 


‘bution case. 


Each curve requires a smooth transition 
through the point of discontinuity. The 
best system is a careful sketching of a 
reasonable curve. 
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Staged Fault Tests of Relaying and Stability 
on Kansas—Nebraska 270-Mile 154-Kv 


Interconnection 


Cc. W. MINARD 


NONMEMBER AIEE ASSOCIATE AIEE 


Synopsis: Results and conclusions are pre- 
sented from 22 staged fault tests made on 
a 154-ky transmission line and terminal 
systems to check the characteristics of new 
long-line relays, discussed in companion 
papers,!:? which were designed to differen- 
tiate between faults and high power swings. 
Observed power swings and relay perform- 
ance are compared with theoretical aspects 
and predictions. Data on the transient- 
stability limit of the interconnection, to- 
gether with observations made during the 
tests, are also presented. Measured values 
of line constants and short- and open-circuit 
impedances are given, together with results 
of attenuation tests at carrier frequencies. 
Manner of initiating the faults, scheduling 
of power flows, and organizing personnel are 
briefly discussed. 


ULL-SCALE faults under observed 

and recorded power-flow conditions 
were placed on the Kansas—Nebraska 
154-kv interconnection and on other lines 
near the terminals of this interconnec- 
tion to check operation of newly developed 
long-line-type carrier-controlled protec- 
tive relays, to observe interconnected 
system operation during fault conditions, 
and to establish approximate transient- 
stability limits. From the records of these 
tests, breaker operating times were stud- 
ied, performance of the new protective 
relays were examined, and necessary ad- 
justments were made in relays and control 
circuits to realize desired over-all operat- 
ing performance of interconnected sys- 
tems during both normal and transient 
conditions. Measurements of line con- 
stants and attenuation at carrier-current 
frequencies were also made. 


Description of Interconnection 


The Kansas—Nebraska 154-kv inter- 
connection includes 161/69-kv trans- 
formers and other terminal equipment of 
the Nebraska Power Company, the 154-kv 
transmission line, and 161/138-kv trans- 
formers and other terminal equipment of 
the Kansas Gas and Electric Company.® 

The 154-kv line is 268.52 miles long 
without intermediate switching stations 
or taps. It is a single-circuit line of wood- 
pole H-frame construction with horizon- 
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tal conductor spacing of 14 feet 6 inches 
and is one of the longest in the world. 
Ruling span is 600 feet. Since the ter- 
minal transformers are on the line side of 
the circuit breakers and are operated as 
part of the line, the electrical length is 
approximately 30 per cent greater than is 
indicated by its physical mileage. The 
conductor is 0.683 inch in diameter and is 
250,000 circular mils of hollow hard-drawn 
copper. It is supported on tangent struc- 
tures by ten ten-inch suspension insula- 
tors having 5%/,-inch spacing, and 15 in- 
sulators are used on grounded steel sup- 
ports and on dead ends. Two */s-inch 
high-strength galvanized-steel overhead 
ground wires shield the line. These have 
vertical clearance above the power con- 
ductors of 12 feet at structures and approx- 
imately 20 feet at mid-span. A steel 
cross member supports overhead ground 
wires and connects these to both pole 
grounds at each structure. There are 
three complete transposition barrels in the 
line. 


The terminal facilities in Nebraska con- 
sist of a 40,000-kva 161/69/13.8-kv three- 
winding transformer bank, three 5,000- 
kva shunt reactors each connected 
through circuit breaker to the tertiary 
winding of the transformers, and a 69-ky 
oil circuit breaker on the low-voltage side 
of the transformers for switching the inter- 
connection, together with the necessary 
controls and protective-relaying equip- 
ment. 


The terminal facilities in Kansas con- 
sist of a 45,000-kva 161/138/12.5-kv auto- 
transformer bank, three 5,000-kva shunt 
reactors, each connected through circuit 
breaker to the tertiary winding of the 
transformers, and a 138-kv oil circuit 
breaker on the low-voltage side of the 
transformers, together with the necessary 
controls and protective relaying equip- 
ment. 

The  oil-circuit-breaker specification 
called for five-cycle clearing of faults and 
automatic reclosing within 20 cycles after 
the trip coil is energized. If one to two 
cycles are allowed for protective relay 
time, the interconnection should be re- 
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energized from both ends in approxi- 
mately 22 cycles after the occurrence of a 
fault. 

To.clear the terminal transformers in 
case of internal faults, differential relays 
are connected to trip open the correspond- 
ing terminal breaker on the low-voltage 
side of the faulted transformer bank and 
to close a spring-operated three-phase 
grounding switch which grounds the 154- 
kv line. It is then cleared from the op- 
posite end by action of the protective re- 
lays and terminal breaker. The ground 
switches are also used to ground the line 
when it is out of service for maintenance. 

This interconnection adds a substan- 
tial new section to what was already the 
largest interconnected power-transmis- 
sion system in the world which extends 
over 20 states, has a total generating ca- 
pacity of more than 12,000,000 kw, and is 
normally all operated in synchronism. 

The length and importance of the line 
and the dependence which will be placed 
on it for transmission of relatively large 
blocks of power created several unusual 
problems requiring solution. Of particu- 
lar importance were: determining the re- 
quirements of protective-relay system 


Paper 43-39, recommended by the AIEE com- 
mittees on power transmission and distribution and 
protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 25, 1942; made available for printing 
December 22,1942. 


C. W. Mrnarp and E. A. Swanson are with the 
Nebraska Power Company, Omaha, Nebr., where 
Mr. Minard is chief engineer, and Mr. Swanson is 
substation engineer. W. A. Wo LFs is relay engi- 
neer in the operating department of the Kansas Gas 
and Electric Company, Wichita, Kans., R. B. Gow, 
formerly electrical engineer with the same com- 
pany, is now an ensign in United States Naval 
Reserve, stationed at Fort Schuyler, Bronx, N. Y. 


The scope of the staged tests which affected oper- 
ating conditions and involved dispatchers, opera- 
tors, relay men, and engineers of five principal 
transmission systems in four states makes it im- 
practicable to give proper and complete credit to 
each of those who participated in the tests and 
made them successful. However, the authors par- 
ticularly acknowledge the help of H. E. Margrave 
who directed the application of faults and schedul- 
ing of power flows in Kansas and R. E. Phillips 
who supervised installation and testing of the long- 
line relays and control work, both of the Kansas 
Gas and Electric Company; I. H. McNeil and his. 
assistants who installed terminal equipment and 
initiated the faults and Charles Turner and his 
assistants who scheduled power flows in Nebraska, 
both of the Nebraska Power Company; Ralph 
Kramer and -staff of the Nebraska Public Power 
System; C. A. Streifus who supervised the fault 
tests and installation and testing of the long-line 
relays at the Nebraska terminal and F. C. Poage 
for his advice during the preparation of this paper, 
both of Ebasco Services, Inc. During the progress 
of the tests A. R. van C. Warrington and A. J. 
McConnell of the General Electric Company 
guided engineers in the operation of the oscillo- 
graphs and in the analysis of the oscillograms and 
gave valuable advice on adjusting relays and 
changing settings to obtain satisfactory perform- 
ance. The interest and co-operation of the operat-. 
ing organizations of the Empire District Electric 
Company, the Oklahoma Gas and Electric Com- 
pany, and Nebraska Public Power System are also 
gratefully acknowledged. Their assistance in 
scheduling and controlling power flow over the 
interconnections contributed in a large measure to 
the successful consummation of the tests. 
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needed as analyzed in a companion paper,! 
development of new long-line relays to 
meet these requirements as discussed in a 
second companion paper,” design of the 
controls which would include immediate 
reclosing of both terminal breakers to 
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Figure 1. One-line diagram of interconnection 


of circuit breakers. Calculations made 
during these studies showed that although 
the tendency to reach instability is greatly 
influenced by breaker clearing and fault 
time, a much greater factor in determin- 
ing the transient-stability power limit is 
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maintain synchronism following a tran- 
sient fault, and relaying to protect ter- 
minal transformers. 


Network-Analyzer Studies 


During preliminary studies of the inter- 
connection, a series of a-c network- 
analyzer studies was made to determine 
among other things the operating charac- 
teristics of the line and the best operating 
arrangements at terminals. These stud- 
ies indicated that the interconnection 
would have a transient-stability power 
limit between 25,000- and 35,000-kw re- 
ceived power, depending upon operating 
conditions, type of fault and location, 
and breaker operating time. These stud- 
ies also showed it would have steady- 
state-stability power limit in excess of 
50,000 kw. 

The transient-stability limits deter- 
mined by these studies were based on six- 
cycle clearing of two-wire-to-ground faults 
at the sending end and 21-cycle reclosing 
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the length of time the systems are sepa- 
rated during the open-close reclosing 
cycle of circuit-breaker operation. The 
transient-stability limit should be some- 
what greater for faults near the receiving 
end of the interconnection. 


Purpose and Scope of Tests 


Although the relay and control scheme 
had been explored thoroughly from a theo- 
retical standpoint, and factory tests, simu- 
lating field conditions, had been made on 
the new type of relays, it was desirable to 
test thoroughly the completed intercon- 
nection under actual system-operating 
conditions by application of staged faults, 
rather than to await the results of acci- 
dental faults during normal operations. 
Fourteen staged fault tests were made 
with zero power transfer over the line, 
and later eight were made with power 
transfers approaching the predicted tran- 
sient-stability power limits. 

These tests, made by placing faults de- 


Figure 2. Typical structure, 154-kv line 


liberately on the 154-kv line and on the 
terminal systems, had the following ob- 
jectives: 


(a). To check and assure proper operation 
of new long-line-type protective relays for 
faults occurring on both the 154-kv inter- 
connecting line and on the terminal systems. 


(b). To check ability of new long-line type 
of relays to differentiate properly between 
power swings on the interconnection and 
actual fault conditions. 


(c). To check and assure proper operation 
of relays on the 60- and 132-kv systems in 
Kansas and on the 66-kv system in Nebraska 
for faults occurring on the 154-kv line. 


Schedule of Staged Two-Wire-to-Ground Fault Tests 
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layed cutting off carrier which caused pickup of RB 
carrier backup block-tripping relay with consequent 
slow trip-out. 


Kansas Gas and Electric Company and Oklahoma 


* Operating time is on 60-cycle basis. 
Gas and Electric Company, 


** The disturbance in the Kansas system resulting 


from this test, caused loss of synchronisni between *#* Contact bounce in ground-relay element de- 
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IMPEDANCE CIRCLE DIAGRAM 


Figure 3. Impedance circle diagram of inter- 

connection as ‘‘seen’’ by relays at Kansas 

terminal together with characteristics of relay 
units 


(d). Yo check network-analyzer results 
from which transient-stability power limits 
for the interconnection were predicted, and 
to establish more accurately the actual sta- 
bility limits in order that power flow over 
the line may be brought within these limits 
at the approach of storms, 


(e). To check instantaneous reclosure fea- 
tures of control circuits and terminal break- 
ers, to observe operation of high-speed relays 
and to make oscillograms of their perform- 
ance. 


(f). To obtain information on intercon- 
nected system performance and operation 
during transient conditions helpful to power- 
plant operators, system dispatchers, relay 
men, and engineers. 


Table I! 


hem 


Positive-sequence open-circuit 


impedance computed from eee 

ROSES irrarsc yd Avision oir Rare aes 648/88.13° ohms 
Positive-sequence open-circuit 

impedance calculated....,.... 638/88 .04° ohms 


Positive-sequence short-circuit 


impedance computed from 

(Fn 1e Fj AO DOO OR ce REA IR 258/70.6 °ohms 
Positive-sequence short-circuit : 

impedance calculated........ 250/71.74° ohms 


Characteristic impedance 
conductor-to-conductor— ey 
computed from tests....... 409/8.77° ohms 

Characteristic impedance 
one-conductor-to-ground = 
—computed from tests. ....550/9.2° ohms 

Zero-sequence short-circuit im- 
pedance computed from tests. .744/69.2° ohms 
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In addition to the preceding fault tests, 
preliminary low-voltage tests and meas- 
urements were made on the 154-kv line 
with the following principal objectives: 


(a). To obtain data from which line con- 
stants and unit values of resistance, react- 
ance, and susceptance could be determined 
for check against the values used in design 
and performance calculations. 


(b). To obtain the 
pedance of the line. 


(c). To measure the characteristic im- 
pedance conductor-to-conductor and con- 
ductor-to-ground. 


(d). To check the relative phase rotation 
of the systems to be interconnected and to 
check the phase identification which had 
been followed throughout construction of the 
line and terminal substations. 


zero-sequence im- 


Results of Staged Fault Tests 


Group I 


Fourteen tests, designated as group I, 
were made with the systems synchronized 
but with approximate zero power flow 
over the interconnection, 

These tests comprised: 


(a). Two one-wire-to-ground faults placed 
on the 154-kv line, one near each of the 
terminals. 


(b). Four two-wire-to-ground faults placed 
on the 154 ky line, two near each of the 
terminals. 


(c). Two two-wire-to-ground faults placed 
on 66-kv lines near the Nebraska terminal 
of the interconnection. 

One two-wire-to-ground fault placed on a 


Minard, Gow, Wolfe, Swanson—Staged Fault Tests 


AA TARARERPDPESIAEES TRS TSP Pe Rey ea ek 


LiRis clecith Cgc ceR ania hie 


Re RR AR KAPA RSS 
¥ eee ee | 
é ye | 


aa ANAANAAKAAIAR AAAS WAN: Or 
ee = 
. ee 


Figure 4. Oscillograms from test 2 


Two-wire-to-ground fault on 154-ky line near 
Nebraska end with 30,000 kw received in 
Kansas 


Nebraska oscillograph records 

A—13.2-ky tertiary current 

B—154-kv A-phase current 

C—154-kv B-phase current 

D—154-ky neutral current 

E—154-kv C-phase current 

F—66-kv B-C-phase potential 

G—66-kv A-B-phase potential 

H—Carrier receiver-relay current 

[Carrier grid-control circuit of phase relays 

J—Carrier grid control 

K—69-ky circuit-breaker trip and close circuits 

L—Trip circuit of CEX-ohm and CGZ-mho 
units 

Kansas oscillograph records 

M—132-kv B-C-phase potential 

N—138-kv oil-circuit-breaker closing circuit 

O—154-ky neutral current 

P—138-kv oil-circuit-breaker trip circuit 

Q—154-kv B-phase current 

R—Carrier grid control 


radial 66-kv line 19 miles from the Nebraska 
terminal. 


(d). Two two-wire-to-ground faults placed 
on 60-kvy lines near the Kansas terminal. 


(e). One two-wire-to-ground fault placed 
on a 132-kv line near the Kansas terminal. 


(f). 


end of the 154-kv interconnection. These 


faults were established by tripping closed — 


the grounding switches to simulate the 
action of transformer differential relays. 


Both interconnection breakers success- 
fully cleared the faults and reclosed im- 
mediately in four of the six tests made 
under a and } above. In one of the un- 
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Two three-phase faults, one on each 


4 


* 


7 


a¥ 


_ near Kansas end with 
35,000 kw received 


stable. 


successful tests, one breaker tripped and 
reclosed several times in rapid succession 
as result of a sticking contact in a reclos- 
ingrelay. In thesecond unsuccessful test, 
involving a two-wire-to-ground fault, one 
breaker, after successfully reclosing, was 
tripped out immediately by its ground 
backup relay of the induction disk type. 
The contacts of this relay had closed 
during the fault and did not reopen 
quickly enough. Increase in time-lever 
setting corrected this trouble. 

Neither of the interconnection break- 
ers opened for the six faults on other lines, 
c, d, e, giving evidence of properly polar- 
ized directional-relay elements and correct 
action of carrier-blocking equipment. 
Correct relay operation was obtained in 
the two tests with permanent three-phase 
faults under f but with reclosure features 
made inoperative. 

These tests with zero power flow on line 
gave proof of the performance of the oil 
circuit breakers and relay equipment at 
the two terminals, and they acquainted 
the operators and dispatchers with the 
system conditions during faults and laid 
the foundation for proceeding with group 
II tests. The tests also gave the men 
initiating the faults and terminal super- 
visors experience in co-ordinated pro- 
cedure and timing of fault application for 
the more important series of tests to be 
made under power-flow conditions. 

Several weeks elapsed between the tests 
of group I and group II. During this 
time and as result of analysis of test data, 


Figure 5. Oscillo- 
grams from test 4 
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in Nebraska. Un- 


For oscillo- 
graph legend see 
Figure 4 
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Table Ill 


Calculated using data 
from source 3}... .. 2.36. 0.851/2.82°.. 


2 
Computed from test data. .0.851/2.99°.. 


-213/74.56° ohms. .0.001334/90.86° mhos. . .0.851/2.82° 
-220/73.79° ohms. .0.001313/91.12° mbhos. . .0.851/2.99° 


several changes were made in relay con- 
nections and settings, together with some 
modifications in contact circuits. 


Group II 


Eight tests were made with the systems 
synchronized and the 154-kv intercon- 
nection loaded. These are summarized 
conveniently in Table I and footnotes. 
Figures 4 to 8 inclusive are sets of oscillo- 
grams taken during this group of tests. 

With the exception of tests 4 and 44, in 
which automatic reclosing of the inter- 
connection was not successful in holding 
the systems in synchronism, power swings 
observed throughout the interconnected 
systems during these tests were small and 
had little or no effect on operation. In 
fact these swings during the successful 
tests were described by operators as being 
less severe than those experienced when 
the systems were brought together by the 
automatic synchronizer operating at the 
maximum difference in frequency for 
which it is normally set to work. It was 
observed that, except in tests 4 and 44, 
normal load flows on the interconnections 
were re-established within four or five 
seconds after each fault. The graphic 
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instrument charts reproduced in Figures 
9 and 10 record the power flow on this 
interconnection during this series of tests. 

Following the application of faults on 
the 154-kv line, the terminal breakers 
successfully cleared the fault and reclosed 
in every case where they were intended to 
do so. The same interconnection ter- 
minal breakers likewise remained closed 
in every test in which fault was applied to 
other“lines near terminals of tke inter- 
connection, indicating that satisfactory 
prevention of tripping was being realized 
and that the relays functioned properly 
for external faults under heavy power- 
flow conditions. 

Study of the test results revealed that 
the expected 21- or 22-cycle over-all time 
from fault to final reclosure of the last 
breaker was not being obtained. There 
was occurring a delay of two to four cycles 
in the relay action at the end of the line 
remote from the fault. This has been 
traced to the fact that contacts on ground 
relays were vibrating with minimum cur- 
rents through the coils for a fault at the 
opposite terminal. Also the tripping 
zones of the CGZ relays as set at that time 
did not extend far enough beyond the 
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terminals of the line, and one characteris- 
tic line of the CEX relays was too close 
to the fault zone. Consequently, these 
relay elements did not have torque enough 
to give the desired high-speed operation 
when operating so close to the edge of 
their pickup zone, a condition which has 
since been corrected by changes in tap 
settings. It should be noted that this 


could be done without, at the same time, 
influencing the ability of the relays to 
differentiate between faults and power 


swings, because higher torque was ob- 
tained by moving their pickup zones a 
comparatively small distance. 

The oscillograms of the tests demon- 
strated the need for improving contact per- 
formance of the ground relays in turning 
on and shutting off carrier. During and 
subsequent to the tests, certain adjust- 
ments were made on the contacts utiliz- 
ing information from oscillograms, and 
excellent operation was obtained Figure 
11 indicates how positively the contacts 
as finally adjusted opened and closed to 
turn carrier on and off and how the relays 
were adjusted to realize short operating 
time of the carrier-relay control circuits. 

In all of these tests of group II the long- 
line protective-relay systems correctly 
selected the location of fault, blocked 
tripping on faults occurring outside the 
protected zone and tripped on all faults 
in the protected zone, although, as ex- 
plained above, some undesired delay oc- 
curred, which has since been corrected. 


362 


Staging of the tests and the scheduling 
of rapid load changes between tests gave 
the system operators definite knowledge 
of the ability of the line to carry load and 
has increased their confidence in its reli- 
ability under fault conditions, enabling 
them to make maximum use of its capac- 
ity. The load dispatchers also gained 
valuable experience for future scheduling 
of power in the interconnected systems, 
not only during normal conditions, but 
also during emergency conditions when 
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rapid changes in power flow. i 
tion necessarily will have to be made 


Circle Diagrams 5, yeas 


Relating Test Results to Impedance 


In order to check adequately the relay 
operations during the tests, a continuous 
record of instantaneous power flow in the _ 
interconnection would be desirable to ob- «| 
tain both the magnitude and angle of the 
equ'valent impedance as viewed from 
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Figure 6. Oscillo- 
grams from test 4A 


Two-wire-to-ground 
fault on 154-kyv line — 
near Kansas end with 
26,000 kw received — 
in Nebraska. Un- 


stable. For oscillo- 
graph legend see 
Figure 4 ~ 


€ 7 - 
a ai ve 


Figure 7 (below). ped | 
Oscillograms from 


test 4B 


Two-wire-to-ground 
fault on 154-kv line 
near Kanses end with — 
31,000 kw received 
in Nebraska. For 
oscillograph legend — 
see Figure4 
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either end of the interconnection during 
the power swings. Since watt elements 
were not available for the oscillographs, 
instantaneous values of power were not 
recorded. However, the test oscillo- 
grams recorded the current and voltage 
from which the kilovolt-amperes and the 
magnitude, but not the direction, of the 
uivalent impedance can be calculated. 
ee 12 shows the impedance circle 
diagram for this interconnection as de- 
rived in reference 1 together with the trip- 
ping zones between the characteristic lines 
of the CEX angle-impedance relay units 
as discussed in reference 2. Voltage 
values from the oscillograms provide 
data to calculate the ratio of the sending 
and receiving voltages used to determine 
the circle corresponding to ratio H,/E, 
existing at a given time during a power 
swing. On this same diagram the locus 
of the equivalent impedance Z= L//I V3 
existing at the same time is circle Z,. 
Point A at the intersection of these two 
circles indicates the equivalent impedance 
as determined by this method for the 
crest of the first power swing in test 2 as 
viewed by the Nebraska relays. Likewise 
point B indicates the equivalent imped- 
ance viewed at the same instant by tke 
Kansas relays. These two points both 


fall outside the tripping zones of the re- 
lays, and this checks results of test 2 in 
which the breakers did not open following 
initial reclosure. The relays thus recog- 
nized the high power swing as such and 
did not trip. 

It should be noted that point A, the 
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equivalent impedance at the sending end, 
falls closer to the boundary of the relay 
tripping zone than does point B, the equiv- 
alent impedance at the receiving end at 
the same instant. 

Points C and D are respectively the 
sending- and receiving-end impedances 
for tests 4 and 4A at the instant of trip- 
out following initial reclosure. Point C 
falls within the tripping zone of the CEX 
relays, checking résults of tests 4 and 44 
in which the sending-end breaker was 
tripped by the CEX and CGZ phase re- 
lays, as the systems swung out of syn- 


‘chronism. Again it will be noted that the 


receiving-end impedance at point D falls 
farther from the tripping zone than does 
the sending-end impedance and thus 
confirms the fact that the Nebraska 
(receiving-end) breaker did not trip 
when the systems swung out of syn- 
chronism, because the Kansas (sending- 
end) breaker opened first. 

A check and confirmation of the equiva- 
lent impedances as determined by the 
method just deseribed is also obtained 
from the oscillograms by use of the power 
circle diagram of the interconnection 
Figure 13. The circle |P,| represents the 
locus of the kilovolt-amperes (EI¥/3) ex- 
isting at the same time and location dur- 
ing test 2 as is represented by circle Z, 
in Figure 12, The power circle P, is for 
the particular values of #, and E, exist- 
ing at the same time. Intersection of 
circle |P,| with circle P, represents the 
power flow existing at that instant. The 
angle 6,, on this diagram is the angle in 


Figure 8. Oscillo- 


grams from” test 5 


Two-wire-to-ground 

fault on 132-ky sys- 

tem in Kansas with 

34,000 kw received 

in Nebraska. For 

oscillograph legend 
see Figure 4 


Minard, Gow, Wolfe, Swanson—Staged Fault Tests 


Table IV 
Computed 
From From From 
Test Data Source 1 Source 2 
Resistance 
(ohms per + 
MAE) hie sn 0.254 at test. .0.2835at..0.288 at 
tempera- 20C 25C¢ 
ture 
Reactance 
(ohms per 
Ue) 05 sass +70.823 . +70.8027. . +70.8032 
Susceptance 
(micromhos 


per mile)....+75.14 ». 75.22 ..+75.22 


degrees by which the Kansas bus voltage 
leads the Nebraska bus voltage. Trans- 
ferring this angle, which is also the line- 
voltage angle, to the impedance circle 
diagram, Figure 12, locates pointa. This 
gives a close check on the location of the 
impedance calculated and plotted as point 
A discussed above. 

In similar manner points b to d inclusive 
give reasonably close check to the respec- 
tive apparent impedances B to D -in- 
clusive in Figure 12. 

The preceding method of checking and 
other results of the staged fault tests 
showed that the terminal relays, specially 
designed fer protecting the long trans- 
mission line, operated satisfactorily, per- 
formed according to specifications, and 
followed theoretical predictions which 
were based on transmission-line electrical 
constants calculated from line dimensions 
and on estimated transformer imped- 
ances. Thus a gratifying confirmation 
has been obtained of the impedance-circle- 
diagram method of specifying long-line re- 
lay performance of the analyses presented 
in reference 1, and also of the design of the 
relays presented in reference 2. 


Relating Test Results to 
Switching-Time Stability Curves 


Curve M-N of Figure 14 indicates the 
approximate border line between tran- 
sient stability and instability of this inter- 
connection, as affected by the relation be- 
tween power flow over the interconnection 
at instant of fault and the total switching 
time including reclosing time. The region 
below and to the left of the curve indi- 
cates stability. The region above and to 
the right indicates instability. The theory 
of this curve and its significance have al- 
ready been presented before this In- 
stitute.® 

The points A to D inclusive represent 
results obtained in the staged fault tests 
of group II. Points # to H inclusive are 
from network-analyzer studies made prior 
to the construction of the interconnection. 

It will be noted that the results of tests 
are in reasonably good agreement with 
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the theoretical values represented by the 
curve M-N and also with the values pre- 
dicted from the analyzer studies. 


Unbalanced Ground Currents 


The oscillograms in Figures 4 to 7 in- 
clusive show a comparatively high har- 
monic ground current flowing in the ter- 
tiary winding and in the 154-kv neutral 
when the interconnection is energized 
from one end, as shown by traces A and D. 
Because of these harmonic currents, it was 
necessary to change the instantaneous 
elements of the ground directional relays 
over to the 154-kv neutral current trans- 
formers from their original connections in 
the tertiary current transformers. By 
careful study of ground currents in the 
tertiary and in the 154-kv neutral for 
ground faults both on the 154-kv inter- 
connection and on the terminal systems, a 
nice balance of minimum ground-fault 
currents, observed harmonic currents, and 
proper relay settings was obtained, as 
demonstrated by satisfactory operation of 
these relays during the staged fault tests. 


Interconnected Operation During 
Tests 


The tests directly involved co-ordinated 
operation of five important power sys- 
tems in four states, including operation of 
normal generation, providing spinning re- 
serve, and the operation of tie lines to 
absorb power swings following the appli- 
cations of the faults. The Nebraska 
Power Company system was intercon- 
nected as usual with the Nebraska Public 
Power System through a 25,000-kva trans- 
former bank, and the 60-ky system of the 
Kansas Gas and Electric Company was 
connected to the 66-ky system of the 
Oklahoma Gas and Electric Company and 
thus to the interconnected systems of the 
South through a 10,000-kva autotrans- 
former. The Kansas system was also 
interconnected with the Empire District 
Electric Company through a 66-kv line. 
Except in test 4, these interconnections 
remained closed during the tests demon- 
strating their value and performance in 
major system disturbances. 

About ten days before group II tests 
were made, a meeting was held, attended 
by system operators and operating de- 
partment heads of the systems most 
directly involved. At this meeting the 
test program and basic schedules for tie- 
line and generator loadings were placed 
in memorandum form and mutually ap- 
proved. Each system operator, following 
the memorandum outline, undertook the 
detailed scheduling of generation and rate 
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Figure 9. Charts of power flow on 154-kv 
interconnection during tests 1 to 4, inclusive 


of change of load on generators within 
his own system and, by mutual agreement 
with operators of neighboring systems, 
scheduled the power flows in the tie lines 
and the necessary changes in these loads 
for each of the tests. 

To facilitate the progress of the tests, 
two supervisors, one stationed at each 
terminal of the 154-kv line, were in direct 
charge of the tests. These men were in 
constant communication with each other 
and with the system operators of the 
Kansas and Nebraska systems, who in 
turn were in communication with the 
operators of neighboring systems. In ef- 
fect the system operating authority for 
the interconnection was transferred tem- 
porarily to the two terminals of the inter- 
connections with the responsibility of 
proper and safe maneuvering of men and 
equipment definitely placed in the hands 
of the two supervisors. In this manner no 
reduction in safety was introduced, but a 
saving in time was realized. These two 
supervisors directed the principal work of 
posting observers, checked oscillograph 
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operation, collected and made records of 
observations, supervised rigging of fault 
equipment, gave signals for initiating 
faults, and, in general, mutually co-ordi- 
nated the work of system operators and 
test men at their respective ends of the 
interconnection. 


Types of Faults and Their 
Initiation 


Most of the faults applied to the 154-kv 
line and to lines radiating from the ter- 
minal substations were two-wire-to- 
ground arcing faults. This type of fault 
was chosen, because it imposes a compara- 
tively severe test on the systems from the 
standpoint of transient stability and is 
also a type of fault which occasionally oc- 
curs. Since most faults of this type are 
initiated by lightning, followed by power 
current, it was desirable to simulate arc- 


a4 
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HW 


ing-fault conditions created by lightning — 


as nearly as practicable during the-tests. 
Unpublished results of experiments 
cited by General Electric Company engi- 
neers indicate that an arc started by fus- 
ing fine iron wire has characteristics quite 
similar to an arc initiated by ionization of 
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Figure 10. Charts of power flow on 154-kv 
interconnection during tests 4A to 5, inclusive 


air at high potential. Since it was de- 
sirable to keep to a minimum the amount 
of vaporized metal and to provide suffi- 
cient mechanical strength to maintain the 
fault equipment in place during the inter- 
val between rigging and fault occurrence, 
number 32 iron wire was used between 
protective jumpers connected to the con- 
ductors and ground wires on the struc- 
tures. 

Additional switching equipment by 
which staged faults could be initiated was 
not available on the 154-kv line. Conse- 
quently, the arrangements of iron wire, 


Figure 11. Oscillo- 
gram of carrier-cur- 
rent control circuit 
contact operation 


Note the ‘“‘step”’ 

which indicates’ se- 

quential operation of 

the directional and 

overcurrent contacts 

of the GFC ground 
relay 
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insulated cords and ropes, and weights 
shown in Figures 15 and 16 were devised 
to initiate an arc simulating those started 
under actual fault conditions. This equip- 
ment was installed during shutdowns pre- 
ceding the tests. After all of it was in 
place, the line was re-energized, the sys- 
tems were synchronized, line power flow 
and voltages were adjusted, oscillographs 
and instruments were placed in readiness, 
and observers were stationed at their re- 
spective stations. At prearranged signals 
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IMPEDANCE CIRCLE 


Impedance circle diagram with 
relay operating zones 


Figure 12. 


Impedence velues reached during power 
swings on tests, as computed from oscillo- 
grams, are shown at Aa, Bb, Ce, and Dd 


which were given by the supervisors and 
which were also transmitted over the regu- 
lar carrier-current telephone to the op- 
posite end of the line, the fault was estab- 
lished by a man pulling on a long rope ex- 
tended to a safe distance from the arc 
location. It should be noted that, out of 
the nine two-wire-to-ground faults applied 
to the 154-kv line by this method, exami- 
nation of the oscillograms reveals that, 
in eight cases, arcs were made to the two 
wires within less than 2 cycles of each 
other and, in one case, within 41/2 cycles. 

Two one-wire-to-ground faults were also 
applied to the line by these methods, 
making a total of 20 are paths estab- 
lished in 11 tests. In each of these the 
initial trip-out was followed by successful 
instantaneous automatic reclosure. No 
restriking took place in any of these 
cases, although the line was de-energized 
for a maximum period of only 13 cycles 
in test 4 and for as short a time as three 
cycles in test 44. Deionization was com- 
plete in each case, although wind veloci- 
ties were very low and there was almost 
no attenuation of the arc path. In Ne- 


1 


ae 


Figure 13. Power- 
circle diagram illus- 
trating step in com- 
putation of angle be- 
tween terminal bus 
voltages, 6,;, for lo- 
cation of impedance 
values, a, 6, c, andd 
on Figure 12 
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Figure 14. Power-awitching time curve of ap» 
proximate transient-stability limits 


Points A, B, C, and D are from staged fault 
tests, and F, fF, G, and H are from network 
analyzer studies 


braska the wind velocity during both 
series of tests was estimated to be from 
one to two miles per hour, and in a few 
of the tests the air was perfeetly suill, In 
Kansas there was a slight breeze during 
most of the tests, and in test 4A in whieh 
the line was de-energized for only three 
cycles, the wind velocity was two to five 
miles per hour, 

Most of the ares observed in Nebraska 
had the appearance of around white flame 
approximately two feet in diameter as 
shown in Migure 17, Vigure 18 shows a 
staged two-wire-to-ground fault in Kansas 
in which a slight breeze blew the are side 
ways, 

Hor faults applied on the GO-lky, G6-ky, 
and 182-Kkev systems near the terminals of 
the interconnection, cireuit breakers on 
isolated radial circuits were closed on pre 
viously prepared fault cireuits, and the re 
sulting faults were cleared immediately 
by the same breaker and its protective 
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Figure 15. Method of applying two-wire-to- 
ground arcing fault at tangent structure on 
154ckv line 
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Figure 16, Method 

of applying two 

wire-to-ground are= 

ing fault at angle 

structure on 154-ky 
line 
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relays, ‘These fault cireuits consisted of 
either fine wire connected between two 
conduetors and ground®or of a ground 
switeh with one of the blades open, 


Methods of Observation 


Power plant, substation, and system 
operators, and special observers: assisting 
regular operators were notified when each 
fault was tooceur, Tach was expeeted to 
record any observable effects at lig sta. 
tion, At each terminal the aetion of each 
relay element on the faulted phases was 
watched and recorded by an observer 
whose sole duty at the moment of fault 
initiation was to watel only one element 
‘These observations were 
recorded after each test, 

Some diserepaneies were noted between 


of one relay, 


the observers’ reports of aetion of some of 
the liph-apeed relay elements and action 
recorded by oseillographs and targets, 
These experiences demonstrated the in 
portance of high-speed recorders, such as 
oscillographs, in tests of this character 
and the Hinitations of visual observation 
of high-speed relay nection, 

During the 14 teats of group T with no 
power transfer over the line, one six-ele: 
nent automatic oscillograph was in operas 
tion at each of the terminals, making a 
total of 12 elements connected to prin 
eipal eurreit, voltage, and control cir 
cuits, During the eight tests of group 1 
with power transfer over the line, a seeond 
oscillograph was in operation at the Ne 
braska terminal, giving a total of 18 ele- 
nents conneeted to principal eurrent, 
voltage, control, and carrier-eurrent: eir- 
euits, 


Low-Voltage Measurements of 
Line Characteristics 


Measurements of the eleetrical con. 
stants of the line were made by applying 
potential from 2400/4, 160-volt Wye-con= 
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nected GO-eyele source supplied from 150- 
kva  13,800-2,400/4,160-volt wye-con- 
nected transformer bank in Nebraska 
with the conduetors at the Kansas end 
apy ropriately connected for various short- 
and open-circuit tests, Portable amme- 
ters, voltmeters, and wattineters of good 
quality and recent calibration were used 
with outdoor instrument-type current and 
potential transformers, 

Iixnet long-line formulas were used in 
calculating the line constants and unit 
values, Itis believed that the results are 
aceurate within plus or minus one per 
cent, Summarized in Table IL are the 
pertinent values computed from these 
tests compared with values calculated 
from the line dimensions, 

Data in Table IIT compare ealeulated 
values of the A, B, C, D constants with 
those computed from data taken during 
the 2,400/4,160-volt tests, ‘Table TV gives 
a comparison between unit values per 
mile of resistance, inductive reactance, 
and susceptance computed from the test 
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A Voltage tiae==1,18,, Three-phase voltage ap- 
plied, Conductors open 
at far end 

. Three-phase voltage ap» 
plied to three condue> 
tora ahort-elreuited and 
grounded at far end 

fd, Single phase-te- ground 

voltage applied to three 
conductora paralleled 
at both ends but not 
grounded at far end 

DPD Current else—1.4 ,, Single-phase-toground 

voltage applied to three 
eonduetora parallel 
and grounded at fi 
end 

Eo Voltage rlae==1, 20,  Single-phase-toground 

voltage applied to one 

couduetor with far end 

open, Other conduc> 

‘ tora open at both ends 

PW Current elae==1.d4d,  Singlephase-to-ground 


KH Current tives 1.2 


C Voltage tlie==1 


voltage applied to one 


conductor with far end 
grounded, Other con» 
duetora open at both 
enc 
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Figure 17. Staged two-wire-to-ground fault 
on tangent structure of 154-kv line 


data and as obtained from two sources. 
Ratios of receiving to sending voltages 
and currents of interest are given in Table 
V. If data from two of the tests in Table 
V are used, the ratio of the zero-sequence 
short-circuit impedance to the positive- 
sequence short-circuit impedance is 2.88. 
All of the measurements include the 
impedance of carrier-current wave traps 
at both ends of the line which were in 
service as part of the communication sys- 
tem used throughout the tests. The 60- 
cycle impedance of about 0.2 ohm of the 
traps was considered too small to be in- 
cluded in the calculations. Since sag and 
tension add only about one half of one 
per cent to the actual length of the con- 
ductors over surveyed line length, this 
factor was not taken into consideration. 
Atmospheric temperature during the 
five or six hours of testing varied between 
75 to 90 degrees Fahrenheit with perhaps 
85 degrees Fahrenheit as an average value. 
With no potential applied, there was 
no ndicaticn of induced voltage on the 
line when measured by potential trans- 
formers and voltmeters. During the at- 
tenuation tests at carrier frequencies made 
at a later date, a two- or three-volt po- 
tential was observed between conductor A 
and ground using a vacuum-tube volt- 
meter shunted by 550-ohm resistor, in- 
dicating that any induced voltage effects 
were small. During one test in which 
2,400 volts to ground were applied to the 
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A conductor only, the potential between 
conductors B and C and ground measured 
at far end was 300 volts. As indicated by 
the values of data taken, there is no ap- 
preciable unbalance of reactance among 
the three conductors. Three impedance 
values of 257.5, 257.5, and 258 ohms line- 
to-neutral were computed, using the three- 
phase values taken during one test. 

The phase rotation at the two ends was 
compared by using a phase-sequence in- 
strument and was found to check the 
transposition plan. This was further con- 
firmed when the systems were synchro- 
nized for the first time. 


Carrier-Current Attenuation Tests 


The A phase conductor was completely 
isolated from the carrier-current capaci- 
tors and line traps and from all other con- 
nections to the systems. In Kansas be- 
tween A phase conductor and ground a 
550-ohm resistance was connected, corre- 
sponding to the 550 ohms characteristic 
impedance for one conductor to ground as 
computed from the 2,400-volt tests. 
Across this resistor was connected a vac- 
uum-tube voltmeter having a range of 
zero to ten volts. 

The oscillator of the carrier-current 
relay setin Nebraska was connected to the 
A phase conductor through the concentric 
cable and impedance-matching trans- 
former. The carrier coupling capacitor 
and tuning inductance of the carrier- 
current coupling equipment were dis- 
connected and by-passed. <A_ voltage 
divider of approximately 100,000 ohms 
resistance was connected between A phase 
conductor and ground to measure the in- 
put voltage to the line at carrierfrequency. 
A calibrated vacuum-tube voltmeter was 
connected to a measured tap on this di- 
vider. The carrier-relay oscillator was 
tuned to a known frequency by compari- 
son with a calibrated signal generator. 
The voltages at the sending and receiving 
ends were measured by means of the vac- 
uum-tube voltmeters. This procedure 
was followed at steps of five kilocycles 
from 35 to about 59 kilocycles. 

The tests indicated ratios of receiving- 
to sending-end voltage between 0.064 and 
0.086 in the range of frequencies covered. 
During the measurements at the Kansas 
end, it was observed that the vacuum- 
tube-voltmeter reading would drift peri- 
odically through a range of about one 
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Figure 18. 
on angle structure of 154-kv line 


Staged two-wire-to-ground fault 


volt above and below its mean value, 
each cycle of drift requiring several sec- 
onds of t’me, indicating that there was a 
periodic change of potential on tke line as 
a result, possib y, of the movement of the 
earth’s magnetic field or the presence of 
stray voltages. The send’ng-end voltage 
was on the order of 105 to 112 vo'ts and 
receiving-end voltage five to seven or eight 
to ten depending on frequency and on the 
induced-voltage effects. 
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Kilowatts, Kilovars, and 
System Investments 


Discussion and author's closure of paper 43-25 
by J. W. Butler, presented atthe AIEE national 
technical meeting, New York, N. Y., January 
25-29, 1943, and published in AIEE TRANS- 
ACTIONS, 1943, March section, pages 
133-7. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): This paper contains much 
interesting and useful material on the use of 
capacitors in improving system operation, 
but the economic comparisons involving the 
cost of generating equipment are based upon 
so many incorrect assumptions as to be al- 
most useless. 

It is known, of course, that reactive kilo- 
volt amperes supplied at the load may be 
twice as effective as reactive kilovolt 
amperes supplied at a generating source, 
particularly in the case of transmission sys- 
tems. 

The only generating-equipment cost prop- 
erly chargeable to the supply of reactive 
kilovolt amperes is the incremental cost of a 
low-power-factor generator over a_high- 
power generator. This cost runs from one 
to three dollars per kilovar. 

Even if multiplied by two, the cost of 
supplying kilovars in a low-power-factor 
generator (when purchasing new equipment) 
is materially less than for synchronous 
condensers or for static capacitors. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Mr. Butler has pre- 
sented a method by which the amount of 
system investment chargeable to supplying 
the kilovar requirement may be determined. 
He has approached the problem from a 
fundamental point of view, determining the 
amount of system capacity required when, 
(1) voltage drop, (2) ampere capacity, and 
(3) generator equipment, are the limiting 
factors and then combining them in their 
proportionate amount to obtain an over- 
all requirement for the system. To illus- 
trate the method, Mr. Butler has assumed 
0.8-power-factor generators that could be 
operated at unity power factor rated kilo- 
volt amperes at peak system loads. If this 
is possible in a system, a large saving in 
system capacity can be realized by supply- 
ing the kilovars at the load instead of at the 
generators. It would be unfortunate if his 
example were to lead engineers to believe 
that they should attempt to supply ail of 
the reactive kilovolt amperes at the load 
and that they could use the full kilovolt- 
ampere rating of the generators right up to 
unity power factor. Pursuing this course 
still further, one might be led to believe that 
the generating stations should be designed 
to operate at unity power factor full kilovolt 
amperes. Although Mr. Butler did not 
intend that his results should be extra- 
polated to this extent, some discussion may 
be in order as to why such a procedure can- 
_not be generally followed. 

For purposes of economy the average 
transmission-line loadings of a system will be 
operated somewhere near unity power fac- 
tor. For the system of Figure 1 of this dis- 
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cussion this will require the correction of the 
load power factor at the receiving end of 
the transmission system and would be ac- 
complished by the combined use of 


(a), Unswitched shunt capacitors. 
(b). Switched shunt capacitors. 
(c). Synchronous condenser capacity. 


(d). Local generating capacity. 


The determination of the best amount of 
each will depend upon the system charac- 
teristics and will naturally be based on 
economics and operation. It has been well 
established that the use of capacitors in the 
distribution area is economical. 

At peak load within the distribution area 
(see Figure 1), the required transmitted 
load may increase, and kilovars will have to 
be supplied both at the sending and re- 
ceiving ends of the line for the transmission 
of power; that is, (c) and (d) will be re- 
quired to carry more reactive kilovolt 
amperes and so will (e), the group of gen- 
erators at the sending end of the line. 

If a fault should occur to trip out one of 
the parallel transmission lines, then the re- 
quired reactive kilovolt amperes at both 
ends would be increased, particularly if the 
outage occurred at peak system loading. 
Accordingly, there must exist a reserve 
capacity of reactive kilovolt amperes both 
at the sending end and the receiving end of 
the major transmission links to provide for 
peak and emergency loading conditions. 
For a system which has a large proportion of 
transmission compared with the distribution 
this reserve kilovar capacity may be an 
appreciable part of the total reactive kilo- 
volt-ampere requirement of the system. 
This is particularly true when the transmis- 
sion system is used to transmit power in both 
directions. For such systems the generator 
power factor must be lower necessarily than 
unity at peak power and particularly during 
a system emergency. This reserve kilovar 
capacity for a system having an appreciable 
amount of transmission can be best sup- 
plied by synchronous condensers and gen- 
erators. 

It can be further reasoned that if a system 
requires synchronous kilovar capacity to 
meet the varying transmission-line needs, 
some of this capacity could be reasonably 
allocated to correcting the load power fac- 
tor, since lagging capacity and smooth con- 
trol of voltage are necessary for best opera- 
tion of the transmission system. Also use 
of the diversity of kilovar demand in the 
distribution-system burden may be made 
best at the synchronous condenser location, 
Figure 1 of this discussion. Accordingly, 
systems which have large and important 
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transmission-line links may have an ap- /’ 


preciable amount of synchronous condenser 
and generator capacity devoted to the 
supply of kilovars. 

It may be concluded that the shunt ca- 
pacitor finds its greatest field of application 
in the distribution area for correcting the 
power factor of this part of the system 
while the varying needs of the transmission 
system require at the present time syn- 
chronous kilovar capacity. With reduction 
in the cost of shunt capacitors, it will 
naturally follow that more switched capaci- 
tors will be used to help meet the varying 
kilovar system demand. The amount which 
can be justifiably used is again a question of 
economics and operation. The evaluation 
of the amount of system capacity required 
for the transmission of kilovars to the load 
must necessarily recognize the system re- 


quirement for reserve kilovar capacity, and 


recognize that this reserve may be best 
stored in the synchronous machines. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The author makes a strong case for the wide- 
spread use of static capacitors in conserving 
system investment. Unquestionably there 
is an urgent need for focusing attention on 
the over-all system kilovar requirements and 
the most feasible method of supplying them. 
The writer agrees that in some cases the 
installation of sources of kilovar capacity 
near the loads, such as synchronous con- 
densers or the judicious use of static capaci- 
tors may quite likely be indicated. How- 
ever, certain cautions are offered with the 
hope that they may be of use in keeping the 
conclusions reached within the realm of 
credibility. 

The cost of equipment covered by the 
term “generation’”’ is one of the larger items 
considered in system-investment analysis. 
and if the conclusions of the author are 
followed a new plant could have the size of 
its boilers reduced by the installation of 
distribution capacitors. His viewpoint 
would also show a very attractive profit for 
the installation of banks of static capacitors 
at the generator terminals large enough to 
improve the generator power factor to unity. 

While it is true that many generators are 
now being operated at power factors higher 
than their purchased rating they still may 
be used to carry sizable kilovar loads. In 
the example cited by the author (see refer- 
ence 1 of the paper) most of the machines 
which had their kilowatt outputs increased 
by operating at higher power factors are 
still being used at 90 per cent power factor, 
so that, for example, the 90,000-kw genera- 
tor can still supply some 44,000 kilovars 
without exceeding rated stator current. 
Tests on recent machines with name-plate 
ratings of 80 per cent power factor have 
shown that continuous kilowatt loads equal 
to the kilovolt-ampere rating may be carried 
with kilovar loads of about half this amount, 
without exceeding rated field amperes and 
with such small increase in stator losses (at 


theoretical stator overload) that the tem-~ 


perature rise is well within desirable*limits. 
It has been found that the kilovar ability 
of a machine so operating may be further 
increased some 25 per cent by the addition 
of higher pressure hydrogen cooling at a cost 
of roughly one dollar per kilovar. Thus, as 
far as generating equipment is concerned, 
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the cost of incremental kilovars varies 
widely with the base operating power factor. 
In any event, the cost of the entire produc- 
tion plant should not be charged against 
kilovar capacity which originates solely 
within the generator, this equipment being 
a small portion of the total plant cost. 

Care must be taken to discriminate be- 
tween power factor at the load and at the 

nerator terminals. In a typical system 
studied, the effect of ‘‘kilovar loss’? combined 
with transformer magnetizing current was 
such (even after taking account of the con- 
stant kilovar capacity provided by trans- 
mission-line charging current) that a peak- 
load power factor at the points of delivery 
between the transmission and subtransmis- 
sion systems of 90 per cent required a power 
factor at the generator terminals of 82 per 
cent. Analysis of kilovar requirements at 
peak load indicates that magnetizing cur- 
rent and “‘kilovar loss’? in the generator 
step-up transformer may amount to 15 to 
20 per cent of the generated kilowatts. 
“Kilovar loss” in the transmission lines may 
account for another 15 per cent which, to- 
gether with the “‘kilovar loss” and magnetiz- 
ing current of the transformers delivering 
power to the subtransmission system, makes 
a sizable amount of kilovar capacity which 
may be very logically supplied from the 
generators. 

In discussing the improvements brought 
about by capacitors, voltage drop must not 
be loosely confused with voltage regulation 
and voltage control. The author very cor- 
rectly points out that rates which encourage 
customers to install kilovar capacity may 
take the control of such capacity out of the 
hands of the utility where it really belongs 
for the best interests of all concerned. Then 
for consistency, only those capacitor instal- 
lations which are adequately switched 
should be considered as reducing the invest- 
ment in equipment where ‘‘voltage drop” 
is taken as the limit. 

Some of the investment considered by the 
author as limited by ‘‘voltage drop”’ may not 
be justified. Following the reasoning of the 
author, the increase in size of an overhead 
transmission conductor (which decreases the 
R/ X ratio) is done for the purpose of re- 
ducing that portion of the voltage drop in 
the line caused by the flow of kilowatts. 
Actually the larger size copper may have 
been specified to reduce losses so that even 
the transmission line may be considered as 
“ampere-limited”’ equipment. Here again, 
the cost of transmitting incremental kilovars 
is markedly influenced by the beginning 
power factor. Also, several items of trans- 
mission-line expense could not be materially 
reduced by improving transmission power 
factor, and similarly, much equipment in the 
transmission and distribution plant such as 
circuit breakers, lightning arresters, busses, 
disconnecting switches, and so forth, are 
little affected in cost by moderate changes 
in ampere or voltage requirements. These 
should not be included in the total invest- 
ment considered. 

While the transmission of kilovar loads 
affects voltage drop directly, this cannot 
necessarily be translated directly into terms 
of transmission and distribution system in- 
vestment. For example, it is commonly 
found desirable to supply distribution loads 
from trunk feeders of number 4/0 copper or 
larger and to utilize feeder voltage regulators 
to compensate for changing kilovar loads, 
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thus the distribution-feeder limit becomes 
one of amperes rather than voltage drop. 
Similarly, daily schedules of negative regu- 
lation at generator terminals may be uti- 
lized to compensate for changing kilovar 
loads carried through the transmission sys- 
tem. In this connection, the possible use of 
tap changing underload equipment should 
not be ignored. 

With an exercise of caution in interpreting 
the conclusions reached, this paper should 
assist in determining the best basis for sound 
engineering studies. It is believed that it 
does a distinct service in focusing attention 
on the desirability of separate analysis of 
system kilowatt and kilovar requirements. 


J. H. Foote (The Commonwealth and 
Southern Corporation, Jackson, Mich.): Mr. 
Butler’s paper, “Kilowatts, Kilovars and 
System Investments,” gives the unfortunate 
impression that the plant investments of 
power-supply companies could have been 
greatly reduced in the past if greater use had 
been made of capacitors. It is also implied 
that since generating plants have short-time 
or emergency capabilities of 125 per cent 
nominal rating, they could be scheduled 
regularly to be operated at these over- 
loads, thus releasing kilowatt ability if 
capacitors were used. A more intimate 
knowledge of design and operation of 
power systems would show that this mar- 
gin is essential for satisfactory and reliable 
operation, especially under normal condi- 
tions. Normal fluctuations in load and 
spinning reserve requirements make it 
necessary that the turbine and steam-gen- 
erating equipment be capable of carrying 
short-time loads in excess of their continuous 
ratings. For a co-ordinated plant design 
the 125 per cent rating referred to by the 
author should not be considered a continuous 
rating and therefore should not be taken as 
limiting the kilovars available from the 
generator to a negligible amount. 

In the normal development of a power- 
supply system it is always necessary to pro- 
vide some duplication of facilities in order to 
obtain satisfactory reliability of service. It 
has been possible therefore to supply 
substantial quantities of kilovars from 
generating plants without excessive volt- 
age drop or energy losses, and under emer- 
gency conditions with lines or equipment 
out of service, the quality of service 
has been commercially satisfactory. In 
some cases a careful study may show the 
desirability of supplying more of the kilovars 
at points nearer the load than the original 
design|contemplated; however, the applica- 
tion of capacitors for this purpose is limited 
to a small fraction of that which might be 
inferred from the author’s conclusions. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): The power factor of the 
Duquesne Light load in Pittsburgh is about 
87 per cent, and further improvement will 
have to be handled rather carefully because 
we now operate some of our generators above 
90 per cent power factor at times, and the 
matter of generator stability may become a 
problem. I would like to echo a word of 
caution on this. 

The point of letting the installation of the 
condensers and corrective equipment, par- 
ticularly the smaller ones, get out of the con- 
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trol of the utility company struck me as 
very important. One certainly is heading 
for trouble when this happens, as the one or 
two instances I will cite herein will show, 
and these can be multiplied many times if 
the condenser installation becomes the rule 
rather than the exception on a utility sys- 
tem. 

In connection with the installation of 
smaller size capacitor units adjacent to in- 
dustrial loads, we have encountered several 
adverse conditions, such as introducing a 
harmonic under light load periods, which 
causes the fuses to blow. In one case fuses 
were blowing in a small industrial plant 
supplied from the four-kilovolt system 
through a bank. This happened after the 
plant shut down at noon on Saturday as the 
workmen shut off motor after motor and 
turned off the lights. After the main supply 
fuses would blow, the whole plant would be 
out. We made an investigation with an 
oscillograph and instruments, and found a 
fifth harmonic, very distinct, which was 
causing the fuses to blow. This was solved 
by disconnecting one half of the condenser 
bank just before light load periods. 

In other cases we have found that the con- 
densers on the customer’s property have in- 
creased the voltage at light load periods to 
values which caused excessive lamp burn- 
outs. 


E. J. Boland (General Electric Company, 
West Lynn, Mass.): While this paper con- 
cerns itself principally with system eco- 
nomics and how the required electric serv- 
ices (active and reactive) can be provided in 
the most efficient manner, in the final analy- 
sis the utility-meter engineers and the meter 
manufacturers may also be concerned. 

The benefits from released capacity, re- 
duced losses and reduced voltage drops 
within a power customer’s distribution sys- 
tems should often be sufficient to encourage 
the installation of capacitors. However, for 
some years to come it is not improbable that 
the meter manufacturers may be called 
upon to provide metering equipment by 
means of which the cost of the reactive re- 
quirements can be factored into a particular 
schedule. 

When analyzing the general requirements 
for such metering equipment certain prob- 
lems become apparent. They are not those 
of providing measuring devices as such. 
Kilovolt-ampere and kilovar-demand meters 
have been available, and have been used for 
many years. Rather, one of the problems 
seems to be a matter of first cost and 
maintenance in relation to the expected 
revenue return associated with the factoring 
of small consumers’ reactive requirements. 
The relatively few consumers in the medium 
and large power-requirement classes prob- 
ably need not be considered. For these, it 
is reasonable to assume that indicating 
kilovar-demand meters will be adequate. 
Their first cost and maintenance in com- 
parison with printing or recording kilowatt- 
demand meters should be reasonably in 
line with the revenue returns, based on pres- 
ent day metering standards. 

Present indications are that by far the 
major part of the total cost associated with 
the necessity of providing kilovars must be 
allocated against smaller consumers. Nu- 
merically, they may comprise more than 90 
per cent of all consumers onasystem. Thus, 
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proportionate allocations of the cost from 
kilovar requirements would point in the 
direction of attempting to factor it in the 
schedule applicable to these smaller con- 
sumers. This will present problems. It is 
quite evident from Mr. Butler’s paper that 
the cost for kilovar-demand metering must 
be a good deal smaller than for kilowatt- 
demand metering. From a design stand- 
point, there is now little reason to believe 
that this can be achieved. If anything, the 
kilovar-demand meter is more costly to 
provide than the kilowatt-demand meter. 

There is, however, one solution; namely, 
the so-called active-reactive demand meter, 
first discussed some 30 years ago by Arno 
and revived spasmodically since then; (for 
example, Charles P. Steinmetz, Association 
of Edison Illuminating Companies, Report 
of Committee on Power Factor, 1921). The 
advantage of the active-reactive demand 
meter is that it can be produced at sub- 
stantially the same cost as present kilowatt- 
demand meters. In operation, it functions 
to add arithmetically to the kilowatt de- 
mand a predetermined percentage of the 
kilovar demand; that is, the indication of 
the device is kilowatts plus c (kilovars) where 
c is the predetermined ratio of the unit 
kilovar to kilowatt charges. 

It is not suggested that the active-reactive 
demand meter is the ultimate solution to the 
problem; it is referred to simply because it 
is a measuring device already available (and 
used extensively by at least one utility), and 
because it fundamentally falls in line with 
the basic considerations that the metering 
cost of factoring the reactive requirements 
must of necessity be small. 

In making plans for the future, the meter 
engineer must consider trends. The cost 
per reactive kilovolt ampere of capacitors, 
or the equivalent, has been markedly re- 
duced during the last ten years or so and, if 
the past is to be any criterion, the cost- 
reduction trend may continue. Thus, the 
relative importance of measuring the re- 
active component in a demand schedule 
may be less and less. The additional ex- 
penses chargeable to installation and main- 
tenance of metering equipment for the sole 
purpose of measuring the reactive compo- 
nent must be weighed against the cost in- 
crease in system investments directly charge- 
able to consumers’ requirements for reactive 
power. In future years, it may be considered 
a better over-all policy to invest more in 
equipment to produce reactive power and 
less in metering equipment by means of 
which charges can be allocated for the re- 
active power consumed. 

It would also appear to be a reasonable 
requirement that the active-reactiwe meter 
should be provided with a relatively simple 
adjustment by means of which the constant 
¢ referred to previously can be modified, 
from time to time, to be made to conform to 
the changes in the schedule. If, ultimately, 
it is decided to disregard entirely the reactive 
factor, it should be a simple matter to con- 
vert the active-reactive demand meter to a 
standard kilowatt-demand meter, thus cir- 
cumventing the risk of investing in metering 
equipment which may not be _ utilized 
throughout its normal useful life. 


H. K. Sels (Public Service Electric and Gas 
Company, Newark, N. J.): In attempting 
to allocate equitably the total system in- 
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vestment between kilowatts and kilovars 
Mr. Butler has ventured into new ground 
for the Institute. I think that the concep- 
tion of separate kilowatt and kilovar supply 
is an excellent one to apply in the engineering 
development of an electric system. How- 
ever, I am not so sure that it is the most 
practicable conception in economic studies 
of system investment upon which electric 
rates may be established as can be readily 
demonstrated. 

In the first place, the random distribution 
of poor power-factor customers throughout 
the system is usually limited to certain in- 
dustrial areas. Therefore, since most sys- 
tems essentially are laid out with radial 
distribution from scattered bulk supply 
points, individual elements of the system are 
affected to a different degree and many of 
them not at all in certain years when plant 
investment has been made in anticipation of 
future loads and to provide adequate re- 
serves. I feel that Mr. Butler has over- 
simplified the problem in a rather academic 
treatment and that some of his assumptions 
determine in advance the -conclusions 
reached. For example, the general principle 
is followed that the division of system in- 
vestment between kilowatts and kilovars 
should be on the basis of the kilowatt capac- 
ity used or proportionate voltage drop 
produced by each. Why not go to the 
other extreme and consider only those in- 
cremental investments added to certain por- 
tions of the system to carry the kilovar 
load for only the time that they are abso- 
lutely needed for that purpose? Consider- 
ing the fact that many factors enter into the 
decision of when to add new elements to a 
system, the amounts charged to the supply 
of kilovars on this basis would be small 
indeed and the conclusions reached vastly 
different. 

I have given much study to the effect of 
low-power-factor loads upon system invest- 
ment and the various methods of supplying 
kilovar load with the best over-all economy. 
Mr. Butler concludes that 20 to 25 per cent 
of the system investment is chargeable to 
the kilovar requirement when it is supplied 
by generating stations operating around 80 
per cent power factor. In analyzing the cost 
of specific cases I never have been able to 
demonstrate so high a figure but have found 
that the most expensive method of kilovar 
supply probably does not run over ten per 
cent of system investment at 80 per cent 
power factor when following the basis that 
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I have outlined. Therefore, I feel that the ’’ 


ordinates of Figure 5 of the paper should be 
less than half the values given, while the 
ordinates of Figure 6 of the paper are about 
right. It is evident from this that only the 
poorest power-factor loads should be cor- 
rected by capacitors, and generators should 
not be operated above 90 per cent power 
factor. This is a point to be considered in 
correlating the capacities of generators and 
turbines. 

In giving further consideration to the 
various methods of supplying kilovars it is 
neither feasible nor desirable to concentrate 
their supply in capacitors alone because 
they would become unmanageable in system 
operation, particularly when they are in- 
stalled quite generally by the customer. On 
an incremental investment basis the building 
of additional kilovar supply into the design 
of a generator is the cheapest method of all 
and will support several dollars of incre- 
mental distribution-system investment to 
carry this supply to the load. Synchronous 
condensers, with their desirable character- 
istics of holding up system voltages during 
disturbances or fluctuating load, are a 
method not to be disregarded in providing 
controllable kilovar supply, particularly 
when building space is available, and their 
losses can contribute toward building heat- 
ing. Therefore, it appears to me that all of 
the cost elements although lower in value 
are as complex in arriving at the proper 
kilovar supply as they are for kilowatt 
supply and cannot be generalized simply. 

Finally, Mr. Butler goes so far as to ad- 
vocate the abandonment of the terms power 
factor and kilovolt ampere. I agree on power 
factor, but I feel that some things can be 
accomplished with kilovolt-ampere metering 
that cannot be accomplished with kilovar 
metering. For example, without holding 
any brief for either rate, take the rate clause 
proposed by the Connecticut Commission 
of charging 25 cents per kilovar in excess 
of 50 per cent of the kilowatt demand and 
compare it with another equivalent form of 
rate based on charging 45 cents per kilovolt 
ampere in excess of 112 per cent of the kilo- 
watt demand as shown in Figure 2 of this 
discussion. It is evident that the kilovolt- 
ampere rate accomplishes more than the 
kilovar rate. First, it has the advantage of 
continuing the use of well-known terms, 
particularly with lay-minded customers, and 
provides an increasing incentive measured in 
cents per kilovar to lower-power-factor 
customers to.correct at the load. Second, 
if the proper rate is selected, it reserves to 
the utility company the field of kilovar 
supply where it can best meet the needs of 
the industry. Admittedly, kilovar capacity 
should be provided at a lower cost by the 
utility than by individual customers as the 
capacity provided by the utility can be 
made useful to more than one customer, and, 
where the requirements of one locality 
change with respect to another, can be 
moved about the system as local conditions 
require. Therefore, I can only agree that a 


demand charge based on kilovolt amperes 
inequitable,”’ 


alone may be ‘somewhat 
and nothing is wrong with kilovolt“ampere 
metering when properly used. 

I should like to correct the impression 
given in a quotation used by Mr. Butler 
from a similar paper which Mr. Seely and I 
presented last year, that 20 per cent addi- 
tional turbine-generator capacity was ob- 
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tained by unity-power-factor operation of 
generators, Most of our generators will not 
deliver full kilovolt amperes at unity power 
factor as Mr. Butler assumes. Only nine 
per cent of additional capacity was due to 
increases in power-factor ratings from 0.8 
to 0.9 using other sources of kilovar supply. 
The remaining 11 per cent was obtained 
from increased kilovolt-ampere ratings re- 
sulting from various steps outlined in the 

per. Quoting further from the same 
paper, computations showed for the Public 
Service Electric and Gas Company system 
that: 


1. ‘‘The static capacitor installations are the most 
economical because they are close to the load. 


2. “The small added cost of providing reactive 
capacity in generators is next least expensive even 
with the added system investment and no saving in 
losses. 


8. ‘‘Adding capacity in the form of synchronous 
condensers wherever located is the most expensive 
of all due to their higher initial cost.’’ 


Therefore it appears that while our ap- 
proach is different we are in fairly close 
agreement on the method of kilovar supply 
with certain qualifications, but quantita- 
tively we are not in agreement as to the 
method of analysis and the establishment of 
costs. Also, we are not in agreement with 
the method of metering that most closely 
represents the cost of service. 


J. W. Butler: There seems to be a general 
criticism to the effect that the conclusions 
are invalidated by the somewhat sweeping 
assumptions adopted, particularly assump- 
tion number 2. This aspect will be covered 
first by a general discussion, then the re- 
maining individual points answered. 

Assumptions were made to establish a 
basis for a broad analysis to determine the 
relative costs of producing kilovars in differ- 
ent ways on an average power system, as 
well as establishing as a bench mark, the 
relation between these costs and the costs 
of producing kilowatts. The analysis was 
made on the basis of exploring a range in 
conditions of system operation from one 
extreme to another, namely, 


1. Load kilovars all supplied by generators and 
prime movers able to deliver full kilowatt output 
at 1.0 power factor. 


2. Load kilovars all supplied by auxiliary kilovar 
generators near the load. 


In doing this it was appreciated that no 
system ever operated in either manner, but 
these cases did describe limits which en- 
compassed all systems. Hence the results 
indicated the range in which we were work- 
ing and the scope of the possibilities in 
either direction. 

Following this general approach, the 
method was numerically applied to three 
specific radically different systems, desig- 
nated as A, Band C. 

Thus all types of systems were reasonably 
included somewhere in the area covered and 
the ratios between the fraction of the total 
system investment chargeable to kilovars 
when supplied by prime mover units, Figure 
5 of the paper, as compared with the fraction 
of system investment chargeable to kilovars 
when supplied from equipment such as 
capacitors near the load, Figure 6 of the 
paper, were so large in any case that it 
adequately established the advisability of 
carefully checking the practice in any par- 
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ticular case of supplying kilovars from prime 
movers that had available capacity for more 
kilowatt output if the kilovar load were 
reduced. As an example, if the magnitude 
of the effect of assuming that only 50 per 
cent of generating equipment is capable of 
operating at full kilovolt-ampere unity 
power factor output instead of 100 per cent, 
as assumed, then at 0.8 power factor the 
curve points for the three types of systems 
would be 22, 21 and 16 instead of 26, 25 and 
21, as shown in Figure 5. As these values 
are to be compared with values of about 2 
and 5, depending upon whether the device 
for producing the kilovars is assumed to cost 
$10 or $25 per kva, as shown in Figure 6, it 
is seen there is little effect on the general 
conclusion that the ratio of these costs is high. 

The kernel of the message is: Do the 
operating companies want to maintain con- 
trol of their system kilovar sources? Such 
control is important in system design and 
operation, as pointed out by B. M. Jones 
in his discussion, and this control could 
readily pass into the hands of the consumer 
if the reduction in the price of capacitors is 
not factored into the over-all picture by the 
operating company. Obviously, if this con- 
trol is to be maintained by the utility, the 
service costs must reflect the necessary 
system investment, and this investment 
must be made on the basis of what it costs to 
provide the requirements in the most 
economical manner. The relation of the 
price and price trend of kilovar sources in 
this respect is somewhat obvious. 

The discussion by Mr. Crary is appreci- 
ated, as it will aid in clarifying the real 
intent of the paper. Synchronous conden- 
sers have a definite place in system opera- 
tion, and they fall into the broad classifica- 
tion of a kilovar source and are to be used 
accordingly. 

I am unable to agree with Mr. Brownlee’s 
interpretation of the conclusions given in his 
second paragraph. Quite to the contrary, 
the size of the boilers might have to be in- 
creased if additional kilowatts are to be 
delivered by the prime movers and genera- 
tors, after the station has been relieved of 
its kilovar obligations. Further, the addi- 
tion of capacitors at the generator terminals 
would merely relieve the generator only of 
the job and not the transmission and distri- 
bution facilities, which represents a major 
portion of the system investment. 

The possible magnitudes of kilovar loss 
emphasized by Mr. Brownlee and Mr. 
George when it is generated remotely from 
the loads indicates the conservativeness of 
the analysis as this factor (assumption 3) 
was neglected. 

The use of switched capacitors, feeder 
voltage regulators or load-ratio-control 
transformers on lines to improve regulation 
has no effect on that part of the analysis 
where voltage drop is the limiting factor, 
as contended by Mr. Brownlee. Regardless 
of how the voltage drop is actually taken care 
of, if the kilovars flowing over a line cause 
half the voltage drop, it seems reasonable to 
charge the kilovars up with half the invest- 
ment of that line. Voltage was merely used 
as a yard stick to determine the relative 
kilovar and kilowatt usages of the line, and 
not the usage of the regulating devices. 
The usage of these regulating devices was 
determined by thermal or current capacity 
usage. 


Concerning Mr. Foote’s remarks, the 
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philosophy offered in the paper in this 
respect makes available the 125 per cent 
kilowatt capacity under peak or emergency 
conditions. How could this overload ca- 
pacity be utilized, unless the required kilo- 
vars were supplied by some other source? 

B. M. Jones clearly understood the real 
message, and I am indebted to him for 
presenting a system-planning engineer’s 
viewpoint, indicating his appreciation of the 
philosophy developed. 

Mr. Boland’s remarks and conclusions 
concerning metering are very sound. All 
discussers have in substance agreed to the 
results indicated by Figure 6 of the paper, 
namely, investment allocable to kilovars 
when supplied by auxiliary kilovar genera- 
tors. The magnitude of the allocation indi- 
cated in Figure 5 has been generally ques- 
tioned, the feeling being it should be re- 
duced. In any case, it is a question of the 
physical practicability or economic limit 
beyont! which the separate metering and 
segregation of the two quantities can con- 
tinue to be justified. As pointed out by Mr. 
Boland, this may influence the philosophy 
of handling the kilovar problem; namely, 
investing in equipment for supplying kilovars 
instead of in meters for measuring kilovars. 

If the philosophy of ‘separate kilovar and 
kilowatt supply is an excellent one,” as 
stated and agreed to by Mr. Sels, to apply 
in the design and operation of a system, it 
appears logical that the same philosophy 
should follow through in the analysis of the 
system investments. This, however, is of 
academic interest only as it does not neces- 
sarily affect the real message and conclusion 
of the paper as presented in the beginning 
of this closure. The use of the lower incre- 
mental costs as preferred by Mr. Sels or the 
data in Figure 6 to which he generally 
agrees, further emphasizes the message, 
that if kilovar control is to be maintained by 
the operating companies, these low kilovar 
costs must be reckoned with. This is clearly 
recognized by Mr. Sels and his associates 
as indicated by the extent to which they 
have carried and reported the kilovar pro- 
gram on their systems. I am indebted for 
the clarifying data, pertinent to the quota- 
tion taken from the Sels and Seeley paper, 
that only nine per cent of the 20 per cent 
reported gain was due to power factor im- 
provement. 


Self-Excited Oscillations of 


Capacitor-Compensated 
Long-Distance Transmis- 
sion Systems 


Discussion and authors’ closure of paper 43-8 
by R. B. Bodine, C. Concordia, and Gabriel 
Kron, presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, January section, pages 41-4. 


S. B. Crary: For discussion, see page 372. 


R. B. Bodine, C. Concordia, and G. Kron: 
As a further emphasis of the second point 
of Mr. Crary’s discussion, it may be re- 
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marked that representation of the per- 
formance of any physical system by equiva- 
lent circuits rather than by a set of equa- 
tions has some virtue in calculations even 
if a network analyzer is not available. For 
example, such representation of the steady- 
state performance of transformers and in- 
duction motors has been for many years a 
commonplace with practically all engineers, 
and the representation of more complex 
systems is a direct extension of this kind of 
thinking. 


Equivalent Circuits for 
Oscillating Systems and 
the Riemann—Christoffel 
Curvature Tensor 


Discussion and author’s closure of paper 43-9 
by Gabriel Kron, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, January section, 
pages 25-32. 


R. B. Bodine (General Electric Company, 
Schenectady, N. Y.): The equivalent cir- 
cuits for oscillating systems developed by 
Mr. Kron in this and associated papers! are 
a definite and valuable contribution to the 
theory of electrical machinery. The circuits 
give a better physical picture of the phe- 
nomena involved in the analysis of oscillat- 
ing systems and in so doing give a clearer 
understanding of the variables involved in 
such analysis. Since the equivalent circuits 
may be set up on the a-c network analyzer 
and results desired obtained from meter 
readings, much of the time and labor in- 
volved in making the necessary calculations 
is eliminated. A direct consequence of the 
use of an a-c network analyzer in the study 
of oscillating systems is that problems which 
have been left undone, or which have been 
done by less desirable methods such as model 
testing because of the weight or complexity 
of the mathematics needed may now be 
undertaken, 

Some typical results obtained by use of 
the circuits and the a-c network analyzer 
are given in references 2 and 4. The data 
presented are the damping and synchroniz- 
ing torques for the hunting of a doubly fed 
motor and for the hunting of a synchronous 
machine connected to an infinite bus through 
a  series-capacitor-compensated transmis- 
sion system. Other cases in which the 
equivalent circuits have provided useful data 
are interconnected Selsyn systems, the slip 
coupling which is a derivative of the syn- 
chronous machine, and induction motors 
used under unusual conditions. 

Examination of the equivalent circuits as 
presented in references 1, 2, and 3 shows 
that the circuit elements occurring most 
commonly are inductance and positive and 
negative resistance. If negative resistance 
units are not available, the impedance 
values, in the event that capacitance is not 
present, may be multiplied by —7 to convert 
to positive resistance, capacitance, and in- 
ductance, If all four circuit elements are 
present, methods of superposition may be 
used. These consist essentially of removing 
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the branch in which the negative resistance 
occurs, replacing the circuit as viewed from 
this branch by an equivalent impedance and 
voltage, and completing the calculation by 
hand. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): These papers illus- 
trate how the network analyzer may be used 
for the study of self-excited oscillations or 
hunting in electromechanical systems. The 
use of equivalent circuits for the study of 
such problems is of great practical signifi- 
cance. 

Physical problems can be analyzed and 
solved which heretofore were impossible of 
analytical solution because of the time and 
labor involved. Previously, either expen- 
sive trial and error tests on actual systems or 
experiments with miniature systems which 
were many times but crude approximations 
were necessary. 

A better physical conception of the 
phenomena is obtained including a realiza- 
tion of the quantitative importance of the 
various factors. These are secured because 


(a). Fewer idealizing assumptions are necessary. 


(b). The equivalent circuit presents by its arrange- 
ment and the magnitude of its elements a visual 
and more easily understood expression of the 
underlying physical relations. 


Gabriel Kron: 
equivalent circuits may be mentioned, not 
brought out by the discussions of Bodine 
and Crary. While considerable work was 
expended in discovering how to intercon- 
nect the equivalent circuits of two oscillat- 
ing induction motors (or rather two oscil- 
lating primitive machines energized by 
alternating currents) no comparable work 
was involved in setting up the rest of the 
equivalent circuits. Once the method of 
interconnection of two primitive machines 
or systems was known, then the intercon- 
nection of the equivalent circuits of any two 
other machines (or one machine and a net- 
work) followed automatically. The already 
known equivalent circuits of two isolated 
salient-pole synchronous machines (or of 


‘ the compensated transmission line and a 


synchronous machine) were interconnected 
without writing down a single equation, 
irrespective of whether their performance 
involved steady-state or small oscillations. 
The work consisted simply of repeating the 
method of interconnection of two primitive 
machines and making the appropriate 
changes necessary, 

Expressed in another way, in analyzing a 
family of related systems, such as stationary 


Discussions 


Another advantage of the- 


or rotating electrical networks, by means of 
the tensorial approach, even in the absence 
of equivalent circuits, it is sufficient for the 
student to familiarize himself thoroughly 
with the physical and mathematical analy- 
sis of only one particular system, the so- 
called ‘primitive’ system. Then by know- 
ing only the ‘‘transformation tensor’? C by 
which any particular system under review 
differs from the primitive system, the engi- 
neer can establish the physical analysis and 
the equations of performance of his system 
by routine manipulations (employing the 
laws of transformation of geometric objects 
and tensors) without the necessity of start- 
ing from scratch for each given system. 

Now, with the use of equivalent circuits 
the engineer doesn’t even need to go through 
the pick and shovel work of establishing the 
equations of his system. (Even this routine 
task of simply writing down on paper the 
equations of hunting of a capacitor-com- 
pensated transmission system is a forlorn 
undertaking, without considering how the 
engineer could keep track of the physical 
analysis.) The establishment of the equiva- 
lent circuit of any particular system from 
that of the primitive system and the method 
of their interconnection into more complex 
structures is purely graphical and involves no 
writing of equations, provided the matrix of 
transformation C of the particular system is 
available. 

Besides relieving the engineer from the 
tedious task of juggling equations (while 
still allowing him to retain a clear and com- 
plete physical picture) the use of equivalent 
circuits takes off the designing or applica- 
tion engineer’s back the tremendous burden 
of computation. It is interesting that while 
engineers unanimously dislike pushing the 
slide rule, the crew running the network 
analyzer actually enjoys working with 
equivalent circuits. 


Shunt Capacitors 


Discussion and author's closure of paper 43-48 
by the AIEE general systems subcommittee of 
the committee on power transmission and dis- 
tribution, presented at the AIEE national tech- 
nical meeting, New York, N. Y., January 25- 
29, 1943, and published in AIEE TRANS- 
ACTIONS, 1943, May section, pages 
222-30. 


M. C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper on a very timely subject covers 
the application of shunt capacitors and their 
effect upon the system. The term ‘‘kilovar”’ 
is naturally very useful in analyzing the con- 
tribution of capacitors, and this paper makes 
use of the two-component concept: namely, 
kilowatts and kilovars. 


of a term ‘‘negative kilovars.”’ In system 


It is a bit disap- 
pointing, however, to find the introduction 


ve 


1} 


re 


load-division studies, it is usually conven- | 


ient to indicate the flow of power in an as- 
sumed direction and then to use a minus 
sign whenever the direction of flow turns 
out to be opposite to the way assumed. 
This is a convenience for diagrammatic 
work and calculations, but the kilovar com- 
ponent is still considered positive the same 
as kilowatts. Thus, an overexcited genera- 
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tor should be regarded as supplying kilo- 
vars to the system rather than drawing 
negative kilovars as mentioned in this paper. 
Similarly, in the example under ‘Current 
Limitation’’ and as shown in Figure 3 of the 
paper, the capacitor should be considered 
as supplying kilovars rather than consuming 
them. The use of the term ‘‘kilovar’’ and 
the two-quantity concept has been so help- 
ful in overcoming some of the difficulties ex- 

rienced with ‘‘power factor’’ that it would 
be very unfortunate to complicate it more 
than necessary. 


Formula 1 in the paper shows kilovolt 
amperes equal to £;? and so forth, which as 
explained in the text is on a per-unit basis 
and therefore correct mathematically. How- 
ever, it would seem more desirable to have 
formulas in themselves equal in regard to 
electrostatic units which could be accom- 
plished by inserting a per cent sign in front 
of each term on both sides of the equation. 

In the example of how a capacitor can re- 
lieve the loading of a transformer, it is 
shown that the ‘‘increase in ability to supply 
load” is obtained at $11.55 per kilovolt- 
ampere for the capacitor and $10.00 per 
kilovolt-ampere for the transformer with the 
statement that ‘‘then considering the other 
advantages of the capacitor, the latter may 
be more economical.’”’ It would seem as 
though this should read ‘‘then mot consider- 
ing the other advantages.” 


R. M. Hawekotte (Bell Telephone Labora- 
tories, Inc., New York, N. Y.): As pointed 
out in the paper, a considerable amount of 
work has been done by the Joint Subcom- 
mittee on Development and Research of the 
Edison Electric Institute and Bell Telephone 
System in regard to the effects of shunt 
capacitors on the inductive co-ordination 
problem. I should like to elaborate some- 
what on this joint work. 


The subcommittee work on shunt capaci- 
tors was initiated in 1985, when the use of 
capacitors was limited to low-voltage in- 
dustrial-plant installations for power-factor 
and voltage improvement. The problem 
at that time was found to be one of voltage 
control and capacitor fuse operation during 
light-load periods rather than an effect of 
harmonic currents and voltages on exposed 
telephone circuit noise. However, the de- 
velopment in 1937 of the outdoor pole-type 
capacitor resulted in extensive use of capaci- 
tors on primary distribution circuits in the 
range from 2.3 to 13.8 ky, and the inductive 
effects of these harmonic currents and volt- 
ages became important. The subcommittee 
studied these problems and made the results 
of their preliminary studies available to the 
field about the middle of 1938. This in- 
formation indicated what effects might be 
expected and what remedial measures, 
applicable to either the power or telephone 
systems or both, were available. 


Although the demands of more vital prob- 
lems in connection with the war effort have 
‘necessitated postponing the completion of 
a report summarizing the results of the 
shunt-capacitor studies, the groundwork 
laid by the subcommittee has been of con- 
siderable value during this emergency which 
has added to the number of inductive co- 
ordination problems because of the necessity 
for providing increased power and telephone 
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service with minimum amounts of critical 
materials. For example, many shunt- 
capacitor installations have been made by 
the power companies to permit more power 
to be transmitted over existing lines without 
using large amounts of additional copper. 
The telephone companies have also had to 
make greater use of multiparty service em- 
ploying grounded ringing in order to avoid 
placing additional wire and cable facilities. 

Restrictions on the use of strategic ma- 
terials likewise have made it increasingly 
difficult to obtain the material necessary 
for certain types of remedial measures: for 
example, neutral reactors for three-phase 
wye-grounded capacitor banks on multi- 
grounded neutral systems. It is of con- 
siderable interest, that, as indicated in the 
paper, there are certain protection advant- 
ages in the operation of wye-connected ca- 
pacitors with neutral isolated, since this 
method of connection limits the effect of 
the capacitors on the power-system in- 
fluence more effectively than the neutral 
reactors. 


The telephone station sets being manu- 
factured before the current restrictions on 
materials had a very low inductive suscep- 
tiveness. The more recently manufactured 
sets, however, have a somewhat higher 
susceptiveness, because magnetic iron has 
been “substituted for Permalloy in the 
ringers in order to save nickel. Also, since 
the manufacture of station sets has now 
been practically discontinued, it has be- 
come necessary to repair and reuse many 
older sets of discontinued types having rela- 
tively high susceptiveness. As an aid in 
these co-ordination problems, increasing use 
is being made of telephone-cable-sheath 
shielding. Where practicable, the cable 
sheaths are bonded to a low-impedance 
multigrounded nettral conductor as de- 
scribed in engineering report 48 of the Joint 
Subcommittee on Development and Re- 
search, 

Various factors thus tend to increase the 
difficulty of securing adequate co-ordination 
and point to the desirability of being par- 
ticularly alert in the matter of advance 
planning and advance study of proposed 
capacitor installations. 

During 1942 several relatively large in- 
stallations of shunt capacitors were made in 
connection with large-capacity multiphase 
rectifiers. The subcommittee has studied 
the inductive co-ordination aspect of multi- 
phase rectifiers, and the results are described 
in engineering report 49 of the Joint Devel- 
opment and Research Subcommittee, It is 
now studying the combined installations of 
multiphase rectifiers and shunt capacitors. 
Briefly, the results in the cases investigated 
to date indicate that the net effect of these 
capacitor installations, from the inductive 
co-ordination standpoint, has been benefi- 
cial, particularly under balanced operation 
of the rectifier station: that is, with all recti- 
fier units in service. However, there is a 
possibility of adverse effects from an in- 
ductive co-ordination standpoint, depending 
on a number of factors such as rectifier size 
and number of phases, size of capacitor 
bank, impedance and voltage of the supply 
system, and so forth. In such cases, the 
effects will be more severe for unbalanced 
station operation; that is, when one or two 
units of the multiphase rectifier are shut 
down for servicing or maintenance, 
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C. F. Wagner: In reply to Mr. Westrate’s 
comments, I see nothing incongruous in the 
conception of a negative kilovar, As con- 
cerns the load dispatcher, it is desirable that 
reference be made only to positive kilovars 
as the quantity dispatched throughout the 
system. Thus an overexcited synchronous 
condenser should be regarded as supplying 
kilovars to the system or as generating kilo- 
vars and an underexcited condenser as draw- 
ing kilovars from the system or absorbing 
kilovars. We should not, however, disallow 
the use of negative kilovars any more than 
we disallow negative kilowatts. In analyti- 
cal work we frequently have occasion to use 
the conception of both negative kilowatts 
and negative kilovars. A particular ex- 
ample is the circle diagram of the kilowatts 
and kilovars at the sending or the receiving 
end of a transmission line. Here of neces- 
sity, one must use both positive and negative 
values of both kilowatts and kilovars, and 
no corffusion results from this practice. 

With regard to Mr. Westrate’s criticism 
of the form of equation 1, the insertion or 
omission of the term ‘“‘per unit’? on each 
side is one of preference. One could not, 
of course, simply insert per cent signs with- 
out altering the form of the equation to take 
care of the 100 factor on the left-hand side. 

Mr, Westrate is quite correct in his criti- 
cism that the word “not" should have been 
inserted in the discussion of how a capacitor 
can relieve the loading of a transformer, 
Thus the last sentence in the third para- 
graph under “Current Limitation” should 
read, “Then not considering the other ad- 
vantages ....” 


Mobile Capacitor Units for 
Emergency Loading of 
Transformers in Open Delta 


Discussicn and authors’ closure of paper 43-16 
by Herman B. Wolf and G. G. Mattison, 
presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, February section, pages 83-6. 


Edith Clarke and H. A. Peterson: For 


discussion, see page 375, 


Howard P. Seelye: For discussion see page 
cae 
O10, 


Herman B. Wolf and G. G. Mattison: In 
the Edith Clarke and H. A. Peterson discus- 
sion, two other possible methods of balancing 
voltages of open-delta banks are suggested, 
one using series capacitors and the other a 
series reactor, 

The purpose of the mobile capacitors is to 
permit loading of self-cooled transformers in 
closed delta to the approximate thermal limit 
and then, in emergency, by applying the 
mobile unit, to carry the entire bank load 
on two transformers in open delta with the 
voltage reasonably well-balanced and the 
transformer loading reduced to the extent 
that copper temperatures are kept withiu 
safe limits with the aid of supplementary 
cooling. Since neither of the suggested 
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methods reduces the transformer loading, 
they are not applicable for this purpose. 

Two other methods of balancing the volt- 
age of an open-delta bank have been used 
by the authors; namely: 


1, Raising the voltage of the phase lagging the 

open delta by raising the secondary voltage of the 

transformer connecting to this phase, this being 

accomplished by proper setting of the ratio ad- 

juster. 

the exciting 
open-delta 


2. By use of an autotransformer, 
winding being across the 
phase and the series winding in the phase lagging 
the open delta. 


connected 


By either ofthese methods, the voltage at 
any predetermined load is balanced satis- 
factorily, but, as transformer loading is not 
reduced, the full closed-delta load cannot be 
carried safely on the open-delta bank, even 
with the aid of supplementary cooling. 

The effectiveness of the shunt capacitors 
in reducing load of open-delta banks is 
illustrated by copper temperatures of trans- 
formers in supplements to Figures 4 and 5 
of the authors’ paper. 


Supplement to Figure 4 
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Supplement to Figure 5 
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Open-Delta Transformer 
Banks—Avnalysis of Circuit 


Discussion and author's closure of paper 43-45 
by J, E. Clem, presented at the AIEE national 
technical meeting, New York, N. Y., January 
25-29, 1943, and publishedin AIEE TRANS- 
ote 1943, June section, pages 


Herman B. Wolf aud G. G. Mattison (Duke 
Power Company, Charlotte, N, C.): The 
authors of the paper ‘Mobile Capacitor 
Units for Mmergeney Loading of Trans- 
formers in Open Delta” are highly gratified 
that a thorough analysis of open-delta regu- 
lation, losses, and corrective capacitance 
requirements has been made, In his paper, 
Mr, Clem calls attention to the increased 
heating of motors when supplied by an 
open-delta bank; this condition was im- 
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pressed forcibly on the discussers recently 
when, in emergency, an attempt was made 
to supply several textile plants from a bank 
of transformers in open delta. The voltage 
was unbalanced six per cent. The plants 
with older motors made no complaint of 
this unbalance, but one plant equipped with 
modern thermal relay protected motors was 
unable to run, presumably because of the 
increased losses on motors of close design. 
Mobile capacitor units were connected to 
the station bus without interrupting service 
to the plants which were able to run with the 
unbalanced voltage; this balanced the 
voltage within two per cent, which permitted 
normal operation of all customers. 


Edward W. Kimbark (Massachusetts Insti- 
tute of Technology, Cambridge, Mass.): 
The purpose of connecting unbalanced 
shunt capacitors to the secondary terminals 
of an open-delta transformer bank (as shown 
in Figure 5 of Mr. Clem’s paper) appears to 
be threefold: 


1. To balance the secondary voltages or—in terms 
of symmetrical components—to eliminate the nega- 
tive-sequence secondary voltage. 

2. To raise the positive-sequence secondary volt- 
age, 

3. To reduce the currents in the transformers and 
the consequent heating of the transformers. 


As Mr. Clem points out, both the lowering 
of the negative-sequence voltage and the 
raising of the positive-sequence voltage 
serve to reduce the currents and copper 
losses in induction motors fed from the 
transformers, 

If the object were merely to balance the 
secondary voltages, it could be accomplished 
simply by connecting in series with the 
common conductor A on either primary or 
secondary side of the transformers an im- 
pedance (predominantly inductive react- 
ance) equal to the short-circuit impedance 
of one of the transformers measured in ohms 
from the same side. ‘This device without 
further adjustment would balance the 
secondary voltages for any load kilovolt- 
amperes and power factor, providing only 
that the load itself were a balanced one. 
The positive-sequence voltage drop through 
the bank, however, then would be three 
times as great as for a delta-delta bank; 
whereas, for the open-delta bank without 
the added impedances, the positive-sequence 
voltage drop would be only between 1.5 and 
2.0 times as great as for a delta-delta bank, 
depending upon the negative-sequence im- 
pedance of the load. The negative-sequence 
secondary voltage of the open-delta bank is 
between O and 0.5 times the positive- 
sequence drop in the same bank or between 
0 and 1.0 times the positive-sequence drop 
in a delta-delta bank. ; 

A fixed capacitor in series with each 
transformer would very nearly balance the 
voltages and would decrease the regulation 
also. 

By the use of two capacitors connected as 
shown in Figure 5 of Mr. Clem’s paper, it is 
possible to obtain exactly balanced second- 
ary voltages on an open-delta transformer 
bank feeding a balanced three-phase load. 
To maintain this balance, it is necessary to 
vary each capacitor as the load changes in 
kilovolt-amperes or in power factor. 

If balanced voltages are applied to a 
balanced load, line currents a and ¢ will be 
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CURRENT RATIO 


Oh ae 
LOAD POWER-FACTOR ANGLE @ (LAG) 


30° 45° 60° 75° 90° 

Figure 1. Proper corrective capacitor currents 
Io4 and Ip¢ to balance the secondary voltages 
of an open-delta transformer bank feeding a 
balanced load of current I, lagging by angle 6. 


Also the resulting transformer current 17 Zo7 


equal in magnitude and 120 degrees apart in 
phase. These currents must be modified 
by the addition of the capacitor currents, 
leading their respective line-to-line voltages 
by 90 degrees and of such magnitudes 
that the resulting transformer currents 
are equal in magnitude (to each other, not 
to the load currents) and 60 degrees apart 
in phase, in order to give balanced primary 
voltages. Conversely, when the corrective 
capacitances so determined are used, the 
application of balanced primary voltages 
will result in balanced load voltages. 

Figure 6 of Mr. Clem’s paper presents 
charts which are intended for use in deter- 
mining the proper amounts of corrective 
capacitance or capacitive current, but these 
charts are inconvenient to use, because they 
require a cut-and-try process as illustrated 
in the paper. The formulas for the proper 
capacitor currents are extremely simple. 
The currents J,g and Jy, in capacitors Cyq 
and Cy, respectively (see Figure 5 of the 
paper) are given by 


(1) 


Ieq=Iy cos 0 
and 
Ing=Lr sin 0/-/3 (2) 


where J; is the load current per terminal, 
and @ is the power-factor angle (positive 
for lagging current). The current in one 
capacitor should be equal to the active 
component of load current, and the current 
in the other capacitor should be equal to the 
reactive component of load current divided 
by \/3. These values are independent of 
the transformer impedance. 

The proper capacitor currents are plotted 
versus the power-factor angle @ in Figure 1 
of this discussion. The arithmetical sum 
of the two capacitor currents is plotted also. 
The sum serves as an index of the aggregate 
kilovolt-ampere capacity of the two capaci- 
tors. The capacity is seen to be greatest at 
30 degrees lag (87 per cent power factor); 
here the total capacitor current is 1.15 
times the load current, or kilovolt-ampere 
capacity is 1.15/1.73=two-thirds that of 
the load. ; ~ 

The current in the transformers is reduced 
by use of the capacitors. When the proper 
values of capacitance are used, as given by 
equations 1 and 2 preceding, the current in 
the two transformers of an open-delta bank 
are equal in magnitude and 60 degrees 
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apart in phase. The magnitude is given by 
the curve I7/T, in Figure 1 of this discussion, 
and the phase with respect to the secondary 
voltage of the same transformer is given 
by the curve ¢7. For any load power factor 
with lagging current, the transformer cur- 
rents are less with than without capacitors. 
Note that, in a delta-delta bank without 
capacitors, I7/I,=0.577. The magnitude 
and phase of the transformer current are 
given by the vector equation 


Ip Zo/Iy 
=0.763 Z (19° —6) +0.288 Z (60° +6) 
(3) 


From the magnitude and phase of the 
transformer current and a knowledge of 
the transformer impedance, the regulation 
can be calculated by ordinary methods or 
by Mr. Clem’s new formula. The regula- 
tion of the open-delta bank with capacitors 
is not only less (algebraically) than the 
regulation of the same bank without capaci- 
tors, but it is also less than the regulation 
of the delta-delta bank without capacitors. 


Edith Clarke and H. A. Peterson (General 
Electric Company, Schenectady, N. Y.): 
These papers indicate thorough and careful 
analyses of the possible difficulties that may 
be encountered when supplying load to 
motors through open-delta transformer 
banks. The shunt-capacitor scheme of 
balancing the voltages at the load is illus- 
trated, and methods of calculating the per- 
formance are given. 

Two other possible methods of solution 
could be used, namely: 


1. Series capacitors in two phases. 


2. Series reactor in one phase. 


For the former method, the capacitive re- 
actances should be inserted on either side of 
the open-delta transformer in the two lines 
marked B and C in Figure 3a of Mr. Clem’s 
paper. In ohms, the capacitive reactance 
should be equal to the leakage reactance for 
one of the single-phase transformers re- 
ferred to the side in which the capacitors are 
installed. This would have two advantages; 
namely: 


1. Substantially balanced voltages would be ap- 
plied to the motors for all loads and all load power 
factors, 


2. Noreactance drop would be encountered across 
the open-delta bank plus the series capacitors con- 
sidered as an integral unit. 


By overcompensating the leading phase and 
undercompensating the other phase by an 
equal amount, negative-sequence currents 
resulting from unbalanced transformer re- 
sistances can be eliminated also. 

The second scheme employing a series 
reactance in the line marked A of Figure 3a 
can also be used to supply balanced voltage 
at the load for any condition of operation. 
The reactor should be equal in ohms to the 
leakage reactance of one of the single-phase 
transformers referred to the side in which the 
reactor is installed. Thus, since only one is 
required, the corrective kilovolt-amperes re- 
quired is half that required for the series- 
capacitor scheme. However, this scheme 


has the disadvantage of increasing the volt- ' 


age drop across the open-delta transformer 
and the series reactor considered as a unit. 
This may not be a limitation, however, 
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because generally regulation at the load is 
not so important as the unbalanced volt- 
ages, or the problem would not have arisen 
in the first place. 

For either of these schemes, the corrective 
kilovolt-amperes required is independent of 
the side of the transformer on which the 
corrective kilovolt-amperes is installed. 


Howard P. Seelye (The Detroit Edison 
Company, Detroit, Mich.): Although the 
open-delta transformer connection has been 
used for many years, it has usually been 
considered to be in the nature of an emer- 
gency or temporary expedient. This is, of 
course, because, for a three-phase load, the 
transformer capacity required with open 
delta is 15 per cent greater than with a 
closed-delta installation, and the voltages 
produced are unbalanced, sometimes to an 
extent detrimental to the service. Several 
years ago a number of studies and tests 
made in The Detroit Edison Company 
showed that for loads consisting of single- 
phase and three-phase combined, the single- 
phase being on one phase only and of con- 
siderable amount compared with the three- 
phase, open delta could be used effectively 
and had several advantages over closed 
delta. Not only is there one less transformer 
to install, but also, if the proper phase rela- 
tion is chosen, the total load-carrying capa- 
bility per kilovolt-ampere of transformer 
capacity is larger than with closed delta, 
and the voltage balance is better. This was 
quite thoroughly discussed in an article in 
Electrical World, April 20, 1929.1.2 

In 1934 the method of serving commercial 
customers having both single-phase and 
three-phase load on the Detroit Edison 
system was changed. Before that time 
separate transformers, services, and meters 
had been used for the two types of load. It 
was decided to combine these on one service 
andone meter. This created quite a problem 
in distribution. Three-phase distribution 
transformers had been the rule for three- 
phase service. Since these were wye-delta 
wound, they could not be paralleled with the 
single-phase transformers in the area. It 
was necessary to remove them and convert 
the distribution to delta delta. 

In a great deal of the territory the smaller 
three-phase loads could be handled by add- 
ing a fourth wire to existing single-phase 
three-wire secondary circuits. The open- 
delta connection was ideal for this purpose. 
The existing single-phase transformers, 
which jin Detroit were mostly connected in 
banks along the secondary mains, served 
as one leg of the V. A small single-phase 
transformer just large enough for the three- 
phase load was connected for the other leg, 
supplying the fourth wire. Figure 2 shows 
the plan of a typical installation. The three- 
phase loads are indicated on this plan, but 
the single-phase services are not shown. 
Primary circuits, which also are not shown 
on the plans, were 4,800-volt ungrounded 
delta. The experience with open delta 
quoted here refers only to that system; 
none has been had with four-wire, wye-con- 
nected primary circuits. Incidentally, it 
was found possible to revamp most of the 
smaller old three-phase transformers to 
single-phase transformers for this purpose. 

This practice was found to be very con- 
venient and efficient and is the standard for 
the Detroit Edison system today. There 
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are some 5,000 of these open-delta installa- 
tions scattered throughout the territory, 
serving a total of three-phase loads of the 
order of 100,000 kva. Some of these are 
relatively small and isolated, as in Figure 2 
of this discussion. Others are more exten- 
sive, providing service to a number of cus- 
tomers along a street as in Figure 3 of this 
discussion. Although other companies 
have made similar use of open delta, it may 
be of interest, for those who have not done 
so, to review briefly the theory which under- 
lies its application, showing why it offers 
particular advantages for such combined 
loads. 

It is well known that, if a balanced three- 
phase load is carried on two transformers in 
open delta, the current in each transformer 
is the line current; that is, it is 1/3 times 
the current which would be found in the 
transformer if the delta were closed by a 
third transformer. Current in one trans- 
former lags behind the voltage by an angle 
equal to the phase angle of the load plus 
30 degrees; in the other transformer the cur- 
rent lags by an angle equal to the phase 
angle of the load minus 30 degrees. For a 
load power factor of 80 per cent, the phase 
angle in one transformer is approximately 
87 degrees+30 degrees=67 degrees; the 
phase angle in the other is 37 degrees—30 
degrees =7 degrees, or nearly in phase with 
the voltage. - Figure 4 of this discussion is a 
vector representation of this condition. 

If a sizeable single-phase load is now added 
across phase ab, the one with the large phase 
angle, this load being in phase with the 
voltage tends to decrease the phase angle or 
to bring the current nearer in phase with the 
voltage. If this single-phase current is 
relatively large compared with the three- 
phase current, the effect will be pronounced, 
giving a resultant current not far out-of- 
phase with the voltage and at the same time 
appreciably less than the arithmetical sum 
of the two components. Figure 5 of this 
discussion shows this effect. For example, 
with the 80 per cent power-factor three- 
phase load, the total current in such a case 
would be approximately equal, numerically, 
to the single-phase current plus one half of 
the three-phase. This should result in good 
efficiency in the use of transformer capacity, 
and that has proved to be the case. It 
should be noted that the effect described is 
only obtained when the single-phase load is 
added to the transformer having the large 
phase angle. That is, this should be the 
phase which leads by 120 degrees the phase 
on which the other smaller transformer is 
connected. If the wrong phase is used, the 
effect is just the opposite to that described, 
resulting in a disadvantage rather than an 
advantage in loading. 

It has been mentioned that the ordinary 
use of open delta for three-phase load only 
results in an unbalanced voltage. This is 
due to the fact that the current in one trans- 
former is nearly in phase with the voltage 
while in the other it is over 60 degrees 
lagging, as well as to the effect of the 
absence of the third transformer. With the 
combined load which has just been de- 
scribed, however, the currents in bo 
transformers are not far out of phase with 
the voltage, which results in less unbalance 
in regulation. Even when the single-phase 
load is not operating, as will be the case 
part of the time, the fact that the trans- 
former carrying the low power factor is 
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larger than the other and hence has lower 
actual impedance tends to keep the voltage 
in better balance than it would be with two 
transformers of equal size. 

There is the obvious question, of course, 
as to how such an open-delta installation 
compares with a closed-delta connection for 
the same purpose. Although a balanced 
three-phase load served by a balanced delta- 
delta transformer installation (all three 
transformers of the same size) results in 
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25-kva and two 5-kva transformers, assum- 
ing similar impedances, the 25-kva trans- 
former carries 36.5 per cent more current 
than it would if all three were 5 kva. The 
5-kva transformers in the unbalanced group 
carry 87.5 per cent of the current which 
they would have if all three were of the 
same size; this current is shifted 20 degrees 
45 minutes, being advanced in one and re- 
tarded in the other from the power-factor 
angle of the load. 
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equal loads on the three transformers and in 
balanced voltages, if the transformer instal- 
lation is not balanced, but is made up of one 
large transformer and two smaller ones, the 
loading and voltages are unbalanced. The 
current in the larger transformer is larger 
than that in the smaller ones, with its phase 
angle remaining the same as that of the load. 
In one of the smaller transformers, however, 
the current is advanced in phase while in 
the other it is retarded. This is shown vec- 
torially in Figure 6. For example with a 
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If a single-phase load is now added across 
the phase with the larger transformer, part 
of it will be carried by the two smaller 
transformers in series (for 25 and 5 kvas the 
proportion will be 1/11). This single-phase 
component in the smaller transformers is 
far out of phase with the three-phase load 
currents, and the effect of the vectorial 
addition is to increase the actual resultant 
current in one of the smaller transformers 
and decrease it in the other, as indicated in 
Figure 7. For usual cases, the total load 
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Open-delta voltages and currents. 


Figure 5. 
Three-phase and single-phase loads 


which can be carried by an unbalanced 
delta-delta group is limited by the capacity 
of that one of the smaller transformers 
which has the larger current; both the 
larger transformer and the other smaller one 
will be underloaded when this one is loaded 
to its full capacity. This does not make for 
efficient use of transformer capacity nor is 
the voltage well balanced on such a com- 
bination, since each transformer has a 
different power factor, as well as a different 
proportion of loading. 

For example, with the combination of a 
25-kva and two 5-kva transformers with 
similar impedances, the maximum combined 
load, for single-phase load at unity power 
factor and three-phase load at 80 per cent 
power factor, is about 20-kva single-phase 
and 12-kva three-phase, or a total of 32 
kva on 35 kva of transformer capacity 
(Load/Transformer capacity =0.915). For 
the 25-kva and one 5-kva in open delta, the 
maximum combined load would be about 
22.5 kva, single phase and 8.7 kva, three 
phase, or a total of 31.8 on 30-kva trans- 
former capacity (Load/Transformer capac- 
ity=1.05). The latter evidently has about 
15 per cent advantage in load-carrying 
ability. 


Table I 


Closed Delta Open Delta 


Total transformer ca- 


DACIEY), | ove Grcstarersjeiototseer tts 13.0kva.. 11.5kva 
Three-phase at 
78 per cent 
oad power factor..... 3.6kva., 2,6kva 
Single-phase at 
100 per cent 
power factor..... 9.5kva.. 10.0kva 
Totals sacrente Dias tecerat .. f18.1kva ., 12,6 kva 
2 {ia'32nw .. 12c0kw 
Ratio; oe ae arose 
Transformer capacity 
Relative load ratio ee) 1.08 
bowtie nce C01 
43.6 44.2 
Transformer currents..... 6.7 6.6 | 
2.71 0.0 
240.2 2,240.4 
Phase voltages......... 238.2 . 238.2 
234.6 235.8 
Maximum difference in oe 
phase voltages........... 5.6 volts.. 4.6 volts 
Maximum deviation 
from average voltage...... 3.1 volts.. 2.3 volts 


*In both cases the transformers were slightly 
overloaded, thus giving ratios larger than unity in 
each case. The relative ratios are significant, how- 
ever. 
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The example which has been given is 
based on a calculation of load division, as- 
suming transformers of similar impedance 
and taking no account of the effect of volt- 
age unbalance on the load. The results of 
an actual test will, therefore, be interesting 
for comparison. One 10-kva and two 11/2- 
kva transformers were used with resistances 
of 0.83 and 1.53 per cent and reactances of 
1.8 and 1.4 per cent respectively. The re- 
sults in Table I of this discussion were 
obtained. 

It is evident that the open delta has a 
load-carrying capability eight per cent 
greater than the closed delta and at the 
same time maintains a somewhat better 
voltage balance, to the extent of about one 
volt. 

In addition to the points which have been 
mentioned, the open delta has some other 
advantages. With closed delta, if the larger 
transformer burns out, the smaller ones at- 
tempt to carry the load and, unless indi- 
vidually protected by fuses against such a 
condition, are likely to burn out also. This 
cannot happen with open delta. The con- 
venience and economy of having to install 
only one small transformer instead of two 
(in order to give three-phase service where 
single-phase is already available) has been 
mentioned and is a very real point in favor 
of open delta. Voltage dips on the phase 
carrying the lighting load caused by three- 
phase motor starting are of about the same 
order on equivalent installations of either 
open or closed delta. 

Since combined single-phase and three- 
phase load is frequently served by three- 
phase wye-connected transformer installa- 
tions, with four-wire secondary circuits at 
120/208 volts, the question of how open 
delta compares with this practice is per- 
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tinent. The wye-connection has consider- 
able advantage for large loads where the 
single-phase load can be conveniently di- 
vided among the three phases and where the 
transformers are relatively large compared 
with the starting currents of the motors 
which are served. It is well adapted to the 
heavy secondary network serving dense 
commercial areas, where it is most com- 
monly used. For distribution in lighter 
commercial and residential areas, however, 
this type of secondary is usually not de- 
sirable. Three-wire single-phase secondary 
circuits are preferable in such areas, for the 
sections where there is only single-phase load 
and many of the services are relatively small. 
Occasional three-phase services can be con- 
veniently served by “spot” installations of 
open delta, as shown in Figures 1 and 2 of 
this discussion. The voltage dip on’ the 
lighting services, caused by motor starting 
currents in such cases, is considerably less 
with open delta than it would be if the same 
transformer capacity were divided between 
three phases with lighting on each. 

It is recognized that there are some con- 
ditions under which these advantages for 
open delta will not materialize. If the three- 
phase component of the load is quite large, 
compared with the single-phase, a closed- 
delta installation may be more suitable. 
It has been found, however, that, in general, 
the open delta is favorable for combinations 
in which the single-phase is at least two 
thirds as much as the three-phase (in kilo- 
volt-amperes). There may also be uses in 
which the characteristics of the load or the 
transformers to be used may modify the 
general rules. For the usual situations, 
however, the advantages which have been 
discussed are real and practicable. 
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J. E.Clem: H. B. Wolf and G. G. Mattison 
mention a case in which motors for textile 
plants were unable to operate from an open- 
delta bank with the voltage unbalanced at 
six per cent. This is very interesting and 
indicates that the operation of such motors 
from open-delta banks must be scrutinized 
more carefully now than in the past. 

In the discussion presented by Mr. Kim- 
bark and also in the discussion presented by 
Miss Clarke and Mr. Peterson, it is said 
that balanced secondary voltages can be 
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obtained by the use of a reactor placed in 
series with the common line to the two re- 
maining transformers of the open-delta 
bank. This is true and has been known for 
many years, having been given in one place 
by C. LeG. Fortescue on page 410 of the 
fourth edition of the Standard Handbook. 
This method of approach is impractical be- 
cause the regulation is three times that for the 
complete delta bank. This fact is also men- 
tioned by the discussers, and it, therefore, 
appears that there is general agreement on 
this method of solution. 

Mr. Kimbark gives equations which he 
proposes for use to obtain the values of cor- 
rective capacitance necessary to produce 
reasonably balanced regulation on the open- 
delta bank. Mr. Kimbark does not give 
any development to support these equations. 
Applying Mr. Kimbark’s method to the 
case shown in Table I of my paper, which is 
Figure 4 of the Wolf-Mattison Paper, we 
find*that the capacitance currents would be 
401 amperes for phase BC, 938 for phase BA, 
and 1,190 for the total. Actually, the values 
used by Wolt and Mattison for this case 
were 350, 700, and 900 amperes respectively. 

Miss Clarke and Mr. Peterson suggest 
the use of capacitors in series with two of the 
lines supplying the remaining transformers 
of the open delta, and, again, the discussers 
point out the limitations of this method in 
that it does not balance the secondary 
voltages, but rather eliminates the reactive 
components of the voltage drop between 
primary and secondary circuits. In addi- 
tion, the use of series capacitors involves 
greater engineering problems than the use 
of shunt capacitors. 
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Steady-State and Transient- 
Stability Analysis of 
Series Capacitors in 
Long Transmission Lines 


Discussion and authors' closure of paper 43-13 
by J. W. Butler, J. E. Paul, and T. W. 
Schroeder, presented at the AIEE national 
technical meeting, New York, N. Y., Janu- 
ary 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, February section, 
pages 58-65. 


John G. Holm (Stone and Webster Engi- 
neering Corporation, Boston, Mass.): Any- 
one who is interested in the subject of long- 
line performance under normal and fault 
conditions will welcome the very fine paper 
presented by the authors. With opinions 
among engineers divided as they are on the 
subject of the best means applicable for the 
increase of transmission-system stability, 
the authors’ paper is an important step for- 
ward in that it analyzes the series-capacitor 
compensation of a line in a transient state 
and approximately outlines the line length 
for which it may best be applied. 
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I agree with the authors that in existing 
lines of 150-175 miles in length where gen- 
erators and circuit breakers cannot be re- 
placed, the series-capacitor compensation is 
one of the most expedient and economical 
means of increasing the line-stability limits. 
(Resistor grounding of the sending-trans- 
former neutral, insulation permitting, and 
shunt reactor on the generator bus are other 
methods for the increase of the stability 
limits of such lines.) I doubt, however, if 
in new projected lines of this length the 
series-capacitor compensation will provide 
the best means for lifting the stability limits, 
even though these lines are electrically 
heavy in relation to the transmission volt- 
age. That in such lines means will have to 
be provided in order to take care of sta- 
bility properly remains beyond doubt; but 
I think that means such as low generator 
transient reactance, high short-circuit ratio, 
high generator inertia, and high-speed cir- 
cuit breakers will prove to be the more ef- 
ficient and economical, as well as sufficient, 
for these lines.! 

It seems to me that the 300-mile length 
the authors selected for the transient-sta- 
bility study of two-circuit lines is about the 
best and most suitable length for the effi- 
cient and economical application of series- 
capacitor compensation, disregarding the 
question of critical materials. 

As the authors point out, there is an 
optimum series-capacitor compensation for 
each electrical length of the line. I doubt 
if in lines 400 miles and longer one could go 
above a 75 per cent capacitor compensation. 
For even if this compensation should prove 
to represent for such lines the optimum 
value from the viewpoint of stability limits 
(and this may not necessarily be the case), 
such a compensation will probably leave a 
line of this length operating below its total 
over-all efficiency and with generally less 
desirable operating characteristics. Thus 
the most economical and generally most 
satisfactory condition of operation may not 
be attained, for a 75 per cent capacitor com- 
pensation of a 450-mile line, or longer, may 
not leave enough reactance for favorable 
operation of the line. Moreover, as pointed 
out by the authors, since the series capacitors 
used for the purpose would have to be of 
higher than normal dielectric strength, in 
view of the possible series-resonant condi- 
tions in the circuit,? the 287-845-ky voltages 
which will be used with lines of such length 
will place economic limitations on the series 
capacitors required. Hence, again disre- 
garding the problem of critical materials, 
where the series-capacitor compensation has 
nO rivals, it seems to me that from 200 to 
a little below 400 miles constitutes the 
region where series capacitors may be ap- 
plied to best advantage. The value of the 
paper, I think, is in analyzing the optimum 
series-capacitor compensation in a faulty 
line and in removing any doubts as to the 
benefits which may be obtained from their 
application in lines plus or minus 300 miles 
long. 

In the details of the paper there are a few 
points on which perhaps the authors would 
be willing to make a few additional com- 
ments: 


1. If there were synchronous condensers at the re- 
ceiving end of the system, in what kilovolt-ampere 
capacities were they placed in the various lines 
studied? 
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2. The receiving system was represented by two 
different values of reactance for steady-state and 
transient-stability studies. Wasit intended that the 
receiving-system reactance represent a load on the 
system? If so, why is the infinite-bus representa- 
tion adopted? It is a general understanding that 
the infinite bus indicates such a large synchronous 
capacity connected to the receiving end that the 
frequency and voltage are absolutely unaffected by 
conditions external to the bus; thus the use of the 
infinite bus seems to imply that the load is not con- 
sidered. Whatever the receiving-system reactance 
represents, either primary distribution system or the 
load, on what basis were its values selected by the 
authors? 


3. The margin curves of Figure 3 cross some of 
the stability-limit curves at more than one point. 
Why should it be so? 


Since the authors made a very valuable 
step forward in the study of series-capacitor 
compensation, it may not be out of place to 
discuss the next necessary phase of the 
study, so that the problem may be further 
clarified. The series capacitor is merely 
one of the methods applied for the increase 
of system-stability limits; various other 
methods may or may not be used jointly 
with it. The only method, however, whose 
counterpart it represents is the intermedi- 
ate-synchronous-condenser method. These 
are the two methods which more or less 
divide the engineering opinion. In so far 
as I know, the late C. L. Fortescue, for 
example, decidedly favored the intermediate 
synchronous condenser. It is therefore be- 
tween these two methods—all other factors 
being identical—that a thorough comparison 
still remains to be made. Omitting the 
temporarily existing situation of the lack of 
critical materials, which alone would swing 
the decision to the side of the series capaci- 
tor, the effect of either the series capacitor 
or of the intermediate condenser on the 
highest stability limits on the over-all 
operating characteristics and on the total 
system cost (at prewar levels, of course) 
still remains to be studied. Both the capaci- 
tor and the condenser require intermediate 
switching substations of approximately 
equal cost. It remains to be investigated 
in what types and for what length of line 
the lower cost of the series capacitors will 
result in smaller total capital and annual 
costs and in better operating characteristics 
than those obtainable with the more expen- 
sive intermediate condensers. Thus far it 
cannot be stated on which side the balance 
will be, and to what it will amount. The 
authors have an opportunity that few engi- 
neers have for attacking what may be the 
final and most important step in the total 
solution of the problem, an important phase 
of which they have presented so notably. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The authors have 
presented a valuable guide for the rational 
application of series capacitors to long- 
distance transmission lines. 

As stated in their conclusions, projected 
systems with transmission distances within 
the range of 200 to 300 miles may or may not 
require series compensation, whereas for 
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lines exceeding 300 miles in length series 
compensation appears to be necessary. It 
was of interest to make a comparison from 
Figure 8 of their paper of the relative costs 
of series compensation versus increase in 
short-circuit ratio for a line length of 300 
miles, in order to transmit, for example, 
2.65 kv? per circuit with a 20 per cent 
steady-state-stability margin. This corre- 
sponds to 140,000 kw over a 230-ky line. If 
published generator-price additions for in- 
crease in short-circuit ratio are used, a 
short-circuit ratio of about 2.0, depending 
upon generator speed and rating, is equiva- 
lent in cost to series compensation of 25 
per cent at eight dollars per capacitor kilo- 
volt-ampere. For greater line loadings, it 
becomes more economical to use series 
compensation also than to increase the 
generator short-circuit ratio further. Series 
compensation is less necessary for smaller 
line loadings, as the required steady-state 
margin can be obtained more economically 
by increases in short-circuit ratio alone. 
This comparison, although very approxi- 
mate, indicates that for transmission dis- 
tances of 300 miles, a short-circuit ratio of 
the order of about 1.7 to 2.3 is probably 
justified with or without series compensa- 
tion. Similar comparisons as regards tran- 
sient reactance and generator WR? can be 
made from the curves in the paper. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors have made a worth- 
while contribution on the use of series capaci- 
tors on transmission circuits. The value of 
the paper lies in the curves which give the 
results of stability calculations for a wide 
variety of conditions. These should prove 
useful in general studies involving the 
longer transmission distances. 

The results of the studies are given in 
terms of certain per-unit quantities. This 
system is to be preferred to one, based on 
surge-resistance loadings, proposed by as- 
sociates of the authors in the paper listed as 
reference 3. Examination of several figures 
in the present paper shows that the con- 
templated transmitted loads are consider- 
ably different from the surge-resistance load- 
ing, particularly when series capacitors are 
used. In fact, it appears that the develop- 
ment of the series-capacitor scheme is al- 
ready rendering obsolete the use of a per- 
unit notation for long lines based on surge- 
resistance loading. 

In the present paper the studies of tran- 
sient stability include comparisons of sys- 
tems without reactance compensation and 
with several values obtained by series 
capacitors. For faults close to capacitor 
locations the transient studies have been 
based on capacitors which were promptly 
short-circuited upon the occurrence of a 
fault and which were restored quickly to the 
system after the faulted circuit was cleared. 
This procedure is in line with the proposal 
by Professor Starr and myself in reference 4 
of the paper; it is quite different from that 
used by associates of the authors in,refer- 
ence 3 of the paper. 

In connection with the transient-stability 
studies of two-circuit lines, it may be pointed 
out that these are limited to conditions in- 
volving three-phase faults. We presume the 
authors have not intended to imply by in- 
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cluding only this type of fault that it only 
should be used for the basis of determining 
circuit ratings. Instead, we presume that 
the data on the three-phase fault have been 
included as a means for giving some infor- 
mation on the problem without the trouble 
of the more elaborate calculations required 
for unbalanced faults. For specific systems 
we are of the opinion that all types of faults 
should be investigated but that principal 
\\consideration should be given to the types 
‘and locations of faults which are most likely 
to be encountered. As the double line-to- 
ground fault is usually the most severe type 
of fault that is encountered with frequency, 
it is our opinion that this should be used 
normally in transient-stability studies to 
determine circuit rating. 

The principal conclusion of the paper is 
that reactance compensation is an effec- 
tive method for increasing the transient 
and steady-state stability limits of transmis- 
sion systems. For most systems involving 
transmission from a hydroelectric source to 
‘a load center, continuity of service requires 
the maintenance of stability under transient 
conditions. Consequently, the principal 
conclusion is that reactance compensation is 
an effective method for increasing the tran- 
sient-stability limits of systems. 

The conclusions of the paper, in our opin- 
ion, while not particularly novel, are never- 
theless sound. It is reassuring that the two 
groups of engineers actively studying the 
long-distance transmission problem should 
be in substantial agreement concerning the 
use of series capacitors on transmission cir- 
cuits as an economical and practical method 
of increasing circuit rating. 


J. W. Butler, J. E. Paul, T. W. Schroeder: 
All discussers of this paper have read into 
the conclusions more definite limitations 
concerning the line length at which react- 
ance compensation is applicable than the 
authors intended. While it appears, as 
stated in conclusion 4, that reactance com- 
pensation is a fundamental requirement for 
transmitting economic blocks of power over 
lines above 300 miles in length, it is felt 
that for shorter distances the series capaci- 
tor may still prove justifiable, particularly 
in existing systems. For the series capacitor 
to be justified in the shorter line lengths, 
the loadings will have to be greater than that 
corresponding to unity-power-factor loading 
with no reactance compensation, which is 
generally considered desirable from an 
operating standpoint. But the application 
of series capacitors should be considered 
along with or in addition to other stability- 
increasing means, from an economic stand- 
point, as discussed in conclusion 3. Here it 
should be emphasized that, as series capaci- 
tors are employed, the unity power-factor 
loading increases, since the capacitors can 
supply the line J? X, in addition to that sup- 
plied by line-charging kilovolt-amperes. If 
it is desired to operate at loadings greater 
than the uncompensated surge-impedance 
loading and to depend for stability on means 
other than the series capacitor, the addi- 
tional line J?X must be supplied by ter- 
minal apparatus. 

Mr. Crary has indicated how one sta- 
bility-increasing means, increased generator 
short-circuit ratio, may be compared eco- 
nomically with reactance compensation, as 
suggested in the preceding paragraph. 
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Mr. Evans’ statement that associates of 
the authors in their paper listed as reference 
3 propose a kilovolt-ampere or kilowatt base 
of the surge-impedance loading (2.5 kv? for 
a line having a surge impedance of 400 
ohms) rather than a base of kv? as used in 
the present paper, indicates his absence of 
familiarity with the paper listed as reference 
3. It was in that paper that the use of kv? 
as a very convenient base was first proposed, 
and all curves showing results of analyses 
made are in terms of such a base. In that 
paper the surge-impedance loading was 
used only in referring to existing uncom- 
pensated lines, and the fact that series 
capacitors increase the surge-impedance 
loading was recognized by the statement: 


“If series capacitors are used without shunt reac- 
tors, the over-all effective surge impedance is re- 
duced, and it is possible to deliver more power at 
unity power factor per kv? for the same distance.”’ 


Further, it seems that Evans’ and Starr’s 
proposal (in reference 4) for protective 
equipment is no different from that sug- 
gested by associates of the authors in the 
paper listed as reference 3 in which they 
say: 


“The optimum arrangement (of capacitors) can be 
determined by a study of the particular case under 
consideration. Protective equipment similar to 
that used with present-day lower-voltage installa- 
tions could be used to protect them during abnormal 
conditions.” 


Mr. Evans’ assumption that the three- 
phase fault was used in this study to obtain 
the results quickly and simply is correct. 
This type of fault, used for all transient 
studies, also gives the worst possible condi- 
tion, hence its use is conservative. 

The authors listed what Mr. Evans 
terms the “principal conclusion”’ first, be- 
cause it was thought logical, rather than 
novel. It is indeed far from novel, and any 
of the other conclusions certainly exceed it 
by far in novelty and usefulness. 

Concerning other means of raising sta- 
bility limits suggested by Mr. Holm, it 
should be borne in mind that resistor ground- 
ing of transformer neutrals will raise the 
transient but not the steady-state limit. 
The shunt reactor may be used where load- 
ings are under the unity-power-factor load- 
ing, and hence excess line charging tends to 
remove generator excitation without their 
use, but for heavier loadings existing gen- 
erators may not have the excitation ca- 
pacity to supply kilovars to shunt reactors, 
and new generators can have short-circuit 
ratio built into them more economically. 

Figure 7 of the paper shows that, above 
75 per cent compensation in a 300-mile line, 
the steady-state power limit drops off rapidly 
for ordinary ratios of receiving-end to 
sending-end voltage, because power begins 
to be controlled by voltage rather than by 
angle difference. As Mr. Holm suggests, 
even at 400 miles the optimum compensa- 
tion would probably not be much greater 
than 75 per cent, though increased line 
length is in the direction of making the 
optimum larger. 

The series-resonant conditions referred to 
by Mr. Holm as requiring extra margin in 
series capacitors in reality will not require 
such extra margin, as these conditions are 
to be avoided. This overvoltage, analyzed 
in Mr. Holm’s reference 2, is possible even 
without series capacitors and it occurs if a 
lightly loaded or unloaded transformer is 
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left at the far end of a long line and only in 
certain regions of length. If extra margin is 
required in capacitor dielectric, it will be 
desirable for stability reasons not to have 
the capacitor protective equipment function 
because of swing currents after fault re- 
moval, 

To answer the specific questions raised in 
Mr. Holm’s discussion: 


1. Excitation as needed to hold the indicated 
voltage was supplied from the infinite system at the 
receiving end. In the actual case this might very 
well be done in part by synchronous condensers in 
the system near the receiving end of the line. 


2. The receiving system reactance used in the 
study represented the low-voltage system including 
generator reactance. Since it was reduced from 
0.15 per unit to 0.10 in going from steady-state to 
transient conditions, some generator reactance was 
included. It was not necessarily the intent to call 
the receiving system infinite. Its inertia was so 
represented simply for convenience, and any re- 
ceiving-system inertia may be considered, because 
in cases such as the ones studied where the receiv- 
ing-end mechanical torque is the negative of the 
sending-end mechanical torque (neglecting losses), 
two systems of inertias Hi and H2 may be repre- 
sented as one system of inertia Ho against an infinite 
system, where Ho = M1 H2/(H1+H2). 


3. All curves in Figures 1, 2, and 3 will cut the 
zero margin line at two points, indicating two power 
limits for any value of compensation. The upper 
limit is dictated primarily by the transfer reactance, 
consisting of machine, transformer, line, and receiv- 
ing-system reactance. The lower limit occurs at 
low loads and is dictated primarily by excitation, 
or lack of it, because of the otherwise unused line- 
charging kilovolt-amperes at such low loads. It is 
this condition that causes the switching time curves 
showing the results of the transient studies to bend 
under at low loads. 


Mr. Holm suggests a comparative study 
be made of series capacitors and inter- 
mediate synchronous condensers. In the 
paper by Miss Clarke and Mr. Crary listed 
as reference 3, the effectiveness of inter- 
mediate stations has been studied. They 
state, in part: 


“In order to obtain an appreciable benefit by this 
method and so make it of practical importance, the 
intermediate system or station must have a rela- 
tively large kilovolt-ampere rating (or low reactance) 
compared to the power transmitted. It has not 
been considered economical to install synchronous 
condensers for this purpose alone.’’ 


These statements are borne out by the 
curves in Figure 6 of their paper, which we 
may use for a brief approximate analysis. 
This figure shows that the steady-state- 
receiver power limit for a 600-mile 60-cycle 
conventional line is about 2.0 kv?, and that 
it may be increased to about 2.5 kv? by 
use of one intermediate condenser of 0.50 
per-unit reactance on a 2.5 kv? base. If 
we call X.quiv=0.80 for a condenser, the 
condenser kilovolt-amperes required is 
(0.80/0.50) X2.5 kv?=4.0 kv?. If one takes 
the price ratio of capacitors to condensers 
of 8/5, for this size installation this con- 
denser would buy (5/8) X4.0 kv? or 2.5 kv? 
of series capacitors, which, for a through 
load of 2.5 kv? (that the condenser would 
permit) or 2.5 per-unit amperes, would give 
a series capacitive reactance of per-unit kva/ 
(per-unit amperes)?=2.5/(2.5)?=0.40. On 
a kv? base a 600-mile line has about 
(0.8 600)/1000 =0.48 per-unit ohms; hence 
the same investment would permit a re- 
actance compensation of 83.3 per cent, 
which would increase the power limit of 
the line considerably above the 2.5 kv? 
afforded by the condenser. Extrapolation 
to 600 miles of the curves in Figure 4 of the 
present paper would permit an estimate of 
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a steady-state limit of perhaps 5.0 kv? for 
terminal reactances somewhat smaller than 
those used in Figure 6 of reference 3. 


Pilot-Wire Circuits for 
Protective Relaying— 
Experience and Practice 


Discussion and author's closure of paper 43-27 
by the AIEE relay subcommittee of the com- 
mittee on protective devices, presented at the 
AIEE national technical meeting, New York, 
N. Y., January 25-29, 1943, and published 
in AIEE TRANSACTIONS, 1943, May sec- 
tion, pages 210-14. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The collection of information on experience 
with pilot-wire circuits for protective relay- 
ing should lead to a more widespread em- 
ployment of this form of protection in 
making possible marked savings in major 
equipment. In addition to the critical 
examination of the per cent availability of 
pilot-wire circuits, other factors affecting the 
over-all performance of the protective sys- 
tem may well be considered. Experience 
has shown that excellent reliability and 
freedom from false operations may be 
secured by using either privately owned or 
leased circuits, provided the following major 
requirements are met: 


1.. The relay equipment should be immune to false 
tripping (in the presence of load current alone) in 
case the pilot-wire circuit is momentarily short- 
circuited, open-circuited, or grounded, or in case 
moderate extraneous voltages are momentarily 
introduced. Directional-comparison schemes of 
pilot-wire relaying are inherently immune to such 
disturbances, and in some instances directional fault 
detectors using current and voltage have been used 
to interlock pilot-wire relays of the two-wire dif- 
ferential type. 


2. Adequate supervision of the condition of the 
pilot-wire circuit should be provided to detect de- 
fects and remedy them before the relay equipment 
is called upon to operate. Continuous supervision 
has been found particularly valuable in this connec- 
tion, and supervision against high-resistance 
grounds on the circuit has resulted in detecting 
incipient pilot-wire short circuits or open circuits 
some hours (or even days) in advance of the pilot- 
wire circuit failure (since a single ground does not 
interfere with operation). 


3. Thorough and proved measures should be em- 
ployed to prevent momentary disturbances to 
pilot-wire circuits caused by rise of ground potential, 
induction, or other causes which by their nature 
occur at the same time as a power-system fault for 
which the relays must discriminate. 


Mention is made of the ability of the 
“newer schemes” to provide both phase and 
ground protection and also to broaden appli- 
cation to cover greater distances. It is 
believed that the subcommittee intends this 
discrimination between early three-wire a-c 
pilot-wire systems and moré recent develop- 
ments, rather than between d-c-operated 
directional comparison schemes which have 
been in general use since about 1930 and the 
two-wire low-energy a-c differential pilot- 
wire equipment appearing some seven years 
later. Even the most recent types of a-c 
two-wire differential schemes have been 
found to be limited to appreciably shorter 
lengths of pilot-wire circuits than can be 
used with d-c  directional-comparison 
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schemes. In a recent application it was 
therefore necessary to choose d-c pilot- 
wire relays on account of the length and 
characteristics of the available pilot-wire 
circuits. 

The results of the subcommittee investi- 
gation indicate some confusion in the matter 
of guarding against rise of ground potential 
and this is a very important point in the pre- 
vention of pilot-wire disturbances concur- 
rent with power-system faults. The follow- 
ing suggestions are offered: 


1. The use of three-winding neutralizing trans- 
formers on the pilot-wire circuits is strongly recom- 
mended for the usual application. 


2. Extreme caution is required in segregating all 
portions of the circuit on the station side of the 
neutralizing transformer from any equipment which 
might be at remote ground potential and vice versa. 


3. The use of staged fault tests to ground is highly 
recommended for checking on the over-all effective- 
ness of voltage neutralization and discovering diffi- 
culties which might otherwise be obscured. 


Some common causes of trouble in con- 
nection with rise of ground potential are: 


1. Plain and simple confusion based on the mis- 
conception that ‘‘a ground is a ground.’’ 


2. Communication circuits in which a momentary 
interruption during a power-system fault may be of 
little consequence are sometimes not provided with 
neutralizing transformers or other potential gradi- 
ent equipment. Operation of carbon protectors on 
these circuits during power-system faults may in 
effect by-pass the neutralizing transformer protec- 
tion installed on pilot-wire circuits at the same sta- 
tion. 


3. The overenthusiastic use of carbon protectors 
may nullify an excellent protective system. 


4. Lack of thorough discussion may result in fail- 
ure to co-ordinate the protective equipment of the 
power company and the communication company 
from which circuits are leased. 


5. Common neutral distribution circuits, trans- 
mission-line ground wires, and so forth, may extend 
the field of station ground influence to an unsus- 
pected extent and thus destroy the effectiveness of 
remote ground installations. 


H. P. Sleeper (Public Service Electric and 
Gas, Company, Newark, N. J.): This 
paper on pilot-wire relaying seems definitely 
in order for three reasons: 


1. It has been several years since the subject has 
been discussed before this group. 


2, This branch of the protective-relaying art is 
definitely rising in popularity on the list of relay- 
parade schedules. 


3. The art of pilot-wire relaying has made decided 
advances in the last few years, its scope of applica- 
tion has been extended, and its economies of appli- 
cation have been enhanced, 


Without attempting to review or analyze 
the history or development of this art, it 
seems to this commentator that three major 
factors have tended to popularize the use of 
this type of protection. The first is the 
development of schemes which enable 
standard relays to be used with pilot-wire 
interconnections to obtain high-speed dif- 
ferential protection of transmission circuits. 
Examples of this are the use of directional 
relays to compare fault-current flows at the 
ends of such a circuit. Another is the use of 
the pilot-wire channel to transmit blocking 
signals between sets of standard carrier-cur- 
rent relays when the latter encounter tech- 
nical or economic difficulties in a particular 
application. 

The second factor has been the develop- 
ment of a simple network type of pilot-wire 
relay which is small in size, economical to 


Discussions 


apply, simple to test in service, independent 
of potential connections, yet supplying phase 
and ground protection in a single unit, and 
which has proved very successful in opera- 
tion. 

A third factor is the developments which 
permit standard-gauge telephone circuits to 
be used as the pilot conductors. It is not 
many years ago that all relay schemes of 
this type required low-resistance pilot con- 
ductors, and such sizes as number 6 (B. & S. 
gauge) were commonly employed. Ob- 
viously, the economics were against the ex- 
tension of such schemes, and long-line appli- 
cations were not considered, the usual instal- 
lation being for distances of fractions of a 
mile. Today circuit sizes as small as number 
24 (B. &S.) are in use, and a circuit of 27 
miles in length is reported in the subject 
paper. Much longer pilot circuits can be 
used, even with the small gauge telephone 
wires with certain relay schemes. 


It is this observer’s opinion that pilot- 
wire relay protection has a definite place in 
the art of protective relaying today. There 
arise from time to time certain applications 
where this general scheme is definitely supe- 
rior economicaily to any other. This is 
usually where short sections of a system are 
to be protected. The degree of protection 
afforded is equal to that of any of the stand- 
ard modern relays on such applications. On 
longer lines the chief competitors are dis- 
tance relays and carrier relays. On lines up 
to 25 miles, the annual costs of pilot-wire 
relays and carrier pilot relays are not very 
different. 

The writer is associated with an electric 
utility company which has in operation pilot- 
wire relay protection on approximately 70 
miles of three-phase transmission circuits. 
Two circuits totaling 10 miles operate at 
26 kv, and eight circuits totaling 60 miles. 
operate at 132 kv. Leased pilot circuits are 
employed throughout. On most of the 
longer circuits it has been the practice to 
install neutralizing transformers in the pilot 
wires, for longitudinal voltage reduc- 
tion. The leased circuits have had all 
branch tap circuits removed so as to mini- 
mize pilot circuit troubles. All of these cir- 
cuits are in lead cable and are mostly under- 
ground. No heat-coil protection is used, 
but standard 300-volt: gaps are installed on 
both wires at all intermediate central offices 
and at terminals. The pilot circuits are 
continuously and automatically supervised. 


In choosing a protective-relay scheme for 
a given application there are many factors 
to be considered, involving the financial, 
engineering, and operating aspects. One of 
the latter factors which a relay engineer 
should not overlook in deciding between, for 
example, carrier pilot relays and pilot-wire 
relays, is the operating results reported for 
both types of protection. The figure of 
96.5 per cent correct operation reported in 
this paper is good, but in this writer’s 
opinion is not good enough. It does not 


equal the figures which have been reported — 


frequently for other types of protection. 


It is important to inquire further into the 
causes of the incorrect operations.» It is 
unfortunate that the committee compiling 
this paper was unable to do this. No at- 
tempt was made to report all causes of incor- 
rect operations, and the only troubles given 
are causes of interruptions to the pilot-wire 
circuits. These may or may not have been 
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the causes of the wrong relay operations. 
Furthermore, no statement has been given 
as to the cause of the short circuits, open 
circuits, grounds, and so forth, on the pilot 
wires. This is very pertinent information 
and might have a decided bearing on one’s 
choice of asystem of relay protection, espe- 
cially for application to long transmission cir- 
cuits. This would be especially true if the 
causes of the pilot-wire trouble were found 
(to be proportional to the physical lengths 
involved. 

One of the causes which falls in the latter 
category in the writer’s experience is the 
matter of pilot-wire troubles caused by what 
we classify as “interference by personnel.” 
All of our pilot circuits are very plainly 
tagged in all central offices as being of the 
emergency type and not to be opened or 
tested without special permission. Yet 
several failures of the pilot circuits have re- 
sulted from neglect of such warnings at these 
locations. Furthermore, certain physical 
locations of pilot circuits, such as in man- 
hole splices, render special identification of 
pairs practically impossible. Specifically, 
a total of 14 failures of pilot-wire circuits 
from this cause has been experienced in a 
total of 748 circuit-mile years of operation. 

It can be stated therefore that the use of 
facilities of another company in the main- 
tenance of devices which affect the opera- 
tion of a protective-relay scheme obviously 
increases the personnel errors which are be- 
yond the direct control of the operating 
company. This is one reason why fault- 
detector relays are installed sometimes on 
important installations to avoid incorrect 
operations caused by pilot-circuit failures. 

This is not intended to disparage the co- 
operation of the engineers of the telephone 
company involved. On the contrary, their 
co-operation has been of the best, and con- 
ditions are definitely improving in our ex- 
perience. Nor is it the intention in this 
discussion to imply that our experience with 
leased pilot circuits can be classed as unsatis- 
factory. In general the service has been very 
satisfactory, and in all fairness it should be 
stated that the difficulties described occurred 
mainly during the early periods of operation. 
It is intended only to point out that when 
utility operating engineers are deciding on 
protective schemes for important power- 
system units, the probability factor of such 
occurrences as described previously should 
be considered in the analysis. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, Ill.): The survey which 
was made by the relay subcommittee in- 
cluded all outages of pilot wires, such as 
those caused by circuit rearrangements and 
replacement of cable in which the insulation 
has reached a dangerously low level. If the 
survey were limited to only those interrup- 
tions caused by an actual breakdown of the 
pilot wires while the main line was carrying 
load, the results would be much more favor- 
able for pilot-wire relaying. The experience 
in our company indicates that less than five 
per cent of the total number of interruptions 
are those caused by pilot-wire breakdowns. 
All the others are planned interruptions, 
which means that the main transmission 
line is deprived of the pilot wires only during 
those periods when the need for the main 
line is minimum. Therefore, in this respect, 
the continuity of pilot-wire circuits is much 
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better than that indicated in the report of 
the subcommittee. 


W. K. Sonnemann: Mr. Brownlee’s dis- 
cussion mentions the use of three-winding 
neutralizing transformers as a remedy for 
induction problems. It should be remem- 
bered that there is also available a scheme 
using a two-winding neutralizing transformer 
which is equivalent to a three-winding 
neutralizing transformer for differences in 
station ground potential and which handles 
longitudinal induction as well. As a matter 
of fact, the protection of pilot-wire circuits 
has recently been discussed in a paper 
“Protection of Pilot Wire Circuits” by E. 
L. Harder and M. A. Bostwick in AIEE 
TRANSACTIONS for September 1942.1 

There is a difference in opinion, ap- 
parently, as to how the relay used with the 
pilot wire should perform in the event of a 
faulty pilot wire. Some operators purposely 
set the relays below load currents for in- 
herent supervision of the pilot-wire circuit, 
so that if the pilot circuit is faulty, the cir- 
cuit breakers will trip. 

It was pointed out that phase and 
ground-fault protection over only two pilot 
wires has been available by the directional 
comparison means for a longer period of time 
than the new two-wire a-c schemes. Per- 
haps the recent popularity of the two-wire 
a-c schemes is explained on the basis of their 
simplicity compared with most directional 
comparison schemes. 

In a continuing investigation of this sub- 
ject, I feel that the causes of pilot-wire short 
circuits, open circuits, and grounds should be 
looked into as mentioned by Mr. Sleeper. 
Since this investigation primarily concerns 
the pilot wire itself as a unit in the protec- 
tive scheme, I do not believe an investiga- 
tion of faulty operations of the over-all 
scheme which may occur and which are 
attributed to defects or accidents not 
directly associated with the pilot wire 
should be considered by this working group. 
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1. PRorecTion oF PiLot-Wire Circuits, E. L. 
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A New Generator 
Differential Relay 


Discussion and author's closure of paper 43-15 
by A. J. McConnell, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, January section, 
pages 11-13. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Mr. McConnell is 
commendable in presenting a brief yet com- 
prehensive introduction of a new member of 
the relay family circle. If applied within its 
proper application limits it should prove a 
useful member. 

The paper could have been even shorter 
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and far more valuable had it omitted raising 
the question of a blind-spot danger with a 
variable slope relay. Every relay has its 
limit of application, this new relay included, 
and the description of what a relay may do at 
currents far beyond any at which it is ever 
applied is neither an asset nor a liability to 
the relay, and certainly no hazard to the 
application. 

Variable slope means simply that as the 
current through the operating and restrain- 
ing windings is increased, the restraining 
torque increases in percentage. At small 
currents the restraint may be negligible, at 
larger currents it may amount to 10 per 
cent of the operating torque, at still larger 
currents 25 per cent, 50 per cent and so on. 
Obviously, if the current were carried on up 
to a sufficiently large value, and if the re- 
straining electromagnets did not undergo 
saturation in the meantime, a point might be 
reached where the restraining torque was in 
excess of the operating torque so that the 
relay would not operate. The whole ques- 
tion is where does this point occur, if it oc- 
curs at all? 

One variable slope differential relay is 
designed for operation on secondary cur- 
rents, either symmetrical or asymmetrical, 
having an rms symmetrical component up to 
100 amperes, whereas the crossing point oc- 
curs at or above 150 amperes. As the relay 
is applied with current transformers that 
result in not over 100 secondary amperes 
(rms symmetrical component) in order to 
secure uniformly high speed operation, there 
is absolutely no danger of misoperation 
from this source whatsoever. This relay 
was developed several years ago for bus pro- 
tection and to the best of my knowledge has 
a perfect record of operation both on staged 
tests and in the field. 


W. K. Sonnemann (Westinghouse Electric 
and Manufacturing Company, Newark 
N. J.): The author of this paper has solved 
an old problem in a somewhat different man- 
ner. The use of product restraint combined 
with the directional feature is interesting and 
does appear to have limited possibilities. 
However, it must not be concluded that 
this is the immediate and simple answer 
to all of the differential relay problems. It 
is still not possible to apply generator dif- 
ferential relays, particularly of the high- 
speed type, without due consideration being 
given to the current transformer character- 
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Figure 1. Performance of mismatched current 
transformers when common burden is high 
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istics. If this relay is applied using current 
transformers which are not matched within 
definite limits, there is the hazard that it 
will not trip for the internal fault condition. 
This paper would be materially improved 
if the author had stated the limits permis- 
sible in the variation of the current trans- 
former characteristics. Such limits have 
been given before for a relay of the summa- 
tion restrained variable percentage type. ! 

It is felt that the author has been unduly 
pessimistic in dealing with the case of the 
summation restrained relay, particularly one 
having variable percentage characteristics. 
He has conveniently eliminated the scales 
from Figure 2 of the paper so that the cross- 
ing point of the operating and restraining 
coil torque curves can be anywhere. Ob- 
viously, if the relay designer does not know 
about this point, if it actually exists, or if he 
neglects it altogether, there is likely to be 
trouble. However, in the summation re- 
strained variable percentage differential re- 
lay for generator protection,! this crossing 
point to all practical purposes does not 
exist. A relay of this type is just as applica- 
ble now as it ever was within the limits of 
its application which have been clearly set 
forth. 

The hazard that the product restrained 
differential relay will not trip for the internal 
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fault condition is severe in the case of cur- 
rent transformer reversal, Ina paper on bus 
differential protection? presented in January, 
1939, it was disclosed that when two dis- 
similar current transformers both feed cur- 
rent to a common burden which is high, 
there is the possibility that the stronger of 
the two current transformers may actually 
reverse the current through the secondary of 
the weaker. If this should occur with the 
product restrained relay, then the relay 
would view the fault as an external fault 
condition so that the restraining coils 
would actually produce restraining torque 
instead of the operating torque which was 
anticipated in the design of this relay, 
Since the relay has been designed with a 
wide margin of safety for the external fault 
condition, and since the internal fault would 
look like an external fault to the relay, it 
would not trip. 

When the phenomenon of current trans- 
former reversal was first observed, it was 
deemed worthy of further investigation. 
Accordingly a test set-up was made in line 
withthe diagram of connections on Figure 1. 
Here two dissimilar current transformers | 
and 2 are arranged to feed current through a 
15-ohm resistor, ‘The terminals indicated in 
the current circuits for the phase angle meter 
are the places in the circuit where the current 
coils of the phase angle meter were succes- 
sively connected to determine the phase 
angle positions of the currents flowing. In 
each case, the current was referred in phase 
position to the vector potential drop, JR. 
The polar curve shows that at light secon- 
dary currents, J4=1.256 amperes, [y=1.25 
amperes and Jy=2.5 artnperes, the two 
secondary currents from the test transform- 
ers add together to produce Jy as expeeted in 
normal operation, However, as the primary 
current was increased, the ability of the 
weaker transformer to do its part in forcing 
current through the common burden was 
exceeded. This resulted in the secondary 
current of transformer number 1 being 
swung around in the hooked curve indicated 
as the locus of Z,, At secondary currents of 
Iy=14,5 amperes, [4=14 amperes, it will be 
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noted that the curve shows these currents to 
be 155 degrees out of phase. This reversal 
was accomplished with a 15-ohm burden, 
whereas the operating coil of the product re- 
strained relay admittedly reaches a maxi- 
mum impedance of 65 ohms. 

A question may be raised concerning the 
accuracy of the phase angle meter readings 
under the distorted conditions involving 
saturation as shown in Figure 1. With this 
in mind, and in order to substantiate the con- 
clusions reached from a study of Figure 1, an 
oscillogram was taken as indicated in Figure 
2. This oscillogram was taken under the 
same conditions as Figure 1. For the left- 
hand portion, the currents were light so that 
a positive peak of J, lines up with a positive 
peak of Jy, the sum of the two producing a 
positive peak of Ig as in normal operation. 
This is indicated at ‘‘a’”’ on the oscillogram, 
The current through the primary of the cur- 
rent transformers was then suddenly in- 
creased and it will be noted that at point of 
time “b,”” a positive peak of J, substan- 
tially lines up with a negative peak of I4. 
This oscillogram substantiates the general 
conclusions reached from a study of Figure 
Ne 

It was stated earlier that the crossing 
point of the torque curves of the author’s 
‘igure 2 does not exist to all practical pur- 
poses for the summation restrained relay 
with variable percentage characteristics. 
The oscillogram, Figure 8, gives adequate 
proof of this point. A source of 220 volts 60 
cycles was connected directly across the 
operating coil of this relay in series with a 
restraining coil, resulting in the relay current 
Tp as shown, Prompt operation of the relay 
was obtained in 0.65 cycles as indicated. 
The wave form of the relay current is not 
sine wave because of the saturating nature 
of the operating coil impedance. However, 
the peak-to-peak value of the relay current 
is the same as a sine wave of 310 amperes 
rms would have. A current of 310 amperes is 
approximately equal to the maximum cur- 
rent which could be fed back into a faulted 
generator by eight other generators of the 
same size connected to the same bus, Asa 
matter of fact, not all current transformers 
can develop a current of 310 amperes in 
their secondary circuits. It is thus shown 
that there is no need to fear nonoperation of 
the summation restrained variable percent~ 
age differential relay during an internal fault. 

Summarizing, it is quite possible for cur- 
rent transformer characteristics to be mis- 
matched to the extent that the product re- 
strained differential relay will not trip for the 
internal fault condition, The degree of mis- 
match which can be tolerated should be 
stated, Similar limits of application have 
been specified before for summation re+ 
strained variable percentage relays so that 
it should be possible to do so here. Secondly, 
the discussion of the limitations of the sum- 
mation restrained relay is more theoretical 
than practical and should not be taken 
seriously, 
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A. J. McConnell: Both Mr. Harder and 
Mr. Sonnemann appear to have misunder- 
stood the discussion of the limitations of 
variable slope with summation restraint. 
The paper does not imply, let alone state, 
that there is a practical limitation in regard 
to the particular relay previously described 
by Mr. Sonnemann.! The variable slope 
characteristic of that relay was used (curve 
B of Figure 1 of the paper) as an example of 
a‘relatively mild variable slope character- 
istic. A review of the paper will show that 
particular reference was made to the 
sharply breaking characteristic of curve C of 
Figure 1 in pointing out the limitations of 
variable slope with summation restraint. 
Nevertheless, since the subject has been 
raised, it is interesting to note that, accord- 
ing to Mr. Harder, the relay described by 
Mr. Sonnemann does have a blind spot 
above approximately 150 amperes. How- 
ever, for some reason this does not appear to 
be borne out by Figure 3 of Mr. Sonne- 
mann’s discussion. 

Mr. Sonnemann objects to the lack of 
scales in Figure 2 of the paper. This illus- 
tration was used to show the reason for the 
admitted limitation of variable slope with 
summation restraint. Since Figure 2 of the 
Paper accomplishes its purpose, no definite 
values for the co-ordinates are necessary. 

Both Mr. Sonnemann and Mr. Harder 
criticize the lack of stated limits permis- 
sible in the variation of the current trans- 
former characteristics. This criticism is 
certainly justified, since it is always possible 
to have a combination of high burden and 
poor current transformers capable of causing 
the failure of any differential relay system. 
Before stating the limits, however, Figure 
1 of Mr. Sonnemann’s discussion requires 
comment. 

Since the current reversal depicted by 
Figure 1 of Mr. Sonnemann’s discussion is 
a function of burden and current trans- 
former exciting current, both of these fac- 
tors must be considered. First, the burden 
of the operating circuit of the product re- 
straint relay is, in the significant range of 
operating currents, much lower than the 15 
ohms used to obtain the data for Figure 1 
of Mr. Sonnemann’s discussion. Although 
the maximum burden at low current values 
is, as stated in the paper, 65 ohms, the sharp 
saturation of the operating circuit reduces 
the burden rapidly as the current is in- 
creased, the burden being six ohms at five 
amperes and less than one ohm at 60 am- 
peres. In fact, the operating circuit voltage 
can increase very little above 50 volts. 
Secondly, current transformer 1 employed 
by Mr. Sonnemann is a rather poor current 
transformer. For example, its exciting cur- 
rent begins to increase rapidly at about 37.5 
volts (15 ohms, 2.5 amperes) and has about 
12 amperes exciting current at 70 volts. It 
is thus readily evident from both of these 
factors that the results obtained in Mr. 
Sonnemann’s test have little significance in 
the case in question. 

Inasmuch as such current transformer 
data as core area, secondary resistance and 
exciting current are either awkward to 
apply or seldom available, it is advisable to 
set limits based on more readily obtainable 
information such as ratio correction factor on 
overcurrent. This is permissible since ratio 
correction factor is also a function of current 
transformer exciting current. Accordingly, 
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up to a total internal fault current of 150 
amperes (secondary basis), the product re- 
straint differential relay should not be used 
with current transformers having a ratio 
correction factor of greater than 1.18 at 20 
times rated primary current and wye burden 
(15 volt amperes, 90 per cent power factor). 
This limit corresponds approximately to the 
poorest current transformer recognized for 
relaying purposes by the American Stand- 
ards Association, namely 10H (or Z) 502 
The above current limitation disappears, 
for all practical purposes, if the current 
transformer is in the next higher accuracy 
class. If one current transformer is just 
within the 10H (or Z) 50 classification and 
the second current transformer has better 
characteristics, it is preferable to use the 
latter on the neutral side of the machine in 
which case the current limitation is a func- 
tion of the better transformer. 

Because of the wide margin of safety on 
through faults, and with the lower limit of 
current transformer accuracy set above, no 
further limitations are necessary. In other 
words, if one current transformer just meets 
the above accuracy limitation, the other cur- 
rent transformer may be perfect. 
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Correlation of System 
Overvoltages and System- 
Grounding Impedance 


Discussion of paper 43-5 by working group on 
correlation of system-grounding impedance of 
the AIEE committee on protective devices, 
presented at the AIEE national technical meet- 
ing, New York, N. ¥., January 25-29, 1943, 
and published in AIEE TRANSACTIONS, 
1943, January section, pages 17-24. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The report of the working group on 
correlation of system-grounding impedances 
shows that there are many causes of system 
overvoltages. A very useful part of the re- 
port is the list of causes of overvoltage and 
the discussion of each cause, which facilitate 
study of particular cases of experienced or 
anticipated trouble. The phenomena in- 
volved in production of overvoltages are 
often exceedingly complex, and only a few 
types have, from the present point of view, 
been examined adequately. The commit- 
tee report will serve a useful purpose in de- 
fining the present status of available infor- 
mation on particular causes of system over- 
voltage and correlation with system char- 
acteristics. 

The working group was organized for the 
purpose of clarifying the relations between 
system overvoltages and system-grounding 
impedances. The only characteristics of 
system that so far have been found useful 
from the standpoint of correlation with 
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system overvoltages are the sequence-imped- 
ance ratios. More particularly, these re- 
lations include the ratios of the zero-sequence 
to positive-sequence series reactance, the 
ratio X,/ X), and to a lesser extent the ratios 
of the sequence shunt capacitances ()/ CQ, 
and their relation to X,. It is hoped that 
one result of this report will be to stimulate 
interest in the correlation of system over- 
voltages with the sequence-impedance ratios. 
Such information will permit better evalu- 
ation of the frequency of occurrence of un- 
usual systems having sequence-impedance 
ratios that are favorable to the production 
of high system overvoltages. 

From a practical standpoint one result of 
the report should be the improved recogni- 
tion of the cases under which lightning ar- 
resters may be overstressed on systems 
operating with either isolated-neutral or 
with high-impedance grounding, Another 
result of the report should be the increased 
recognition of an inherently necessary dif- 
ference in system protection level for iso- 
lated-neutral and grounded-neutral systems. 
The difference in protection level of systems 
for the same circuit-voltage rating is a fac- 
tor frequently overlooked in the cost com- 
parison of systems differing in grounding 
characteristics. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The subject of system overvoltages 
is pertinent to the use of lightning protective 
devices. As stated in the report, the subject 
may be complex. In many cases systems 
or parts of systems require individual study 
in order to make the best use of the data, 
However, if such a study is made, savings 
may be possible in lightning protective de- 
vices, and the best practical protective levels 
may be achieved, as pointed out in a con- 
temporary paper, “Lightning Protective 
Devices in Wartime." At the same time 
the knowledge of system voltage conditions 
to ground will also prevent too optimistic 
application of arresters whose ratings might 
be so low that they are likely to fail from 
such system overvoltages and thereby partly 
defeat the purpose for which they are in- 
stalled—prevention of outages, Failure to 
evaluate the risk of system overvoltages in 
excess of arrester ratings engenders arrester 
failures. Thus the report has much value 
at this time, even if considered only from 
the standpoint of lightning protection, It 
calls attention to the factors that influence 
system voltages aud therefore facilitates 
getting the best over-all operation of sys- 
tems during lightning storms, 

I would like to suggest that the curves of 
Figures 1 and 2 of the paper would be more 
readily useful if the voltages were expressed 
in terms of normal circuit voltage instead of 
in terms of normal voltage to neutral, since 
we are more accustomed to thinking of 
systems in terms of circuit voltages. If 
the curves were expressed in these terms, ¢ 
calculation would be avoided and the volt- 
ages impressed on lightning arresters made 
more quickly apparent, 
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The Effect of Current-Trans- 
former Residual Magnet- 
ism on Balanced-Current 
or Differential Relays 


Discussion and author's closure of paper 43-28 
by H. T. Seeley, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, April Section, 
pages 164-9, 


E. H. Klemmer (Westinghouse Mleetric and 
Manufacturing Company, Hast Pittsburgh, 
Pa.): This paper is an interesting treatise 
on residual magnetism in current tratis- 
formers. However, its overemphasis of the 
adverse effect on relays may catise protec 
tion engineers unnecessary alarm, 

To illustrate, 1 would like to cite a 1947 
application of differential protection to steel 
mill motors provided with dynamic braking, 
wherein only one set of the differentially 
connected current transformers was sub- 
jected to d-e current during the braking ae- 
tion, On learning of this tniisual applies 
tion I had grave fears that the differential 
protection would tiot prove satisfactory on 
account of the residual-magnetism effect, 
As the equipment was then ready to be 
shipped, we decided to test it, Mueh to our 
surprise, we could not make the differential 
relay misbehave, even with extremely rapid 
transition from direet current through one 
set of current transformers to alternating 
current through both sets in series, or even 
when the most sensitive setting was used on 
the CA differential relay; namely, 0.04 
ampere pick-up and the 2'/, per cent slope 
characteristic, Vor each of nimerous tests 
the relay showed positive restraint aetion, 
Oscillograms showed substantially the same 
small differential current because of current 
transformer error, whether one set of the 
1,000/5-ampere current transformers had 
been magnetized previously with direct 
current up to 730 amperes, or whether both 
sets of current transformers had been com 
pletely demagnetized, In other words, the 
residual magnetism in this extreme case had 
no perceptible effect on the relay aetion, 
nor did the oscillograms show any wiusual 
differential transient current, In five years 
of service, involving highly repetitive re- 
sidual magnetism in one set of the differ 
entially connected current transformers, 
there has been to report of trouble, 

In general, the residual-magnetiymn effect 
on high-speed relays is mueh less than the 
maximum fault-current de component 
saturation effeet, for which the relay seheme 
must be designed, Caleulations for the 
latter imay incorporate possible residual 
magnetism ina current transformer,  THow- 
ever, these caleulations generally inelude 
margins that permit neglecting the residual 
magnetism effect entirely, 


C. A. Woods, Jr. (Westinghouse Mleetrie 
and Manufacturing Company, Must Pitts 
burgh, Pad; Hngineers, familiar with the 
application of eurrent transformers, tave 
uistally considered the adverse effects of 
residual magnetisin in (ranslormer cores iy 
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relation to resultant changes in meter regis- 
tration because of the increased transformer 
errors, Marshall and Langguth, in their 
paper on “Current-Transformer Wxeitation 
Under Transient Conditions,’ have shown 
the effects of residual magnetism on the in- 
stantaneous ratio errors of current trang- 
formers in connection with their investiga- 
tion of current measurements under such 
conditions, Of particular interest were the 
oscillograph records showing that residual 
flux could either decrease or inerease the 
transformer-error current under transient 
conditions, depending upon the relative 
directions of the residual flux and the uni- 
directional flux required by the d-e come 
ponent of primary current, 

Vrom the many investigations!=" of uni 
directional flux in eurrent-transformer cores 
and the resultant effects on high-speed relay 
operation, the need for special consideration 
of the current transformers, relays, and cit- 
cuit constants has been aecepted, This 
paper emphasizes the need for such pre- 
cautions a8 covered by the material given 
under the subheading, “Wileet on Relay,” 
wherein it is shown that difficulties were 
encountered in preventing ineorreet relay 
operations, even without the presenee of 
residual flux, A close study of the restrain- 
ing coiland primary current waves shown in 
Migure 9 of the paper would lead one to ex- 
pect that had the primary current in the teat 
portrayed by Migure 9b contained a larger de 
component, the relay might have operated, 

Feven in the ease of generator differential 
protection involving only two sets of current 
transformers of identical design, considera: 
tion must be given to the characteristies of 
the transformers, high-speed relays, and elr- 
cults in relation to transients expeeted, 
Current transformers, produced commer 
cially, of same design and having the same 
magnetic history could lave sufficient dif- 
ferences in error euirrents at saturated densic 
lies tocniuse operation of nonrestrained, sensl 
live relays under severe transient conditions, 


Nrom the data given in the paper, it is 
apparent that if ia possible with certain 
types of relays to obtain ineorreet operation 
which ean be attributed to residual flix in 
the eurrent transformer, Preeause of the 
demagnetizing effects of large error currents 
and normal loud currents, the effeeta of the 
resultant residual flux are daually small come 
pared to the errors whieh are earned by the 
unidirectional flix from the d-e component 
of asymmetrical primary eurrents, THenee, 
we agree with the author's coneliusions, (hat 
in many high-speed relaying sehemes each 
of the component parts, eurrent tran 
former, reluy, secondary elreuit, and prie 
mary cirenit must be cheeked to insure that 
in combination they will funetion properly 
wnder transient conditions, When sative 
factory operation under these eouditions is 
obtained, it would be only marginal eases 
wherein it would be necessary to take inte 
aecount the additional effeet of residual 
magnetism, 
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H. T. Seeley: In closing, I wish to refer 
to earlier work on the effect of trangients on 
high-speed relays, reported in a paper 
entitled “Mxperiences With a Modern Relay 
System” and presented by G, W. Gerell in 
1936.4 His conclusions indicate the same 
remedy as mine; namely, a delay of one 
cycle or slightly more, to avoid false opera- 
tion wider transient conditions, Mr, Whit- 
low’s collaboration in that earlier work pro- 
vided a good background for the field test 
mentioned ii my paper, 

In answer to questions by C, L. Smith, the 
mutual inductance between the two current 
transformer secondary circuits was nol pres: 
ent during the error current tests using the 
connections of Migure 7, but it was present 
during the relay tests shown in Figure 9; 
and the steady-state current transformer 
secondary currents in Figure 1 were equal 
in spite of the apparent difference resulting 
from different calibration on the two oseillo- 
graph elements, 

Mr, Klemmer’s report of factory tests on 
differential protection using a CA relay 
corroborates the paper's conclusion that safe 
operation will be obtained with relays having 
sufficient delay to permit the error current 
to reduce the residual flux, The ogeillo- 
grams in the paper show that the phenome+ 
non is unimportant after the first half eyele, 
and lead to the eonelugion that induetion 
disk relays should be safe from false tripping 
from this cause, Mr, Klemmer’s statement 
on the relative importance of residual mag- 
Helism and maxinum dee component evi- 
dently applies to bus differential systems, 
and not to balanced-current protection 
where the d-e components of the two cure 
rents are equal for an external fault and are 
also tisually small because of line resistance, 

The two references cited by Mr, Woods 
are welcome additions to those listed in the 
paper, The oscillograms in the Marshall 
and Langguth paper are especially interest- 
ing, and their circuit for measuring error 
current provides greater accuracy, although 
the statement that “on tests which do not 
come up to the knee of the saturation curve, 
the residual will probably be so slight that 
demagnetization will not be required’ 
might be re-examined on the basis of the 
test values of the residual flux shown in 
‘Table TT of my paper, \ 

The current in Migure 9b was initiated at 
the instant of zero voltage, but the time 


constant of the total cireult including the — 


two secondary burdens was too short to 
Hive a deo component of importance, 
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A Useful Equivalent Circuit 
for a Five- Winding 


Transformer 


Discussion and author's closure of paper 43-2 
by L. C. Aicher, Jr., presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, February section, 
pages 66-70. 


W. M. Johnson (General Electric Company, 
Pittsfield, Mass.): The equivalent circuit 
described by Mr. Aicher for the five-winding 
transformer is an interesting extension of 
the commonly used three-winding equiva- 
lent circuit and the four-winding equivalent 
circuit given by F. M. Starr.! 

Since the circuit is symmetrical in form, 
and the choice of subscripts is purely arbi- 
trary, one would expect the expressions for 
the impedance links to be symmetrical. 
That is, if an expression for Z, has been ob- 
tained, it should be possible to write the 
expressions for the remaining mesh links 
by simply rotating the subscripts of the 
various through impedances. In the expres- 
sions given for the mesh impedances, this 
symmetry is not readily apparent. How- 
ever, these may be rewritten in the follow- 
ing form in which the inherent symmetry is 
obvious: 


_ (MQL+QLP+LPS+PSM+SMOQ) 
2PS 

_ (MQL+QLP+LPS+PSM+SMQ) 
25M 

is (MOL+QLP+LPS+PSM+SMOQ) 
2M0 

_ (MQL+QLP+LPS+PSM+SMQ) 
20L 

_ (MQL+QLP4+LPS+PSM+SMOQ) 
2LP 


Zo 


Zi 


Zs 


Z 


Zo 


A number of years ago the writer of this 
discussion had occasion to analyze this cir- 
cuit, and these symmetrical expressions 
were found to be more convenient for cal- 
culations and for analyzing the nature of the 
circuit. 

The author of the paper has listed as one 
of the objectives of an equivalent circuit the 
elimination of negative branches in the 
circuit to facilitate its use on a calculating 
board. Since there is a freedom of choice as 
to which transformer windings are assigned 
to the various terminals of the network, 
there exists a number of different equivalent 
circuits, any of which will represent the 
transformer, depending on the order in which 
the various windings are assigned to the 
terminals of the circuit. It would be 
interesting to know if the author has estab- 
lished any criterion as to whether negative- 
impedance links can be avoided by selecting 
properly the order of the windings. For 
the case where resistances are neglected, it 
is apparent from the symmetrical expres- 
sions for the mesh impedances that in order 
to avoid negative links each of the terms 
P, S, Q, L, M must be positive. However, 
there appears to be no obvious criterion, 
except by trial and error in specific cases, to 
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indicate whether it is possible to make these 
terms all positive by proper selection of the 
order of the windings. For the general 
case in which complex quantities are used, 
the possibility of establishing any such cri- 
terion seems even more remote. It should 
be borne in mind, however, that the presence 
of negative-impedance elements does not 
impair the usefulness of the circuit for purely 
mathematical calculations. | 
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W. C. Sealey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): This 
paper fills a need which existed in the field 
of equivalent circuits for transformers. The 
development of equivalent circuits for trans- 
formers was gradual; equivalent circuits 
for two-winding transformers started the 
progression. Later the equivalent circuit 
for a three-winding transformer appeared, 
and afterwards the equivalent circuit for a 
four-winding transformer. Now the author 
has presented the equivalent circuit of a 
five-winding transformer. 

The equivalent circuit presented is little 
more complicated than the equivalent circuit 
which was found necessary for a four- 
winding transformer, since the change in the 
number of elements in the circuit was only 
from eight to ten. 

There have been occasions where the 
equivalent circuit of a five-winding trans- 
former was extremely useful, and in a few 
cases the circuit of a six-winding transformer 
could have been used to advantage. 

As a subject for a future paper the de- 
velopment of the equivalent circuit for a 
six-winding transformer is suggested. The 
development of the equivalent circuit of a 
six-winding transformer introduces suffi- 
cient additional complications so that it isan 
interesting problem and one requiring the 
exercise of ingenuity for its solutions. Such 
a circuit will require six points of entry, 
corresponding to the six windings of the 
transformer, and will have 15 independent 
elements in order that the 15 independent 
measurable impedances of the transformer 
may be simulated. The development of the 
circuit of a six-winding transformer would 
represent an extension of useful equivalent 
circuits. 


| 
| 
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L. C. Aicher: The symmetrical expressions 
suggested by W. M. Johnson are equally as 
applicable as those presented in the paper. 
If equations 38 to 41 inclusive are expanded 
and if terms are collected in the proper order, 
the expressions given by Mr. Johnson result. 

A criterion for selecting the order of the 
windings to eliminate negative-impedance 
links is not easily established. It is chiefly 
a matter of inspection and cut and try. 
However, one concept that is beneficial 
though not infallible is to establish the 
windings in descending order of their mutual 
reactances after such have been adjusted to 
a common kilovolt-ampere base. 

W. C. Sealey’s suggested desire for an 
equivalent circuit of a six-winding trans- 
former is corroborated by the author. 

Two typographical errors have shown up 
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which the author has not previously noticed. 
Equation 23 should read: 


M=Zy4+-2Z25—Z1s—Zo4 


In the example, the solution of 3, the 
expression for the current in link 7 due to 
load current on winding 1 should read: 


Zi 
h=b==In=F 


t 
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A New Type of Adjustable- 
Speed Drive for 
A-C Systems 


Discussion and authors’ closure of paper 43-3 
by A. G. Conrad, S. T. Smith, and P. F. Or- 
dung, presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, January section, pages 7-10. 


Edward Bretch (The Century Electric 
Company, St. Louis, Mo.): This type of 
adjustable-speed a-c motor was disclosed in 
patent number 839,935, issued to the late 
B. G. Lamme in 1907. Latour also worked 
on this problem. 

While there is no desire to detract from 
the value or interest in this paper, it seems 
that this type motor could hardly be classed 
as a new type. It is well known to those 
who have followed the development of the 
single-phase motor. 


P. W. Robinson (General Electric Company, 
Schenectady, N. Y.): The wide demand 
for small adjustable-speed motors for in- 
dustrial purposes and the extensive progress 
made in lower-cost voltage-control devices 
in recent years, make a renewed discussion 
of small a-c commutator motors very timely. 
Such a motor must compete with induction 
motors equipped with numerous forms of 
mechanical adjustable-speed drive, with 
small Ward-Leonard-type d-c equipments, 
and with Thyratron tube control of d-c 
motors. To meet this competition, the a-c 
commutator motor must have acceptable 
commutation and a simple low-cost method 
of speed control. 

This paper presents a simpler and more 
detailed explanation of one of the adjusta- 
ble-speed arrangements for single-phase a-c 
commutator-type motors than I have found 
in the earlier literature. 

Dr. Alexanderson in his 1909 AIEE paper, 
“Repulsion Motor With Variable-Speed 
Shunt Characteristics,’’ mentions both the 
armature control and field control systems, 
but the speed torque curves published are 
only obtained by field control.! However, 
he did not find it necessary to use a two- or 
three-phase power supply but used the volt- 
age at the terminals of the exciting winding 
to supply the regulating transformer. 

Mr. Maier’s 1911 AIEE paper, ‘“‘Methods 
of Varying the Speed of Alternating-Current 
Motors,’’ includes some mathematical treat- 
ment but no vector diagrams or tests.? 

Mr. Lamme in his discussion of Mr. 
Maier’s paper gives no mathematical treat- 
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ment, vector diagrams, or tests but did re- 
port that a 20-hp motor controlled by 
armature voltage and operated from three- 
phase power with an adjustable transformer 
was in commercial use for 18 months. He 
also stated that several other motors of this 
type were in commercial operation. 

Any evidence available on the subject of 
essential constancy of armature impedance 
Z, mentioned in the paper would be of in- 
terest. With three-phase commutator mo- 
tors having line frequency voltage applied 
to the commutator there is more variation of 
armature reactance with speed than could 
be ignored in designing 4 motor and control 
or predicting characteristics. 

In regard to the connecting of the com- 
pensating winding either in series with the 
armature or short-circuited, it occurs to me 
that if this winding were connected in series 
and provided with a small excess over the 
armature turns, the resulting overcom- 
pensation should help with the rotational 
element of commutation. 
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A. G. Conrad, S. T. Smith, P. F. Ordung: 
It is not our intention to repeat experiments 
performed and reported by other investi- 
gators. Our presentation of this paper was 
not done with any oversight or disregard of 
work in the field done by others. We do 
not wish to detract from merits of work done 
by others. Wowever, in view of the com- 
ments by Mr. Bretch, it might be that some 
of the differences between the motor 
described in our paper and that patented by 
Mr, Lamme are worthy of consideration. 
In &. G, Lamme’s patent of 1907, number 
£39,937, he states on page 1, lines 26-35; 
“the armature circuit may be, and is ordinarily, 
made with but little self-induction, so that the eur- 


rent in the circuit lags but little behind the electro- 
motive force impressed upon it.” 


Our motor does not behave according to this 
description. In the machine that we have 
described the magnitude and direction of 
the armature current are dependent upon 
the magnitude and direction of the gener- 
ated voltage. The armature current is not 
held in time phase with the field current. In 
fact the armature current shifts approxi- 
mately YO degrees as the load on the ma- 
chine is changed from no-load to full-load. 
On page 1, lines 35-39, Lamme states: 


“It is obvious, then, that if the electromotive forces 
applied to the two circuits (armature and field) 
differ 90 degrees in phase the currents in the arma- 
ture and field-magnet circuits differ but little in 
phase,” 


This statement is not applicable to the 
motor that we have described, Were again 
Mr, Lamme has failed to recognize the 
presence of a generated voltage in the 
machine. 

Tn lines 68-71, page 1, Mr, Lamme states 
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that his motor takes small armature currents 
at no-load. This feature is not character- 
istic of our machine. Motors of the type 
that we have described may be made to 
correct power factor to the full extent of 
their capacity at no-load. 

In lines 43-54, page 2, he states that if the 
magnitude of the impedance of the field 
circuit is charged by external means without 
charge of the field circuit power factor, 


“then the speed of the motor may be varied without 
varying the phase relations with respect to each 
other of the currents in the armature and field- 
magnet windings—that is, without varying the 
power factor of the motor.” 


In lines 95-105, page 1, Mr. Lamme implies 
that, when properly adjusted, speed charges 
for his motor do not affect power factor of 
operation for any given constant torque 
load. In our machine this is not the case 
for if the motor is delivering torque, a 
charge in speed is accompanied by a charge 
in power factor of operation. 

Seven out of ten claims of this patent deal 
with control of speed by changes in field cur- 
rent. The authors are somewhat surprised 
that Mr. Lamme did not investigate this 
method more carefully. A careful investi- 
gation of this method would have revealed 
that the speed-regulation of the motor 
varies indirectly as the square of the field 
flux. Thus this method is of little value 
because of the large speed-regulation for 
weak fields. The other claims in the patent 
refer to changes in speed by changes in 
armature circuit impedance. 

Throughout the patent Mr. Lamme has 
neglected to recognize the presence of a 
generated voltage in the armature. This is 
also true in other writings of Mr. Lamme. 
In discussing a paper written by Mr. Maier, 
AIK, 1911, Part III, page 2488 in lines 3 to 
8%, Mr. Lamme refers to a motor such as he 
has patented and states: 


“With this arrangement the field current or field 
flux is still 90 degrees behind the exciting electro- 
motive force but as the latter is practically 90 de- 
grees out of phase with the armature electromotive 
force, the field or exciting flux will thus be prac- 
tically in phase with the armature current.”’ 


It is difficult to understand how Mr. 
Lamme could have overlooked the presence 
of the generated voltage in this armature 
circuit, His statements reveal that it is 
his concept that the armature current is 
determined by only the applied voltage and 
the armature impedance, which is not the 
case, If we could disregard his statements 
and produce conditions that he has de- 
seribed for his motor, the generated voltage 
of the motor would be in direct opposition 
to the applied voltage, Under these condi- 
tions the motor would have a constant 
power factor and would draw large lagging 
currents in its armature circuit, Such a 
motor would be exceedingly large and im- 
practical, 

The virtue of the motor that we have 
deseribed comes largely in the adjustments 
made on the machine that make it correct 
power-factor at no-load and to take its full 
load current essentially at unity power fac- 
tor, thereby obtaining the greatest possible 
output from a given current supply. 
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Mr. Lamme and Mr. Latour are only a’ 


few of the hundreds of investigators that 
have worked on:this problem. 


Mr. Robinson’s reference to comparative 
costs of this motor and other adjustable- 
speed systems should be considered not only 
from the standpoint of the initial cost of the 
units, but also of their operating costs. If 
the cost of this one motor and its controller 
be compared with cost of other adjustable- 
speed units, it is evident that the initial cost 
will be from one-half to one-fourth that of 
many of the systems now being sold and 
used. Likewise the over-all efficiency of 
the motor that we have described can be 
made much higher than the over-all effi- 
ciency of the systems requiring three or four 
units. This is undoubtedly the major ad- 
vantage of the system over such drives as 
the Ward-Leonard or the Rototrol. 


Direct comparisons between the three- 
phase motor described in our paper should 
not be made with a single-phase machine 
such as described by Dr. Alexanderson. 
The machines operate on different principles 
and their power-factor and commutation 
characteristics are different. 


A thorough investigation of the con- 
stancy of the armature impedance Z, for all 
speeds has not been made by the authors, 
However, curve 1 of Figure 4 of the paper 
was calculated from the constants of the 
motor. The proximity of this curve to the 
encircled points obtained experimentally 
indicates little error in the prediction of one 
speed-torque curve. The constancy of this 
armature impedance is dependent not only 
on the speed adjustment, but also on the 
degree of saturation produced by the main 
field. Slight changes in Z, for different 
speeds are caused by the change in time of 
commutation of the coils undergoing com- 
mutation. Since the voltages induced in 
the coils undergoing commutation in this 
motor are transformer voltages and not the 
sum of the transformer and speed voltages 
that are present in the three-phase a-c 
armature, less change in value of Z, is to be 
expected than in a polyphase armature. 


Mr. Robinson’s suggestion of improving 
the commutation by connecting in series 
with the armature a compensating winding 
having a few more turns than the armature 
is good, but it must be remembered that 
this arrangement will increase the armature 
circuit reactance over that obtainable with a 
good short-circuited compensating winding. 
This increase in the armature circuit react- 
ance will make the speed regulation poorer. 
The problems of commutation on this motor 
are similar to those of the a-c series motor. 
On small machines commutation can be 
improved by shifting the brushes slightly in 
a direction opposite to the direction of rota- 
tion, On larger machines interpoles can be 
used. 
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Factors Affecting the Design 
of D-C Magnets 


Discussion of paper 43-47 by L. T. Rader, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 


June section, pages 307-10. 


B. M. Smith (General Electric Company, 
Schenectady, N. Y.): Factors affecting 
the design of d-c magnets as described by 
the author should be of utmost interest to 
designers of d-c magnets for, as he has 
pointed out, there is very little in the litera- 
ture although the subject is old. 

The factors covered, which deal mostly 
with the magnetic circuit, of course, are the 
determining factors for efficiency and relia- 
ble performance. It is interesting to note 
that the proper selection of material is 
given first consideration as it should be. 
Very often materials are selected without 
due consideration of all the properties and 
requirements. Here, however, the author 
gives a brief résumé of the materials usually 
available and points out the advantages and 
limitations of each. 


The classification of d-c magnets as to 
type and the requirements which determine 
the choice are given and also information on 
how to change the shape of the pull curve 
for the two general groups. The method of 
calculating the pull for a given set of condi- 
tions is simply presented, and the designer 
should have no difficulties in following the 
procedure and arriving at a satisfactory 
result. 


Perhaps the most valuable contribution 
in the paper is the data presented on the 
optimum pole-face area which will give the 
maximum pull for any one set of conditions. 
It is illustrated that the pole-face area for 
maximum pull varies for different air gaps 
which means that each magnet design can be 
shaped for a particular requirement. 


Leakage flux based on experimental data 
is shown to be the most reliable means of 
determining the flux in a magnetic circuit 
whereas if conventional methods are used in 
which assumptions are made for constant 
ampere turns per inch and no fringing in the 
air gap, there are likely to be large errors in 
calculating air-gap flux. Leakage, it is ex- 
plained, varies with magnet dimensions and 
no attempt is made to compare it for various 
structures. 


The usefulness of the ballistic galvanome- 
ter for flux measurements is mentioned 
because of its accuracy and ease of use. I 
would like to add to this statement by saying 
that this is so only when it is overdamped 
and has a reasonably long period, so as to 
give a fluxmeter action. Under these con- 
ditions and with proper controls, it is a very 
useful instrument for flux measurements, 
for they can then be made rapidly and 
cover a wide range of sensitivity. 


The author has made a splendid contribu- 
tion to aid the designer of d-c magnets, and 
it is hoped that more experimental informa- 
tion will be published to lead to more 
accurate determination of leakage flux and 
‘other factors which affect the design of d-c 
magnets. 
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Intrasystem Transmission 
Losses 


Discussion of paper 43-20 by E. E. George, 
presented at the AIEE national technical meet- 
ing, New York, N. Y., January 25-29, 1943, 
and published in AIEE. TRANSACTIONS, 
1943, March section, pages 153-8. 


R. B. Gow* (Kansas Gas and Electric Com- 
pany Wichita, Kans.): By reducing the 
computation of transmission losses to the 
proper evaluation of a single formula while 
still retaining reasonable accuracy, Mr. 
George has made a notable contribution to 
the electric utility industry. This con- 
tribution is particularly welcome at this 
time with interconnected operation of elec- 
tric power systems involving transfer of en- 
ergy between systems becoming more and 
more prevalent as demands of war indus- 
tries increase and available reserve capaci- 
ties decrease. 

As Mr. George’ points out, the loss for- 
mula can be refined to give results which 
are as acctirate as could be desired for any 
purpose. It is interesting, however, to 
check the accuracy of the formula as de- 
veloped by the expenditure of the minimum 
time and effort and without benefit of an a-c 
or d-c calculating board. This was the 
case in the development of the loss formula 
for the transmission system of the Kansas 
Gas and Electric Company. 

In order to check the accuracy of the loss 
formula load flow diagrams available from 
previous a-c calculating board studies were 
used. Since, as ordinarily used, the a-c 
calculating board does not indicate losses 
directly with any degree of accuracy, the 
losses were computed line by line from the 
load flow diagrams. The megawatt genera- 
tion indicated at each power source was 
then substituted in Mr. George’s formula 
and the loss computed by this method. 
Table I shows the comparative values ob- 
tained by these two methods: 


Table |. Comparison of Transmission Losses 

as Computed by Formula and by Individual 

Lines Using Calculating-Board Load-Flow 
Data 


<== = a 


SSD 


| Kilowatt Transmission Losses 


System Calcu- 
Study Load lating For- Per Cent 
Number Conditions Board mula Deviation 


1,...Maximum.... 950..... 895....—5.8 
2... Maximum... .1,585..... 1,650....+4.1 
3....Maximum.,.. .4,480.....4,720....+5.4 
4....Minimum., .. .3,600.....3,290.... —-8.6 


Study 4 shows the greatest deviation, 
and this represents a minimum load period, 
whereas the loss formula was developed 
using a load distribution occurring during 
peak load conditions. This would seem 
to indicate that greater accuracy for 
loss calculations at minimum load periods 
could be obtained by developing another 
formula for use at these loading conditions. 

Study 3 is interesting in that it is 


* Now Ensign in United States Naval Reserve. 
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possible in this case to account for practi- 
cally all of the apparent error of the loss 
formula, Approximately 75 per cent of the 
total loss in study 8 occurred on one 
heavily loaded circuit operating at a power 
factor of approximately 97 per cent. This 
compares with an assumed average power 
factor of 90 per cent used in the develop- 
ment of the formula. This difference be- 
tween actual and assumed power factors is 
sufficient to account for the difference in 
losses indicated by the two methods. 

The apparent accuracy as indicated 
above is well within the limits of accuracy of 
the basic data from which loss calculations 
could be made by any method. Further- 
more, in our case the desired quantity was 
not total transmission losses, but rather the 
increment losses caused by the delivery of 
so much power to a certain point. It is 
apparent that the determination of incre- 
ment losses will be more accurate than the 
determmation of losses at a single loading 
condition since a portion of the error will 
cancel out. 

In addition to its use in determining 
losses, we have found this superposition 
method a very handy tool in predicting and 
analyzing load flows on the transmission net- 
work. For this purpose, only the first part 
of the development is used. (See Appendix 
A of the paper for formula giving the 
megawatts flow in any line in terms of gen- 
eration at each source.) This type of in- 
formation is now being requested in various 
reports to government agencies and the use 
of this method has considerably reduced the 
time for preparation of these data. 


H. L. Deloney (Louisiana Power and Light 
Company, Algiers, La.): The method for de- 
termining transmission losses as described by 
E. E. George has many practical applica- 
tions. It should prove to be a valuable as- 
set to the operating and planning engineers 
once their transmission systems have been 
studied and ‘set up’ in the form recom- 
mended by Mr. George. Future loss calcu- 
lations will be very much simplified after 
various system constants have been deter- 
mined. With such loss information avyail- 
able, under various operating conditions, 
it is possible to set up generating schedules 
which will result in minimum over-all costs, 
taking into account incremental transmis- 
sion losses and incremental generation costs 
(assuming generating costs are already 
known). 

In system planning it will be possible to 
compare system losses with various as- 
sumed generation at two or more proposed 
sites. This will allow selection of the most 
favorable sites, after fuel costs and the other 
variables have been taken into account, 

After the system has once been “‘set up,” 
it will be possible also to study effects on 
various tie-line loadings under different 
generating conditions. This information 
can possibly be more valuable in some 
studies than loss consideration since it 
might bring out “bottlenecks” in transmis- 
sion capacity which would lead either to 
revision of generating schedules and/or 
plant sites or to strengthening of transmis- 
sion facilities. In making these tie-line 
loading studies it is necessary only to take 
the synthetic load-flow diagrams described 
in paragraph 7 of Mr. George’s paper and to 
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tabulate the information for the individual 
lines to be studied. This information will 
represent the amount and direction of 
power, expressed in per cent, tending to 
flow in the line from each generating source 
or interconnection. After multiplying ac- 
tual generation of each source, for generating 
conditions being studied by percentage flow 
figures, the load flow in megawatts can be 
determined by taking the algebraic sum of 
their products. Proper consideration must 
be given to direction of flow indicated in 
each case. The general limitations de- 
scribed in paragraph 65 of Mr. George’s 
paper, of cotirse, hold true also for tie-line 
loading. Calculations when compared with 
actual log sheet and with calculating-board 
studies, indicate this method to be suf- 
ficiently accurate to warrant its use. 

The method described by Mr. George will 
by no means do away with the necessity of 
calculating-board studies for some problems 
on individual systems, but will allow the 
user to answer many questions about his 
system that would have gone unanswered, 
due to lack of such board facilities. By 
knowing these answers he should profit by 
better planning and plant scheduling. 


Ampere Load Limits for 
Copper in Overhead 
Lines 


Discussion and author's closure of paper 43-22 
by A. H. Kidder and C. B. Woodward, pre- 
sented at the AIEE national technical meeting 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
March section, pages 148-52. 


Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.): There can be 
no question of the timeliness of this paper. 
With every electrical power utility and in- 
dustrial plant striving to carry greater and 
greater war loads with the minimum use of 
critical materials, there is great pressure 
upon them to utilize their present facilities 
to the maximum advantage. When this 
pressure is directed to overhead transmission 
lines, however, considerable caution must be 
observed lest the system be rendered unfit 
for continued use. Before ratings can be 
assigned safely to any line, at least eight 
factors must be considered carefully, 
namely: 


1. The ability of the conductor to withstand the 
increased rating without excessive loss of me- 
chanical strength by annealing. 


2. The ability of connectors and joints on the con- 
ductor to withstand the increased rating without 
oxidation of the contact surfaces and local heating 
in excess of the allowable conductor temperature, 


3. ‘The adequacy of span clearances to permit the 
additional sag caused by the higher conductor 
temperature associated with the increased rating. 


4. The problem of providing short-circuit and 
overload protection to operate within the de- 
creased margin between the increased current rat- 
ing and destructive overloads. 


5. The adequacy of substation and terminal 
equipment to carry the increased currents for which 
the transmission conductors may be rated. 


6. Operating problems of the bulk power system 
with individual circuits rerated to such high values 
that reserve line capacity no longer is available to 
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replace capacity lost when such a line goes out of 
service. 

7. The ability of voltage-regulating equipment to 
compensate for the greater voltage variations which 
accompany heavily loaded lines. 


8. The considerable increase in energy losses 
arising from the greater line currents. 


No engineer would contend that all eight 
are of equal importance, but neither could 
he afford to ignore any one until he had 
satisfied himself that it does not limit the 
particular line which he wishes to rerate. 

With these aspects in mind, let us turn 
now to Kidder and Woodward’s paper. 
There is no doubt that the extreme lack of 
elasticity and low tensile strength of soft— 
or annealed—copper wire render it unsuit- 
able for transmission conductors. The 
cold-drawing process causes considerable 
increase in tensile strength and elasticity 
and permits design sags based upon storm- 
loading stresses up to 50 to 60 per cent of 
the ultimate tensile strength. Once de- 
signed for this cold-drawn tensile strength 
it is essential that the original tensile 
strength be preserved, as otherwise it be- 
comes impossible to maintain safe ground 
clearances. This phase of the problem re- 
solves itself into the seemingly simple solu- 
tion of keeping the conductor temperature 
below the annealing point. A common figure 
for the annealing point of copper is 200 de- 
grees centigrade, but further investigation 
of metallurgical literature discloses that 
considerable annealing of cold-drawn copper 
wire has been reported at temperatures 
as low as 80 degrees centigrade. Unfor- 
tunately, damage caused by a slightly ex- 
cessive temperature may not be detected 
until long after the overheating occurred. 

No extensive treatise upon the annealing 
of cold-drawn copper wire seems to be avail- 
able, but metallurgists assure me that it 
should follow relationships similar to cold- 
rolled copper sheet which has considerably 
more literature. An extensive analysis of 
cold-rolled copper by N. B. Pilling and G. 
P. Halliwell! indicates the following: 


1. For any given degree of cold-rolling, a curve 
showing the time for complete annealing at tem- 
peratures from 250 degrees centigrade down to as 
low as 100 degrees centigrade shows a logarithmic 
relationship, with the time at 100 degrees centi- 
grade a matter of years. 


2. The tensile strength has a definite relationship 
with the amount of cold working. 


3. The greater the cold working (and tensile 
strength) the faster the rate of annealing. 


4. While annealing time is expressed with com- 
plete annealing from hard-drawn to soft copper as 
100 per cent, the first two per cent of that time re- 
moved nearly 50 per cent of the strength imparted 
by cold working. Thus, while the annealing time at 
200 degrees centigrade may be ‘‘known to be in the 
order of days,”’ considerable damage occurs at 200 
degrees centigrade in a few hours. 


From such tests as these, covering at 
most only a few months, we are forced to 
extrapolate to cover the 10, 20, or 50 
years during which it is desired to use the 
conductors. 

Assuming that these data apply exactly 
to cold-drawn copper wire, it would seem 
that the maximum temperatures of 130 
degrees centigrade and 175 degrees centi- 
grade used by Kidder and Woodward are 
definitely at the upper limit of what might 
be considered feasible. Certainly lowér tem- 
peratures are indicated for the hard-drawn 
bare copper commonly used for  trans- 
mission conductors. 
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With conductors loaded to the point 
where high currents are to be expected, it 
becomes vitally important that the lines 
be in absolutely perfect condition from ter- 
minal to terminal. Every joint and 
clamped connection must be perfect to 
avoid hot spots, and the common flashover 
burn where two or three strands may be 
parted would be almost certain to develop 
into a conductor failure during a subse- 
quent sleet and wind storm. Since any 
line is likely to have some such defects 
after a few years of service, it would seem 
advisable to establish the current rating low 
enough to allow some margin to avoid sub- 
sequent failures caused by local hot spots. 

Several types of connectors used in the 
original construction of lines 15 or 20 years 
ago have been found by inspection and labo- 
ratory test to be inadequate. In general 
the trouble was found to be warping of the 
contact surfaces and insufficient mechanical 
strength in the bolts, both of which seem to 
have been corrected in many of the con- 
nectors now on the market. Before con- 
ductor ratings can be increased, however, 
it is vitally necessary that all unsatisfactory 
joints and connectors be replaced. Even 
then there remains the probability that 
operation of the joints and connectors at 
temperatures in excess of 70 degrees centi- 
grade will cause oxidation of the contact 
surface with subsequent excessive heating 
and damage to both conductors and con- 
nectors. While the mass and greater dis- 
sipating surface of the connector tend to 
hold the temperature somewhat below that 
of the conductor alone, it would seem to be 
good judgement to hold conductor tem- 
peratures below 100 degrees centigrade even 
for emergency loading. 

Many transmission lines are designed for 
safe clearances at conductor temperatures 
on the order of 50 degrees centigrade. 
Raising the operating temperature to 100 
degrees centigrade or more causes a con- 
siderable increase in length by expansion 
of the conductor and reduces clearances to 
ground by nearly four feet in a 1,000-foot 
span. Obviously, then, it is important to 
ascertain that the line has adequate clear- 
ances before the operating ratings are in- 
creased, and some lines may be limited by 
inadequate clearance. 

Short-circuit and overload protection 
must be provided to function at current 
values above the rating and still below the 
level at which the conductors will be dam- 
aged. As the conductor operating ratings 
are pushed up, the margin remaining below 
the relay limit is correspondingly reduced, 
and adequate protection becomes a more 
difficult problem. 

Terminal equipment in substations often 
is designed for a comparatively low current 
rating. While some equipment may be 
modified for increased ratings and other 
equipment replaced, it still is a vital part 
of any rerating program to ascertain that 
the terminal equipment involved is ade- 
quate to handle the increased rating which 
is proposed for the conductors. 


One of the most difficult problems arising 


a 
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from high line ratings is that faced by the 


system operators who must endeavor to 
find ways to maintain uninterrupted service 
with the facilities remaining after one of 
the rerated circuits goes out of service. 
Not infrequently they will have to choose 
between overloading the remaining facilities 
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beyond their emergency ratings or dropping 
load, neither of which can be considered 
desirable. 

For metropolitan areas such as Phila- 
delphia, it is probable that transmission 
distances are short enough to eliminate volt- 
age regulation and losses as limitations to 
transmission ratings. Most other utilities 
are not so fortunate, however, and may 
have lines limited by voltage drop and 
tfansient and static stability to ratings 
even below commonly accepted conductor 
ratings. 

Undoubtedly Kidder and Woodward have 
considered all of the preceding problems in 
the analyses from which their paper was 
prepared. Undoubtedly also they intend 
their published ratings as absolute maximum 
values to be approached in practice but 
never exceeded. They have not taken full 
advantage of the probabilities found in the 
load characteristics, atmospheric tempera- 
tures, and wind velocities of the Phila- 
delphia area. Even so, it would seem to be 
better judgement to set the ratings some- 
what lower, at values where there is no 
danger of damaging the conductors. Other 
utilities would do well to conduct their own 
analyses of allowable conductor currents, 
incorporating the local atmospheric tem- 
peratures, wind velocities, and the load 
characteristics of the particular circuit in 
question. These analyses should allow for 
their own terminal-equipment limitations, 
types, and conditions of conductors, and 
operating problems, and probably will 
yield ratings materially lower than those 
published by Kidder and Woodward. 
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- John G. Holm (Stone and Webster Engi- 
neering Corporation, Boston, Mass.): The 
authors’ very interesting paper and its 
conclusions are of particular importance in 
connection with loading of overhead con- 

_ ductors in times of war emergency when 
power requirements are high and the lack of 
strategic materials acute. 

One may not agree with the advisability 
of attaining what appears to be somewhat 
high copper temperature limits advocated 
by the authors; the fact remains, however, 
that conductors are being operated on the 
system of the Philadelphia Electric Com- 
pany at the high temperatures indicated by 
the authors. If then a 500,000-circular-mil 
bare concentric stranded copper conductor 
may be operated normally at a current- 
carrying capacity of 1,090 amperes, the 
question suggests itself of what could be 
attained with hollow copper conductors 
under similar operating conditions. 

For comparison an HH-type hollow con- 
ductor of the General Cable Corporation 
was selected. The current-carrying capac- 
ity of this conductor exceeds that of any 
other type of hollow conductors of the same 
copper cross section. Approximate, but 
fairly accurate calculations show that a 
500,000-circular-mil HH-type conductor of 
the ‘normal minimum” design has a 
current-carrying capacity of 1,270 amperes 
under the same normal temperature condi- 
tions at which the concentric stranded con- 
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ductor carries 1,090 amperes. At larger 
cross sections the difference in the current- 
carrying capacity of the two conductors 
increases, and at 1,000,000 circular mils 
it is about 22 per cent in favor of the HH- 
type conductor. This HH-type conductor, 
when operated at the normal temperatures 
given by the authors, has a current-carrying 
capacity more than 55 per cent larger than 
the 1,000,000-circular-mil stranded con- 
ductor designed to operate at standard con- 
ditions (50 degrees centigrade rise, 25 de- 
grees centigrade ambient and wind veloc- 
ity of two feet per second). If an HH-type 
conductor of the “undercut minimum’”’ de- 
sign had been selected for comparison, the 
percentage figures would be still higher. 

If the temperatures suggested by the 
authors are safe, as indicated by their ac- 
ceptance by the Philadelphia Company, 
then the great advantage of the HH-type 
conductor over the concentric stranded 
conductor would become immediately ap- 
parent, especially during the emergency 
operation. At the higher operating volt- 
ages, for which for obvious reasons the 
hollow conductor is especially suitable, the 
mechanical strength of the conductor re- 
quires a certain minimum copper cross 
section. If then, such a conductor is per- 
mitted to operate at temperatures advo- 
cated by the authors and is installed on a 
two-circuit line requiring the hollow con- 
ductor to carry the entire system load with 
a loss of one circuit or a section of it, its 
cross section must be increased toward the 
center, but comparatively little more than 
in the case where no such requirement is 
imposed on the conductor. When the line 
has three circuits, and the loss of one would 
mean an increase of 50 per cent for the 
normal load of the conductors, no increase 
in the normal cross-section design of the 
HH-type conductor would be required if 
temperatures given by the authors are 
allowed. This could never be attained with 
concentric stranded conductors. 

Therefore, since during the present emer- 
gency it is important to have the copper 
carry all the current it safely can, it should 
be pointed out that copper may be made to 
go much farther as an overhead conductor 
when it is drawn in tubular form than when 
it is used in form of solid wires concentri- 
cally stranded. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): As might be ex- 
pected |from my publications on under- 
ground) cable, I have been in favor of the 
principle of increased temperatures and 
ratings for overhead lines for some years. 
During the past several years new and higher 
ratings were established at various times for 
the system of the Commonwealth Edison 
Company. 

The compounds in old-style coverings of 
weatherproof wire generally have softening 
points of 55 to 65 degrees centigrade, ac- 
cording to tests made at Purdue University 
about 1930 and tests made in Chicago sub- 
sequently. Accordingly, the temperature 
limits used in the special calculations for 
load ratings for such wire were 66 degrees 
centigrade for normal operation and 72 
degrees centigrade for emergency operation. 
The corresponding limits for the URC type 
of covering were 77 and 88 degrees centi- 
grade, respectively. Almost three fourths 
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of our wire, however, had the old-style 
coverings and in most cases it was im- 
practicable to determine which covering 
existed in a given circuit. That meant that 
in almost all cases the ratings used for the 
weatherproof wires were based on the 
temperatures of 66 and 72 degrees centi- 
grade. With the advent of the war it was 
decided to allow rapid deterioration of the 
covering of the old-style weatherproof wires 
by using the same load ratings for them as 
for the URC type. 

For our system the incentive to establish 
further increases in ratings is small because 
increased ratings would result in using 
smaller copper conductors in only five or 
ten per cent of the cases. In other words, 
regulation is more of a determining factor. 

In 1936 we made some tests on URC- 
type wires with current applied continu- 
ously for six or for seven hours. The sizes 
were numbers 6, 0, and 4/0 and two or 
three tests were made on different samples 
of each size. The final copper temperatures 
were 85 to 157 degrees centigrade, and the 
conductors were practically at these tem- 
peratures for four or five hours. 

Copper temperatures of 111 and 113 de- 
grees centigrade on two different samples 
produced numerous pustules and some 
blisters in the coverings. In view of these 
facts for only one day’s operation, and con- 
sidering the data presented by the authors, 
it is not clear how the authors arrive at 
temperatures of 100 and 130 degrees centi- 
grade for normal operation. 


The Chicago tests with copper tempera- 
tures of 129 to 157 degrees centigrade for 
four or five hours on URC-type wire pro- 
duced many blisters, the phenomenon 
being extreme and accompanied by practical 
destruction of the covering at 157 degrees 
centigrade. These data do not seem to 
justify emergency temperatures of 135 to 
175 degrees centigrade, which are advocated 
by the authors. In general, the effects of 
the high temperatures obviously would be 
very much more severe on the weatherproof 
wires having the old-style coverings. 

In setting up our ratings, one set was 
issued based on a summer ambient of 32 
degrees centigrade and another set for mid- 
winter based on an ambient of ten degrees 
centigrade. The former temperature 
merely takes into account the higher sum- 
mer temperatures, while the use of the lower 
ambient in winter permits higher ratings in 
winter, which is of value in many installa- 
tions. It is not clear from the article what 
the authors recommend on differentiating 
between summer and winter conditions. 

The authors state that the effect of solar 
radiation is neglected. Using data of the 
United States Weather Bureau in Chicago, 
we find decreases of 5 to 15 per cent in 
ratings for summer conditions because of 
solar radiation and believe this factor 
should be taken into account. 

Incidentally, the wind velocity assumed 
in our calculations is two feet per second, 
which is supposed to take into account the 
effect of the convection set up by the condi- 
tion of having the weatherproof wire at a 
temperature considerably above the am- 
bient. Also, it may be noted that the 
actual maximum temperatures in Chicago 
in summer and winter may be five or eight 
degrees centigrade above the values as- 
sumed for the calculations. 
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For bare wires, data given by H. P. 
Seelye and L. F. Hickernell at the meeting 
of the transmission and distribution com- 
mittee of the Edison Electric Institute at 
Cincinnati last October indicate annealing 
of copper starting at 100 degrees centigrade. 
The amount of annealing increases rapidly 
with higher temperatures. One of these 
references shows about 40 per cent reduction 
in tensile strength of hard-drawn wire with 
just a few hours’ operation at 175 degrees 
centigrade and correspondingly large in- 
creases in elongation. With the spacing of 
14 or 18 inches between our wires, material 
increases in Sag would result in short circuits 
between wires. From a private source we 
learn that annealing has been found in some 
cases starting at 85 degrees centigrade. 

Another important point in connection 
with the use of higher temperatures is that 
the resistance losses are substantially in- 
creased all the way from the customer back 
through the entire system to the generating 
station. These increased losses in them- 
selves may prove to be more of a disadvan- 
tage in regard to available reserve generating 
capacity than the gain in saving copper 
on new installations by using the extra- 
high copper temperatures on the wires. 

It should be noted that an article like the 
authors’ is unusual in challenging the think- 
ing of engineers and thereby, in some 
cases, causing large benefits. 


Earl H. Kendall (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The authors are to be complimented on a 
very complete paper on a very timely sub- 
ject. The following comments refer largely 
to the section entitled ‘“‘Mechanical Limita- 
tions of Bare and Covered Copper.”’ 

The second paragraph of this section 
states that there is considerable uncer- 
tainty whether copper begins to anneal at 
100 degrees centigrade or 130 degrees 
centigrade and that 100 degrees centigrade 
may be exceeded on occasion without effect 
on the mechanical properties of conductors. 
Considerable research has been conducted 
on the annealing of copper, and some of 
the data are presented in the American 
Society for Testing Materials symposium 
on the “Effect of Temperature on the 
Properties of Metals,’’ June 1931. The 
data in the report indicate that the de- 
crease in tensile strength is more rapid 
above 150 degrees centigrade, and from 
room temperature to 150 degrees centigrade 
the tensile strength decreases about ten per 
cent. 

In the discussion of this report it is 
brought out that copper begins to anneal 
at 150 degrees centigrade and is completely 
annealed in about 96 hours. Also, it makes 
no difference whether the heating is con- 
tinuous or intermittent so long as the total 
time elapsed at the temperature is the same. 
From this, it appears that for practical 
purposes the very limit for conductors 
should be somewhat less than 150 degrees 
centigrade. 

The authors of this paper also say that 
150 degrees centigrade to 200 degrees 
centigrade might be accepted for an hour 
or so without material impairment to the 
conductors. As 200 degrees centigrade is the 
recrystallization temperature for copper, and 
above this temperature copper deforms 
plastically under low stress, 200 degrees 
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centigrade even for very short periods for 
wires in tension is very dangerous. In 
regard to the temperature tests on the 
sample conductors tested under tension, it 
is assumed that the tensile and the elonga- 
tion tests were made on the complete con- 
ductor and not on the individual wires. 
Such tests are not conclusive because of 
errors introduced by such things as slippage, 
uneven elongation of the wires, stranding, 
and other such items. It would also seem 
that the sample tested at 200 degrees centi- 
grade, which is the recrystallization tem- 
perature, was operated at too high a tem- 
perature to be of value. It would be of 
considerable interest to know how many 
tests were made and to know the length 
of the test samples as elongation and tensile 
strengths vary considerably even for new 
wire because of mechanical damage in 
handling, and so forth. 

The paper accepts 175 degrees centigrade 
asa reasonable operating temperature ceiling 
for overhead conductors during the very 
rare emergencies when there might be one 
or two hours coincident of plant failure, 
maximum load, high ambient temperature, 
and low wind velocity. Such high tempera- 
ture even for these rare cases will be very 
dangerous because this maximum tempera- 
ture is based on conductors in good condi- 
tion, which will not be the case of the ordi- 
nary overhead line over its entire length 
as there are always spots which have been 
damaged either mechanically or through 
electrical burns. Such spots when the 
conductors are operated at 175 degrees 
centigrade are, no doubt, above 200 degrees 
centigrade, which is the recrystallization 
temperature. It is indicated from other 
tests that much safer temperatures even 
for emergency use would be somewhere 
between 100 degrees centigrade and 125 
degrees centigrade and certainly not greater 
than 150 degrees centigrade even for rare 
emergencies. 


H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The authors of this paper have used the 
formulas presented by O. R. Schurig and 
C. W. Frick! in an article in the General 
Electric Review of March 1930, but state 
that they have rearranged these formulas 
to facilitate calculation. This has been done 
by regrouping the factors involved in the 
formulas so that one group can be set up as 
a constant called the atmospheric factor K 
and others grouped to provide another con- 
stant called the residual factor C. The 
authors have then evaluated these constants 
in terms of the climatic values derived from 
a study of weather bureau records in the 
Philadelphia area. A thorough examination 
of this method fails to disclose any consider- 
able advantage to this method from the 
standpoint of calculation. On the contrary, 
it seems to introduce additional and quite 
unnecessary complication. 

; It is generally agreed that for the equi- 
librium condition the sum of the watts con- 
vected and the watts radiated minus the 
watts absorbed from radiation from the sun 
and adjacent objects is equal to the J2 R 
watts. For any given set of temperature 
and air-velocity conditions the watts dis- 
sipated by convection is equal to the ratio 
of the superficial area of the wire to the 
Square root of its diameter, multiplied by 
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v" 
an easily determined constant. Also, the // 


net watts dissipated by radiation is given by 
an easily calculated constant multiplied 
by the superficial area of the wire. Fur- 


thermore, the watts absorbed in the form — 


of solar radiation is equal to a simple con- 
stant multiplied by the diameter of the 
wire. Upon obtaining the value of the 
total net watts dissipated it is quite simple 
to determine the current which will provide 
those watts. 

Because of the method the authors have 
used in presenting their data it is somewhat 
difficult to determine the actual values of 
some of the factors on which they have 
based their illustrative calculations. As 
near as can be determined, in the case of 
covered conductors they have used a sur- 
face temperature of 80 degrees centigrade 
for normal operating conditions and a com- 
bination of wind velocity and ambient 
temperature which is quite indefinite as to 
the actual air-temperature values used. If, 
however, an air temperature of 40 degrees 
centigrade is assumed, the corresponding 
wind velocity indicated by their curves 
would be 3.5 miles per hour. In the case 
of bare conductors the surface temperature 
has apparently been assumed at 100 degrees 
centigrade for normal operation, and for 
40 degrees centigrade ambient the corre- 
sponding wind velocity would be three miles 
per hour. It is difficult to understand the 
discrepancy between the wind-velocity 
values for bare and weatherproof con-' 
ductors. JI find nothing in the paper to 
indicate what conductor surface tempera- 
tures were actually used in calculating 
carrying capacities for emergency opera- 
tion. The paper hints that these tempera- 
tures are about 130 degrees centigrade. 

The authors justify their use of relatively 
high wind velocities because the weather 
bureau records for several years in the 
Philadelphia area indicate that in less than 
three per cent of the days during June, 
July, and August, would there be tempera- 
ture and wind-velocity values more un- 
favorable than the ones selected. This 
conclusion may have serious results if it is 
relied upon either by the authors or others, 
because weather statistics covering only a 
few years are no guarantee that a worse 
combination of temperature and wind veloc- 
ity might not appear at any time and last 
for a sufficiently long period to endanger 
the conductors and to reduce seriously 
clearances. This is all the more dangerous 
because the authors have assumed that the 
direction of wind movement is always at 
right angles to the conductors. Asa matter 
of fact, there is no reason why it could not 
be parallel to the conductors, in which 
case the dissipation because of convection 
would be reduced enormously. The fact 
that a worse combination of air movement 
and temperature is possible is shown by 
the tests made by Schurig and Frick in 
which low wind velocities combined with 
high temperatures existed several times for 
several hours at a time. 

The authors have accepted the erroneous 
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conclusion arrived at by Schurig and Frick 


that the effect of solar radiation is negligible. 
It is true that it is relatively small in the 
case of bare conductors, but it is quite 
large in the case of covered conductors, 
Furthermore, it is so easily calculated that 
there seems to be no good reason for ig- 
noring it. : 
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Schurig and Frick presented a formula 
for the calculation of the heat dissipation 
by radiation. This formula which is quite 
accurate for inside conductors where the 
temperature of the walls of the enclosure is 
the same as the temperature of the air, but 
it is not, as Schurig and Frick assumed, 
correct for overhead conductors outdoors. 
Unfortunately, the authors of this paper 
have fallen into the same error as did 

hurig and Frick. The correct formula 
for outdoor conductors suspended in the 
open above the earth contains as an effec- 
tive emissivity factor a factor equal to the 
product of the respective emissivities of 
the wire and the surroundings. Schurig and 
Frick’s formula contains a similar factor 
equal to the emissivity of the wire only. 
The correct formula also contains an ad- 
ditional factor known as the angle factor 
which is a function of the solid angle through 
which both the wire and the surroundings 
“see” each other. One component of the 
radiation formula involves only the net in- 
terchange of heat between the earth and the 
wire. Other factors must be introduced 
which evaluate the radiation from the wire 
to the open sky. Under certain conditions 
the radiation to other surrounding objects 
should also be included. The effect of using 
the incorrect formula for radiation results in 
a reduction of about 50 per cent in the actual 
amount of heat dissipated by radiation. 

Schurig and Frick based their conclusion 
that the effect of solar radiation was negli- 
gible on the results obtained from tests 
conducted on bare conductors. However, 
a close examination of their test data will 
bring out the fact that the tests they used 
to make such a comparison were made at 
different times and under different condi- 
tions and, therefore, have only partial 
validity. Since no tests were made on 
weatherproof wires, a conclusion that solar 
radiation has negligible effect upon the 
temperature rise or the current-carrying 
capacity of weatherproof wires is far from 
justified. The contrary is confirmed by the 
results of calculations which show that in 
the case of number 4/0 weatherproof wire 
the solar radiation reduces the current- 
carrying capacity about 55 amperes, or over 
ten per cent on a clear summer day. In the 
case of number 6 wire it reduces the carrying 
capacity about 11 amperes, or about eight 
per cent. 

Calculation of current-carrying capacities 
of weatherproof wires by the correct formulas 
indicates that adequate current-carrying 
capacities are possible to meet any reason- 
able needs for additional current-carrying 
capacity under wartime conditions, over 
and above what has been considered good 
practice in the past, without increasing 
temperature limits to values which are on 
the verge of endangering the strength of 
conductors. Adequate current-carrying 
capacities are also possible without the 
necessity of assuming wind velocities which 
are greatly in excess of those which can be 
reasonably expected to occur sometime 
combined with high ambient temperatures 
and which can last for a sufficient length of 
time to cause unexpected excessive tempera- 
ture rises. On distribution systems even 
the range of voltage variation which is 
considered satisfactory under wartime con- 
ditions, and which is more than double the 
usual range, will be reached and passed long 
before the current-carrying capacity values 
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determined on the basis of the authors’ 
methods will have been reached. There- 
fore, there seems to be little excuse for 
stretching current-carrying capacities until 
they closely approach the ultimate limit. 
Furthermore, it should be remembered that 
the resulting excessive wire temperatures 
will cause such excessive sags that there will 
be presented an almost insurmountable 
problem in constructing and maintaining 
overhead circuits. This whole problem of 
current-carrying capacities needs to be 
studied with a proper and rational con- 
sideration of all the factors involved. Ade- 
quate tests should be made also to check the 
accuracy of the methods of calculation 
adapted. 
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A. H. Kidder: The authors are indebted 
to the discussers of their paper for their 
emphasis of points that may need some clari- 
fication. The need for caution in utilizing 
temperatures approaching a critical zone 
for copper is one of which the authors were 
very conscious in the development of ampere 
load limits for their situation. Differences 
of opinion are to be expected and have to be 
reconciled in each particular situation. The 
opinions given by the discussers are very 
similar to many that were weighed in de- 
veloping ampere load limits for Philadelphia. 
The authors have undertaken only to 
present a method by which the probable 
effects of ambient temperature and wind 
velocity upon ampere load limits for over- 
head conductors may be accounted for con- 
fidently by straightforward recognition of 
coincident wind and ambient temperature 
observations. In the situation which the 
authors have used to illustrate their method 
the mean ambient temperature was 24 de- 
grees centigrade and the mean wind velocity 
was 11 miles per hour during the three 
hottest months of the year. The authors’ 
analysis of the coincidences, summarized in 
their evaluation of the atmospheric factor 
K, has developed that the average mini- 
mum hour value of K occurs at 31 degrees 
centigrade and seven miles per hour; the 
design value for emergency operations 
occurs at 33 degrees centigrade and five 
miles per hour; the design value for normal 
operations occurs at 27 degrees centigrade 
and two miles per hour; while the absolute 
minimum values of K occurred only at 23 
degrees centigrade and one mile per hour. 
Under average atmospheric conditions dur- 
ing the three hottest months, therefore, 
there will be over five times the wind veloc- 
ity needed to keep the conductor tempera- 
ture below 100 degrees centigrade at normal 
load rating or below 135 degrees centigrade 
at the emergency load limits in Philadelphia. 
Extension of their survey to include the past 
15 years of weather observations has not 
disclosed any coincidence more severe than 
23 degrees centigrade at one mile per hour. 
The authors have recognized frankly 
that temperature ceilings might be reached 
under certain very improbable coincidences 
of load and limiting atmospheric conditions. 
The temperature ceilings could not be 
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bona fide limits if they were not severe. 
The authors have emphasized the need to 
provide adequate clearance wherever there 
is a possibility that such ceiling tempera- 
tures might be reached. The integrity of a 
paper on ampere load limits would be 
questionable, if operations under the 
severest possible conditions could affect 
neither the cover of the wire nor the crystal 
structure of the copper. The product of 
the probability of load equal to the load 
limit of the conductor! by the probability 
that the most critical atmospheric condi- 
tions will obtain in those hours of load- 
limit loading indicates a contingency so 
remote in normal distribution operations 
and so very, very remote in emergency dis- 
tribution operations that it will be a very 
rare occasion indeed when copper tempera- 
tures above 100 degrees centigrade are to 
be expected in the conductors of a circuit 
designed to observe the load limits in Phila- 
delphia* In fact, the average maximum 
hour copper temperature to be expected 
during the three hottest months in Phila- 
delphia is 85 degrees centigrade if operating 
at the emergency load limits, or 70 degrees 
centigrade if operating at the normal 
design limits, but only 39 degrees centigrade 
for the average circuit in which there is better 
than a four to one chance that the load will 
be below 60 per-cent of the normal design 
limit. The authors, therefore, do not con- 
sider themselves to be advocates of high 
temperature operations. 

Most readers of the paper will observe 
that it deals exclusively with the physical 
characteristics of the conductor as dis- 
tinguished from other limitations which can 
become critical in certain cases before the 
ampere load limits of the conductor are 
reached. Points not already covered in this 
more general discussion will be reviewed 
now in the order in which they were raised 
by the discussers. 

Mr. Halperin’s evident concern about the 
cover of the wire is definitely a secondary 
consideration. Taking reasonable pre- 
caution against premature inadequacy of 
conductor sizes used for new installations 
will in all ordinary circumstances provide 
sizes which will operate for years well 
within Mr. Halperin’s temperature limits. 
The value of load limit operations will be 
determined by the extent to which they will 
postpone retirements of conductors whose 
true adequacy is considerably greater than 
would be indicated by calculations based 
upon hitherto conventional assumptions. 
The authors consider the probability of 
somewhat accelerating deterioration in the 
cover on such occasions, to be definitely 
secondary to the alternative of preserving 
the cover by retiring the installation. 

Review of solar radiation shows it to be 
much less of a factor than Halperin and 
Enos expect. “A Summary of Total Solar 
and Sky Radiation Measurements in the 
United States,” by I. F. Hand? gives the 
maximum mean hourly total of radiation 
on a horizontal surface to be 65.6 gram- 
calories per square centimeter in Washing- 
ton, D. C., 64.0 in New York City, and 
57.7 in Chicago. The higher figure cor- 
responds to 0.49 watt per square inch re- 
ceived on the (DL) square inches horizontal 
projected surface of the conductor and dis- 
sipated from the (x DL) square inches of 
conductor surface. This would make from 
1.8 per cent to 2.2 per cent reduction in the 
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load limits calculated for bare wire by the 
author’s method, or 2.3 to 2.9 per cent for 
covered wire. The load limits quoted in the 
paper, however, were so conservatively cal- 
culated that they are understated by a 
margin sufficient to absorb solar radiation 
without reaching the stated temperature 
ceilings. 


Mr. Halperin quotes some opinions about 
annealing of copper wire. Conflicting hy- 
potheses and opinions will make some con- 
troversy until more direct evidence has been 
accumulated. In the meantime, however, 
the authors have the assurance of knowing 
that the medium hard wire they tested lost 
16.5 per cent of its initial strength in 44 
hours at 180 degrees centigrade, an average 
loss of four-tenths per cent per hour. As 
in the case of the cover, the eventual cost of 
accelerating somewhat the present rate of 
deterioration in the strength of a conductor 
is preferred to the heavy expense of an im- 
mediate replacement. When one considers 
the improbability of temperatures approach- 
ing 100 degrees centigrade, it seems almost 
certain that the wire will have been retired 
for some other cause long before its strength 
shall have deteriorated by as much as 15 
per cent. Some allowance for decreasing 
tensile strength may be made quite simply 
if and when desired, by some reduction in 
stringing tensions. 

Mr. Enos’ observation that the authors’ 
method introduces some extra work in the 
calculations of wire rating is pertinent. 
The authors were willing to do the extra 
work in order to make their calculations 
recognize the probable coincidences of wind 
and ambient temperatures in which the 
conductors will operate. Their calculations 
include a 15-year survey of limiting atmos- 
pheric conditions. The authors discarded 
consideration of parallel versus crosswise 
wind, as soon as they realized that con- 
ductor sag and the natural turbulence of 
the wind would make the cooling effect 
much more nearly independent of apparent 
wind direction than would be developed 
from calculations based upon the arbitrary 
assumption of laminar air flow in the plane 
of an absolutely horizontal conductor. 
The vertical components of the natural air 
motion outdoors will be ‘‘crosswise’’ at all 
times. 


Mr. Enos should have had no trouble 
recognizing the surface temperatures, be- 
cause they are given in the titles of the 
Figures 2, 3,4, and 5 to which he refers in 
the paper. Figures 4 and 5 summarize 
actual coincidences of ambient and wind 
with two different surface temperatures. 
Hence, the design value develcHed by the 
survey of Figure 4, for a 100 degree centi- 
grade surface, should not be expected to 
occur at the same wind velocity as that 
developed from the survey of Figure 5, for 
an 80 degree centigrade surface. The au- 
thors would not have expected a better 
correlation than Mr. Enos found in his 
comparison between Figures 4 and 5 at 40 
degree centigrade ambient. The calcula- 
tions for emergency operation are based 
upon a 175 degree centigrade surface tem- 
perature ceiling for bare conductors and 
upon a 130 degree centigrade surface tem- 
perature ceiling for covered wire. 

Mr. Enos alleges that Schurig and Frick 
have made a serious error because they did 
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not, in their formula for radiation, sepa- 
rately identify either the ‘‘angle-factor,” 
or the ‘‘emissivity factor” of the inclosure 
surrounding the conductor. For the case 
of a completely inclosed body which is small 
compared with the inclosing body, as in 
the case of a conductor suspended outdoors, 
Mr. Enos will find upon further investiga- 
tion that the angle factor is unity and that 
the emissivity factor of the enclosure also 
is unity. Schurig and Frick have over- 
looked neither factor. The over-all ac- 
curacy of their formulas has been corro- 
berated in the tests which the authors 
have made. 

Mr. Kendall assumes correctly that the 
authors’ tests were made on the complete 
conductor rather than on its components. 
The samples were over four feet long in 
each case. Tensile tests included both the 
wire and the associated automatic line 
splices at the ends of each sample, as left 
undisturbed in their places throughout both 
the electrical and mechanical tests. Three 
eight-inch extensometer measurements were 
made on each sample, one between bench- 
marks on the conductor, a second between 
a benchmark on the conductor and a bench- 
mark on the adjacent splice sleeve at one 
end of the test sample, and the third, like 
the second, made between the wire and the 
splice sleeve at the other end of the test 
sample. The authors had expected some 
trouble with strand slippage, and so forth, 
but the extensometer tests from wire to 
splice disclosed no evidence of it. The lay 
of the strands had been pretty well com- 
pacted during the heat runs under tension 
in the test frame. The samples were moved 
from the electrical to the tensile test, with- 
out bending. The authors, therefore, have 
confidence in their test but realize the 
limitations of the eight-inch extensometer. 
The tests were made primarily to determine 
breaking strength. 

The authors do not share Mr. Kendall’s 
concern about the limiting effect of spots 
where there have been electrical burns or 
mechanical damage. They are satisfied that 
the copper has long since been completely 
annealed at the location of every burn which 
has any significant effect upon the con- 
ductor cross section. Mechanical failure 
is to be expected at mechanical weak spots. 
It is to be expected long before there would 
be any reasonable probability of further 
weakening by operations in Philadelphia 
of circuits designed to observe the stated 
ampere load limits. 

Mr. Holm appropriately calls attention 
to the substantially higher ampere load 
limits which can be secured when desired 
by taking advantage of the greater surface 
to cross-section ratios that are obtainable 
in tubular conductor shapes or their equiva- 
lents. 

Mr. Olmstead’s review summarizes very 
well both the paper and the discussion of it. 
Each of the factors he lists is one to be con- 
sidered in establishing line ratings, although 
the last five factors lie beyond the stated 
scope of the paper at hand. 


REFERENCES 


1. Notes on EMercency Ratincs, A. H. Kidder. 
AIEE TRANSACTIONS, volume 58, 1939, November 
section, pages 602-3, Figures 2b and 3. 


2. A Summary or Torar Sorar anp Sky RADIA- 
TION MEASUREMENTS IN THE UNITED STATEs, 


Discussions 


vt 


I. F. Hand. Monthly Weather Review, volume 69, // 


April 1941, pages 95-125. 


Transmission-Line and 
System Problems in 
Supplying Large Electric- 
Arc Furnaces During 
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O. B. Falls, Jr. (General Electric Company, 
Schenectady, N. Y.): The practical operat- 
ing data on the arc furnaces, as well as the 
solution to the power-supply problem for 
these furnaces as given by the author, 
should be quite valuable. This is particu- 
larly true for the larger sizes of electric-are 
furnace included in this analysis. However, 
it is our opinion that the actual operating 
problems involved in serving power to 
“small” are furnaces as compared to 
“large’’ arc furnaces is quite different. 

Operating experience has shown that the 
best over-all performance of a three-phase 
arc furnace used for steel melting is gener- 
ally obtained with from 40 to 50 per cent re- 
active voltage drop in the total circuit with 
normal current flowing in the circuit. Nor- 
mal current is that current in the low- 
voltage arc circuit and is not necessarily the 
rated current of the transformer furnishing 
power to the furnace. Values of reactance 
of 40 to 60 per cent are given in the Standard 
Handbook for Electrical Engineers, Section 
18, paragraph 135.1 

These reactance values are the sum of all 
the reactances in the circuit, starting at a 
point in the supply system where the volt- 
age may be considered as constant down to 
the are in the furnace. That is, it must in- 
clude the reactance of the high-voltage 
transmission line, step-down transformer 
banks, supplementary reactance, and the 
low-voltage circuit to the furnace proper. 
If this reactance is considered as being all 
air-core reactance, the current swings in such 
circuits will not exceed approximately 2.5 
times the rated current of the are-furnace 
circuit for 40 per cent reactance. Gener- 
ally, the swings will be less than this be- 
cause of the resistance in the circuit. 

As a basis of analysis, I will use the ten 
typical installations cited by the author in 
his Table I (refer to Table A of this dis- 
cussion). In column 2 is shown the total 
ohms to neutral required in the arc circuit 
for the various sizes of furnaces on’ the 
assumption that the normal current of the 
are circuit is approximately the rated cur- 
rent of the transformer. The two values of 
ohms given in column 2 for each item repre- 
sent the ohms required for 40 per cent and 
50 per cent reactance respectively for the 
values on the left and the right. In columns 
4, 6, and 7 are given respectively the actual 
ohms referred to the low-voltage circuit of 
the step-down transformers, the transmission 
line down to the high-voltage terminals of 
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Table A. Ohms to Neutral of Various Component Parts of Arc-Furnace Installations 
Shown in Author's Table | 
3 7** 
Trans- 4* Low 9 
2 former Trans- 6 Voltage 8 Supple- 
1 Approximate Sec- former Line Circuit Sum of mentary 
Largest TotalOhms ondary Ohms at 5 Ohms at Approxi- Columns Reactance 
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* 68-kv transformers—10 per cent reactance on own base assumed. 
28-ky transformers—8 per cent reactance on own base assumed. 
11.5-ky transformers—6 per cent reactance on own base assumed. 


** Total estimated ohms to neutral of low-voltage circuit to furnace bus bars, flexible leads, and electrodes. 


the step-down transformer, and estimated 
figures for the secondary circuits from 
furnace transformer to furnace. Column 8 
shows the sum of columns 4, 6, and 7. 

Now, if we compare the values given in 
column 7 with those shown in column 2, we 
find that, for the larger installations repre- 
sented by transformers rated 7,500 kva and 
larger, the total ohms in the arc-furnace cir- 
cuit required for satisfactory performance is 
in general inherent in the system, and 
no supplementary reactance, or at most only 
a few per cent of supplementary reactance, 
would be required. On the other hand, 
for the smaller installations, represented 
by transformers rated approximately 6,000 
kva and less, indications are that a rather 
sizable amount of supplementary reactance 
would be required in order to obtain satis- 
factory furnace performance. 

In what manner, however, does this con- 
clusion affect the data submitted by the 
author? The values of supplementary re- 
actance shown as being required for the 
smaller installation, are based on our origi- 
nal assumption of from 40 to 50 per cent 
reactive voltage drop required for good fur- 
mace performance. This does not mean 
that if this reactance is not in the circuit, 
the furnace will not operate, and for this 
reason it is entirely possible to operate 
furnaces in the smaller sizes without these 
values of reactance. However, as the total 
reactance in the circuit is decreased, the fre- 
quency of occurrence of load swings exceed- 
ing any given magnitude increases quite 
rapidly. Also, for any given rated current 
value, the magnitude of the individual 
swings will increase as the reactance in the 
circuit is decreased. Both of these factors 
have a direct bearing on the amount of volt- 
age variation and the frequency of occur- 
rence of the load swings which the utility 
may expect when applying power to the 
smaller arc furnaces. Asa result, it would 
appear that in order to obtain a full and 
complete analysis of the effect of any par- 
ticular furnace on the transmission or dis- 
tribution lines, some knowledge of the total 
reactance in the circuit should be available. 

The author has indicated whether or not 
supplementary reactance was used, how- 
ever, no information is given as to amount of 
reactance in the circuit. A very useful 
addition to this paper would be the values of 
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total reactance in the furnace circuits in- 
cluding the step-down transformer, any 
supplementary reactance, the secondary bus 
bars, and the flexible leads, and electrodes. 
Also, information should be available on the 
maximum secondary voltage for each in- 
stailation as noted in Table I of the author’s 
paper. Such data would make it possible 
to compare the results given in this paper 
with the results obtained in connection with 
similar problems on other power systems. 

I believe that the author is fully aware of 
the importance of having sufficient react- 
ance in the arc-furnace circuit, since he 
states that the “frequency of the furnace 
swings and their magnitude govern the 
amount of stiffness required in the system at 
the point of service, for these are the criteria 
of the flicker which will result in voltage 
complaints if any are incurred.’’ Where 
“Jarge’’ furnace installations are involved, it 
is reasonable not to give any consideration to 
the problem of reactance, since sufficient re- 
actance is usually inherent in the system. 
As pointed out, however, the matter of 
whether or not supplementary reactance is 
available in the smaller furnace installations 
is quite important, since the inherent re- 
actance in the system is usually small com- 
pared to the total reactance required. 

The author, in Table I, has indicated that 
the voltage swings at the nearest critical 
substation bus for the ten cases cited have 
been in general within tolerable limits. In 
connection with this, I would venture the 
comment that either one of two things has 
happened in order to obtain such values, 
The two points are that either the utility 
has been required to build an extra good sys- 
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tem up to the nearest critical substation bus, 
or that values of supplementary reactance 
approaching those shown in my Table A 
have been used, particularly for the smaller 
sizes of furnaces. If the latter is the case, the 
utility probably can feel quite fortunate. 

The statement was made previously that 
with the values of reactance proposed, the 
current swings would not exceed approxi- 
mately 2.5 times the rated current of the 
arc-furnace circuit if the reactance was all 
air-core reactance. In any given installa- 
tion, however, there will be some iron-core 
reactance as well as some air-core reactance. 
In the type of circuits being considered, air- 
core reactance is that attributable to the 
transmission lines and the secondary bus 
and electrode circuits, and possibly that of 
any supplementary reactance. Transform- 
ers may be considered also as being air-core 
reactance. Supplementary reactors may be 
either iron core or air core. Again looking 
at Table A, we can draw the general conclu- 
sion that for the larger furnace installations, 
the reactance in the circuit can be con- 
sidered as being almost entirely air-core 
reactance. For the smaller furnace trans- 
former installations, however, if we con- 
sider that the supplementary reactance is 
iron core, the total reactance in the circuit 
will be predominately iron-core reactance. 
On the other hand, if we consider that the 
supplementary reactors are of the air-core 
type, the total reactance will be predomi- 
nately air-core reactance. Since the type of 
iron-core reactors usually used with are 
furnaces will have straight-line reactance 
only up to approximately 150 per cent, it 
would be interesting to investigate the prob- 
lem of which type of supplementary react- 
ance should be used if it is necessary to use 
it at all. Since iron-core reactors may be 
subject to saturation above approximately 
150 per cent of their normal rating, there is 
always the possibility of the reactor becom- 
ing saturated to such an extent that the 
total ohms in the circuit will be reduced 
below a value which would limit the current 
swings and the frequency of swings above a 
given magnitude to tolerable values. 

In explanation of this, I would refer to 
Figure 1 of this discussion, which shows the 
volt-ampere characteristics of a 30 per cent 
air-core reactor and a similarly rated iron- 
core reactor with a straight-line character- 
istic up to approximately 150 per cent of 
rated current. Actually, at 150 per cent of 
rated current this reactor shows a decrease 
in reactance of approximately ten per cent of 
the rated value. Let us assume, for an ex- 
ample, an installation having approximately 
50 per cent total reactance in the are-furnace 
circuit. Of this 50 per cent, 20 per cent is 
air-core reactance, and 30 per cent is in the 
supplementary reactor. For a three-phase 
short circuit, the current will be approxi- 
mately twice normal if the reactor is of the 
air-core design and does not saturate. If, 
however, the reactor is of the iron-core type, 
and we assume a three-phase short circuit, 
the reactance of the reactor will decrease to 
approximately 20 per cent, giving a total of 
40 per cent for the total circuit, which results 
in a load swing of approximately 2.5 times 
normal; therefore, the result is that the 
maximum possible magnitude of the swings 
has increased approximately 25 per cent. 
The actual magnitude of swing will not be, 
of course, two times normal, or 2.5 times 
normal since the resistance of the circuit 
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will tend to reduce these values. The in- 
crease in magnitude of load swings caused 
by saturation of the iron-core reactor will ap- 
proach 20 to 25 per cent on the basis of using 
an iron-core reactor having a straight-line 
characteristic up to approximately 150 per 
cent rather than an air-core reactor. 


B. M. Jones: I would like to take this op- 
portunity to say that I take great pride in 
the fact that the picture on the front of the 
program for the technical meetings in 
January 1943, sent to all members by mail, 
was taken from my article. 

A representative of a very large furnace 
manufacturer told me just before this meet- 
ing that they had built in 1941 and 1942, and 
had on order for 1943, more furnace produc- 
tive capacity than they had built in their 
entire previous history. These furnace ton- 
nage capacities were approximately 800,000 
tons in 1941, 800,000 tons in 1942, and 
1,200,000 tons on order for 19438. 

Regarding Mr. Falls’ comments, the 
writer most heartily agrees that the operat- 
ing problems involved in serving ‘‘small”’ 
electric furnaces are much different than 
those in serving large furnaces. In the 
latter case, generally speaking, the furnace 
swings in proportion to the rating of the fur- 
nace are smaller, and the line to supply the 
big furnaces would probably be inherently 
larger, whereas for the smaller furnaces, the 
swings are larger on a percentage basis with 
a smaller line and probably connected to a 
weaker spot in the system. Thus, for the 
smaller furnaces a more serious problem is 
at hand. Our operating experience has 
shown that present over-all performance is 
obtained on the medium and small size fur- 
naces with an appreciable amount of re- 
actance, and we feel that something of the 
order of 40 per cent range to a higher figure 
for the smaller furnaces is a good starting 


point, with, of course, adjustable taps on. 


the reactance to obtain the optimum oper- 
ating condition for each installation. 
Relative to Mr. Falls’ question as to the 
amount of reactance, supplementary, sec- 
ondary bus bars, flexible leads, electrodes, 
and so forth, this information was not avail- 
able. Admittedly, it would be desirable to 
have this, but we just did not get it. It can 
be determined from measurements of the 
furnace in operation in a steady-state con- 
dition, together with the known electrical 
data on certain parts of the circuit. We do 
realize the importance of having sufficient 
reactance in the circuit, a supplementary 
reactance in the smaller furnaces. Right 
here I would like to point out to all power 
companies supplying furnaces oz about to 
supply furnaces, that this is a very impor- 
tant thing for the medium and smaller size 
furnaces, and it may and probably will be 
very important on even very small furnaces 
on a small system or on a weak spot in a big 
system. Our 22-kv transmission system is 
relatively stiff at points of connection to 
some of these furnaces, and undoubtedly 
that contributes to the lack of complaints. 
After all is said and done, if you have an 
adjustable device, taps on the reactors in 
this case, the operators are going to juggle it 
around to what in their opinion is the best 
operating condition. In the case of electric 
furnaces, this varies among different plants, 
and some melting superintendents think 
that an intermediate position on the reactor 
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is the best, while someone else feels that it 
should be adjusted to the absolute minimum 
reactance. We have determined that cer- 
tain furnace installations can actually con- 
sume more kilowatt-hours by operating on an 
intermediate reactance tap and maintain a 
steady arc, thus producing more heat in the 
melting pot, than by operating without the 
reactance with higher currents being fre- 
quently interrupted. We have actual meas- 
urements of this, using kilowatt-hour 
meters to prove it, but it fell on deaf ears. 
I have also verified this with engineers in 
several steel plants and their experience has 
been the same. So, I believe any power 
company taking on electric furnaces should 
recognize this point and be in a position to 
handle the loads in whatever manner the 
melting superintendent may operate. 

Relative to the use of series capacitors for 
handling furnace loads, I feel that the proper 
application of the capacitor will go a long 
way toward smoothing out the furnace 
swings before they get back into the system, 
but the design and setting must be co- 
ordinated very carefully with the electrical 
characteristics and operation of the furnace. 
For instance, it might not be so satisfactory 
to install a series capacitor for a certain 
range of operation of the furnace and then 
have the furnace performance increased 
very radically, for the condenser might not 
be able to cover such a wide range. I recall 
that this was discussed somewhat between 
Mr. Falls and the writer at the Association 
of Iron and Steel Engineers meeting, Can- 
ton, Ohio, May 1941, and at that time it 
was pointed out that there were one or two 
series capacitors in satisfactory operation on 
long lines supplying small electric-are fur- 
naces somewhere in South America. 

I do not want to leave the impression that 
the electric-power companies are afraid of 
electric-are furnaces or that they do not 
want this type of load, for such is farthest 
from my thoughts. I merely want to point 
out some of the problems that have to be 
solved to provide adequate service for such 
loads and still carry the rest of the load in a 
satisfactory manner. 

We are stretching our former limits (and 
will stretch them more if necessary) and are 
putting up with conditions in wartime that 
probably will have to be improved in peace- 
time—all to minimize the use of a critical 
material, copper, and we are in full accord 
with the War Production Board in its sin- 
cere efforts to make the copper go around! 


Dielectric-Recovery 
Characteristics of 


Large Air Gaps 


Discussion and authors’ closure of paper 43-10 
by G. D. McCann and J. J. Clark, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
January section, pages 45-52. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The paper de- 
scribes an interesting method for testing 
recovery rates of air caused by successive 
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impulses. 
there are several questions which arise as to 
the interpretation of the results. 

In Figure 2 of the paper are shown a num- 
ber of initial current waves which have so- 
called initial crest's followed by either a low 
current steady crest (waves A, B, D, H, G, 
and J), or by a crest of approximately the 
same amplitude (waves C, Z, F,andZ). The 
high initial crest is explained as the result of 
the discharge of the charges in the gap after 
the intense “return streamers” are formed 
which propagate back to the electrodes. 

Such a phenomenon undoubtedly occurs; 
however, I cannot quite understand the 
high initial current amplitudes which the 
authors obtained, ranging from 1,390 am- 
peres to 23,000 amperes. The principal 
constants of the circuit producing this cur- 
rent consist of the capacitance C of the gap, 
the inductance in series with the discharge, 
and the impedance R of the breakdown path 
between the electrodes. The maximum cur- 
rent crest that can be produced in such a 
circuit is 


where E is the voltage applied to the gap 
at the time of sparkover, and Fis a reduction 
factor, the value of which depends on the 
ratio of R/Z. F=1 for R/Z=0)  F=0i387 
for R/Z=2. The dimensions of the rod- 
gap circuit and the wave shape of the 
initial voltage waves causing breakdown 
are not given in the paper, and therefore 
only approximate calculations can be made 
as to the expected initial current maximum. 

The critical sparkover of a six-inch rod 
gap as given by Figures 4 and 5a is approxi- 
mately 1385 kilovolts. The usual capaci- 
tance of a six-inch rod-gap installation set up 
according to rules of the Joint Insulation 
Co-ordination Committee® of the National 
Electric Manufacturers’ Association and the 
Edison Electric Institute is approximately 20 
micromicrofarads. Unless additional capaci- 
tance, not mentioned in the paper, was con- 
nected, the test capacitance should be of this 
order. The inductance would be of the 
order of 0.75 microhenry. The impedance 
R is, of course, variable but should be rela- 
tively high, of the order of thousands of 
ohms, for discharges of such short time. 
Therefore, the factor F should be of the 
order of 0.7 or less. With a sparkover volt- 
age of 135,000 volts this would give a cur- 
rent crest of 135,000*5.18107%X0.7 = 
490 amperes or less. 

This current value should be the same for 
all tests where high series resistance was 
used in the main discharge circuit. For 
waves D, E, and F where low series resist- 
ance was connected, the gap may have been 
overvolted before sparkover occurred and 
therefore the initial current peak may have 
been higher, say 2 to 3490 amperes. All 
these values are considerably below those 
given in the paper. j 

In order to obtain an initial current peak 
of 23,000 amperes for wave F, the constants 
of the initial spark circuit would have to 


differ as shown in Table I of this discussion. — 


Other variations are possible, but all 
these figures indicate that such a high initial 
current peak for the test condition is im- 
probable. \ 

Since this initial current discharge occurs 
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On studying the test results // 
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in a small fraction of a microsecond (0.1 , 
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Table |. For 23,000 Amperes Initial Current Peak of Wave F 
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C=20 micromicrofarads........... C=20 micromicrofarads......./....... L=0.75 microhenry 


E=0.75 microhenry............... E=135,000 volts 
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2 =6)350,000 volts:; . 2. ni eee eles LE=3.12 X10 microhenrys. «........06 C=48,000 micromicrofarad 


microsecond or less as shown in Figure 2 
of the paper), the rate of initial current 
rise, assuming 490 amperes crest, would be 
‘of the order of 5,000 amperes per micro- 
second. A small inductance in the measur- 
ing shunt or in the ground circuits might 
appreciably affect the measurements and 
May in part account for the high initial 
crest currents reported. 

The curves of Figure 3 are very revealing 
in showing the recovery voltages for the 
different current waves. It would be 
interesting to study this behavior in a 
region representative of the more severe 
lightning currents. 

Measurements at the Empire State 
Building! show that 50 per cent of the cur- 
rent peaks had a charge of 0.17 coulomb to 
half value of the current, 10 per cent one 
coulomb, and one stroke 5.0 coulombs, com- 
pared with a total charge of 0.238 coulomb 
maximum used in the paper. In Figure 4, 
50 per cent of the long duration lower am- 
plitude currents had a charge of 25 coulombs 
or more. The current amplitudes at the 
same station show 50 per cent to be higher 
than 7,000 amperes, 10 per cent higher than 
20,000 amperes, and one stroke higher than 
58,000 amperes. Magnetic link measure- 
ments on transmission line towers, taking 
into account all tower currents, indicate 50 
per cent between 11,000 amperes? and 21,000 
amperes.’ Taking into account only the 
currents at the tower struck or closer to 
the stroke, this value increases for 50 per 
cent of the strokes to 35,000 amperes. On 
transmission lines, two conditions of initial 
sparkover have to be considered. If the 
stroke contacts the tower, and flashover 
occurs from tower to line, then the impulse 
current through the spark will be of the 
order of 7 = JR/Z where J is stroke current, 
R ground resistance, Z surge impedance of 
the line wire. If, however, the stroke con- 
tacts the line and flashover occurs at the 
adjacent tower, the current flowing through 
the spark will be of the same order as the 
tower currents because of direct strokes or 
strokes to the ground wire. In this case 
the spark will conduct to ground a consider- 
able part of the continuing discharge of the 
stroke, while in the former case the continu- 
ing portion would berather small. It would 
seem, therefore, of interest to obtain re- 
covery voltage curves for current discharges 
of considerably higher amplitude and 
charge. 

The data as presented do not permit draw- 
ing a conclusion on the factors which con- 
tribute to the slow recovery rate, whether 
current amplitude or charge is responsible. 
In the wave shapes selected the second cur- 
rent peak and the charge vary in the same 
manner as the recovery curves of Figure 3. 
Perhaps the authors have some further un- 
published material where equal current am- 
plitudes were applied, but the charge of the 
Waves was varied over a considerable 
amount. It should be expected that both 
current amplitude and charge will be re- 
sponsible for a given’ recovery characteris- 
tic. Ina paper in preparation, J. W. Flow- 
ers shows that the impulse spark tends to 
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establish a channel of such size that the cur- 
rent density is of the order of 1,000 amperes 
per square centimeter in the region between 
100-ampere and 100,000-ampere crest, start- 
ing with initial densities of 27,000 amperes 
per square centimeter or more. This 
would indicate that the current amplitude 
provides only a larger volume of ionization 
within this volume; however, ionization 
should be essentially constant. 


The charge flowing through a given vol- 
ume, however, should be much more im- 
portant in ionizing this volume to a greater 
extent as the charge increases. Such 
phenomena can be observed during the 
formation of long 60-cycle arcs. 


A point of importance, I believe, is the 
manner of application of the second impulse. 
The authors say very little about this ex- 
cept that the wave has a 1!/2 X 40 shape and 
that the series resistance had to be fairly 
high, which could have produced appreci- 
able regulation. In Figures 8 and 9, a 
few of the voltage and current waves of the 
second discharge are shown. The currents 
are presumably of the same order of magni- 
tude as for the second impulse currents 
for the other discharges. In multiple 
lightning strokes the second discharge 
current is frequently of the same order of 
magnitude as the first, and in power sys- 
tems the currents available at the fault 
during recovery in many cases should be of 
the order of the load current at least or 
several hundred amperes. The energy 
available for restriking should be consider- 
ably greater than that indicated by Figures 
8 and 9. 


It seems to me that the power are recov- 
ery rates should be used in Figure 16 for di- 
electric recovery rates, since even the short 
initial power current flowing through the 
fault very likely is of the order of 100 am- 
peres or more. Furthermore, in most cases 
where the stroke contacts the ground wire 
or tower, and arcover occurs from tower to 
line, the phase with the highest operating 
frequency voltage crest should are over. 
Laboratory tests indicate that the impulse 
voltage required to flashover an insulator 
string is reduced from its critical flashover 
voltage by the approximate amount of the 
instantaneous value of the normal frequency 
voltage H of opposite polarity, and in- 
creased by the same amount or more if the 
normal frequency is of the same polarity 
as the impulse voltage. There is always a 
positive or negative voltage in excess of 50 
per cent of the crest on one of the conduc- 
tors of a three-phase system. The time T 
at which two of the phases have equal po- 
tential is about 1,400 microseconds. This 
time, therefore, will be the most probable 
minimum time between the normal 60- 
cycle zero voltage and the time of flashover 
for strokes to the tower modified by wire 
swing and line clearances. For strokes to 
the line wire direct, which should occur 
rarely where ground wires are used, the time 
T may be anywhere on the cycle. 


I agree with the authors that the duration 
of multiple strokes’ and the dielectric re- 
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covery from power arcs are the principal 
factors governing circuit reclosing times. 
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G.D. McCann and J. J. Clark: Mr. Hagen- 
guth believes that the initial high currents 
of very short duration occurring at the 
first instant of gap breakdown cannot be 
as large as recorded. To attempt to prove 
this he calculates their crest magnitude on 
the simplified assumption that these cur- 
rents are simply the discharge through an 
equivalent lumped resistance and induct- 
ance of the charge stored in the gap by vir- 
tue of its capacity (the air between its elec- 
trodes acting as a perfect dielectric). He 
assumes that perfect conduction starts in- 
stantaneously. This, however, is not the 
actual mechanism of the discharge. As 
pointed out in the paper, the gap breakdown 
starts in the form of ‘‘initial leaders’’ propa- 
gating from each electrode. At the instant 
they meet, there is distributed in the gap, 
along the channel which they have blazed, 
considerable charge in addition to that 
which he assumes. The current flowing at 
the brief instant after the “return stream- 
ers’’ reach the electrodes depends upon a 
number of factors difficult to evaluate 
analytically and not represented by Mr. 
Hagenguth’s calculations. 

The authors agree that it would be inter- 
esting to determine dielectric recovery char- 
acteristics for higher crest currents and for 
discharges of longer duration involving 
larger amounts of charge. However, with 
regard to crest magnitudes, the discharge 
currents studied are typical of the majority 
of strokes, and representative values of both 
crest current and time to half value were 
studied. In considering data on crest tower 
currents it is thought that Mr. Hagenguth 
has misinterpreted the data of Waldorf 
(reference 2 of his discussion). The figure of 
11,000 amperes applies to currents in the 
tower struck or close to the terminating 
point of the stroke instead of to all recorded 
tower currents. The figure of 35,000 am- 
peres for the magnitude exceeded by 50 per 
cent of the maximum tower currents of each 
stroke is thought to be considerably too 
high. Data available to the authors from 
the investigation of Waldorf and others 
show that this figure ranges from 8,000 to 
15,000 amperes depending upon span 
length and tower footing resistance. 

With regard to the relative effects of crest- 
stroke magnitude and total charge upon the 
rate of dielectric recovery, the authors be- 
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lieve that increasing the total charge and 
the stroke duration should have a greater 
effect than increasing the crest magnitude. 
The data presented in the paper show that 
variation of crest magnitude and charge of 
the initial high current short duration por- 
tion of a stroke component (for the prac- 
tical range of values that have been re- 
corded) does not materially influence the 
rate of recovery. However, the rate of 
recovery undoubtedly will start to decrease 
considerably under certain conditions as the 
duration of low magnitude current flow and 
resulting charge is increased. 

Mr. Hagéfguth questions the manner of 
application of the second discharge, think- 
ing that, because small currents were ob- 
tained for the subsequent discharge, the 
small amount of energy available for restrik- 
ing would not give typical results. Whether 
or not restriking takes place is deter- 
mined by the character of the voltage across 
the gap and not the current that flows after 
the breakdown. For the smaller time inter- 
vals the current resulting from a restrike at 
or near the critical restriking voltage is 
naturally considerably less than for longer 
time intervals, since less voltage is required. 
However, the voltage applied for the re- 
striking study always had a 1'/2 micro- 
second front and a time to half value of at 
least 40 microseconds until it was raised 
high enough for a restrike to take place. 


Impulse and 60-Cycle 
Characteristics of Driven 


Grounds—lll. Effect of 
Lead in Ground 


Installation 


Discussion and authors’ closure of paper 43-12 
by P. L. Bellaschi and R. E. Armington, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 334-45. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The principal 
contribution of the paper seems to lie, in 
my opinion, in that it brings out in numerous 
examples the effect of inductance of leads 
and towers on the total voltage developed 
at the stroke contact point for given stroke 
currents, 

Of course, this has been known by many 
people concerned with lightning protection, 
and the detrimental effect of the inductive 
drop has been emphasized, especially to 
provide short connections between pro- 
tective devices and the apparatus to be 
protected, and the inductive effects have 
been used to calculate the over-all protective 
effects. These facts perhaps have not been 
recognized clearly by many, and therefore 
the publication of a theoretical analysis of 
the problem is of considerable use in calling 
attention to the relatively high voltages 
that may result from the inductive drop. 
Figure 1 of this discussion might be useful 
in emphasizing the relative effects of resist- 
ance and inductance. The voltages de- 
veloped are calculated for the highest cur- 
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IMPEDANCE VOLTAGE — KILOVOLTS 


) ! 2 3 4 5 
& MICROSECONDS 
Figure 1. Relative importance of inductance 


and resistance in the ground connections of a 
lightning-rod system 


Actual lightning current wave measured by 
oscillograph® 


rent wave measured at the Empire State 
Building! which is shown in the insert, using 
values of inductance and resistance as indi- 
cated. 

The paper uses for resistance values the 
impulse resistances found from test and 
published in two previous papers. In a 
previous discussion it was stated that the 
measurements do not apply necessarily to 
stroke currents at the location of lightning 
contact with the ground electrode, where 
current fronts of much shorter duration 
than 6 to 20 microseconds should be ex- 
pected. The Empire State investigation! 
gave current fronts of from 0.1 to 6 micro- 
seconds, with 50 per cent shorter than one 
microsecond. The rate of current rise 
ranged between 0 kiloamperes per micro- 
second and 35 kiloamperes per microsecond, 
with 50 per cent of the strokes having a rate 
of rise of 14 kiloamperes per microsecond. 
Similar values of rate of current rise were 
reported by other investigators.” 

It can be said therefore that current 
fronts at the point contacted can be fre- 
quently of the order of two microseconds or 
less. For fronts of such steepness, the 
resistance tests reported previously and used 
in this paper hardly apply. Inasmuch as 
the lowering of the resistance is a breakdown 
phenomenon, it should be expected that 
the breakdown voltage depends on time, 
similar to breakdown in oil, air, or other 
materials. It is only after resistance change 
at short times has been investigated that 
curves of the type shown in the paper can 
be applied. It is evident that a reduction 
in resistance to 50 per cent which is indicated 
by all of the reported measurements for the 
larger values of current will make a great dif- 
ference in calculated potential. There is 
some question even whether the initial im- 
pulse resistance for steep current fronts may 
not even be higher than the 60-cycle resist- 
ance, disregarding the inductive and capaci- 
tive impedance components. The effective 
resistance of an electrode is determined, not 
only by the electrode shape, but also by the 
distribution of current between the electrode 
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and the ground plane. It has been shown by 
Bewley’s multivelocity theory* that this 
ground plane changes its position relative 
to the earth’s surface as the current wave 
travels along a ground wire or a counter- 
poise. Therefore, the effective ground area 
carrying current should become greater 
with time resulting in a lower resistance at 
the longer time. While this phenomenon is 
not very clear at present, it does indicate 
that initial resistances may be even higher 
than the 60-cycle resistance, since for 60- 
cycle current, distribution in the ground can 
be of very great extent. 

Some effect of wave front can even be 
detected from an analysis of resistance 
measurements of Parts I and II of the paper‘ 
as shown by Figure 2 of this discussion. 
Curve 1 is grounds C and D of Table II, 
Part I, with six microsecond front; curve 
2—grounds B, C, and D of Table IV, Part I, 
with 12 microsecond front; curve’ 3— 
grounds F, G, and P; curve 4—ground MM of 
Part II of the paper with 15 to 20 micro- 


° 


eth 


a 


° 


° 


° 


RATIO IMPULSE TO 60-CYCLE RESISTANCE 


ie) 100 
IR DROP—KILOVOLTS 


200 300 


Figure 2. Effect of wave front of applied 

surge on the impulse resistance of grounds 
Average of R-60-Cycles 

1. C,D Table Il, part | 36 

2. C,D Table IV, part | 39 

3. F,G,P Table Ill, part II 97.5, 24.3, 13.8 

4. M Table lV, part II 118 
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second wave fronts, while curve 5 is an 
average of all measurements. It is inter- 
esting to note that the reduction in ground 
resistance becomes less as the wave front 
becomes steeper. 

The abscissa is the IR drop calculated from 
the measured current crest and the a-c 
resistance of the grounds as suggested by 
Towne. 

While there exists a distinct difference 
be alse of wave front, the average curve 
should be useful for calculations for slow 
front waves. The parallel connections 
tested and shown in Part II fall well within 
the range of curves 1 and 4. Thus, instead 
of calculating the impulse resistance for 
any particular installation, using the equa- 
tions of Part II, the average curve can be 
used if the 60-cycle resistance is known by 
measurement or calculation. 

The calculations of Figures 18 and 19 of 
the paper, with respect to the counterpoise 
voltages, seem to be too optimistic. The 
impedance of a 200-foot counterpoise for 
a one microsecond current front should be 
more nearly of the order of 60 to 80 ohms 
as compared to the 15 to 20 ohms given 
in the paper. This follows from tests® as 
well as independent calculations. 

The calculations indicated by Figure 25 
to Figure 27 in the paper show an inter- 
esting approach to explain the formation of 
the lightning currents in the ground at, and 
near the point of contact. Incidentally, the 
abscissa values of Figure 27 apparently 
should be multiplied by a factor of two to 
conform with the text. There are several 
points of argument with regard to the 
fundamental factors used, such as the veloc- 
ity of the return stroke and the apparent 
change in velocity, the velocity of propaga- 
tion of currents in the ground, the forma- 
tion of streamers at ground terminals, and 
their effect on the charge distribution and 
others. 

Many of these factors are pure speculation 
at the present time, and arguments there- 
fore would be useless. 

I hope that the paper will help to make it 
more clear to many engineers that the tran- 
sient impedance of grounds has to be con- 
sidered to provide intelligent protection. 

While all the factors involving transient 
impedances are not known, sufficient data 
are available from this paper and others 
mentioned in the bibliography of this 
paper®.’8 to arrive at intelligent conclusions, 
with a good probability that in the majority 
of cases, the ground installation will be 
adequate. 
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F. O. Wollaston (Commonwealth Edison 
Company, Chicago, Ill.): This very com- 
prehensive paper sheds light on some puz- 
zling points in connection with grounding. 
For example, tests by Davis and Johnston 
(reference 6 of the paper) showed appreci- 
able voltage drop in towers for moderately 
steep-fronted waves, which was attributed 
to resistance as well as inductance of the 
structure. This paper brings out very 
clearly that the resistance of the tower is not 
an important factor, the only important 
resistance being that of the ground. For 
another example, the ineffectiveness of 
very deep grounds under certain conditions 
is satisfactorily explained. Instances are 
on record where flashovers occurred at 
towers with deep grounds, although the 
resistance of the grounds theoretically was 
low enough to prevent flashovers. One con- 
cludes that the best practical procedure for 
obtaining good grounds in difficult soil is 
first to try multiple surface grounds, in- 
cluding counterpoises of moderate length, 
and go to deep grounds or long counterpoises 


as a last resort. 


Figure 15c of the paper is interesting in 
showing the transient impedance character- 
istic of a counterpoise. The initial im- 
pedance is much higher than the final value, 
which is the leakage resistance. The find- 
ings confirm those of Bewley and Hagen- 
guth, using the conception of multivelocity 
wave components. 

After reading this paper one grasps more 
clearly the importance of the wave shape of 
the lightning stroke in determining the 
total potential developed on the structure, 
and also the important effect of the ground- 
ing arrangement in determining what the 
wave shape of the stroke current going to 
ground will be. Some revision of ideas as 
to wavefronts to use in calculations on 
lightning protection may be in order, as 
indicated by the comparison of the sinu- 
soidal and exponential waves in the paper. 

| 


POL. Bellaschi and R. E. Armington: First 
we want to thank those who have discussed 
the paper for their contribution to the sub- 
ject. The field experience with deep 
grounds Mr. Wollaston cites is interesting. 
This is in agreement with similar experience 
reported on extensive grounds and is in ac- 
cord with the results of the paper. 

The example on the relative importance 
of inductance and resistance in a lightning 
rod system that Mr. Hagenguth gives in 
Figure 1 of the discussion is particularly 
pertinent, for the current selected in these 
calculations is from a direct stroke of light- 
ning actually recorded. 

With reference to the resistance of driven 
grounds for current fronts of short duration, 
the problem was examined and analyzed 
in some detail in the preceding paper. 
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The data and analysis referred to show that 
the variation of the true resistance rapidly 
follows the current with no appreciable time 
lag for wave fronts as fast as two or three 
microseconds, the limit that the data can 
be interpreted. The results also bear out 
that the resistance starts out initially at, or 
close to the sixty-cycle value. As stated in 
the preceding paper, it is quite possible that 
the true resistance for a very rapid rise of 
current to crest, in one microsecond, could 
result in a time lag in the decrease of the re- 
sistance from high to low value. All this 
would mean that for steep currents the 
effective resistance is sustained somewhat 
higher than for the longer fronts. However, 
considering that the inductance effect pre- 
dominates during these rapid current varia- 
tions, the method of analysis followed for 
the driven grounds hardly demands greater 
refinements for engineering purposes. For 
the extensive grounds the 60-cycle resistance 
was used which procedure should be on the 
conservative side. 

The calculations in Figures 18 and 19 of 
the paper for the counterpoise are for 
grounds of fairly low resistivity. We re- 
alize that most counterpoise applications 
are in soils of high resistivity. These curves 
were intentionally drawn for soil of low 
resistance to accentuate for comparison 
purposes the inductive effect. The current 
waves in the illustration of Figure 27 of the 
paper would be of longer duration for a 
slower velocity of propagation than that 
assumed. A velocity of propagation of the 
current in the earth slower than one-third 
the velocity of light is not only possible but 
quite probable. This would mean that the 
duration of the lightning current as de- 
duced from the method of analysis in the 
paper approaches closely the average dura- 
tion of 40 to 50 microseconds for lightning 
current discharges actually recorded in the 
field. 


Electrical Stability of 
Electrical Insulating Oils 


Under Limited Oxidation 


Discussion and author's closure of paper 43-23 
by J. C. Balsbaugh and A. G. Assaf, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 311-22. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): The paper by Bals- 
baugh and Assaf describes a very fine re- 
search job on the oxidation of insulating oils. 
Their precision methods of test and the 
quantitative results obtained are above 
criticism. It is for this reason that I ap- 
proach a discussion of their paper with some 
hesitation, because I have a very definite 
quarrel with the practical conclusions they 
derive from these test results. I quote 
briefly from their paper: 

“Operating performance of oil-paper cables in 
service shows, in general, that the power factor of 
the insulation increases with time, even in certain 
cases to the extent of seriously impairing the invest- 


ment. Hitherto the changes have been unex- 
plainable.’’ 


397 


The paper then goes on to show that the 
“unexplainable” changes have been due to 
limited oxidation which, under certain 
conditions, is different and more severe in 
its action than continuous, unlimited oxida- 
tion, This is correct, but the authors fail 
to explain why it is more severe in practical 
cases and, in fact, draw the opposite con- 
clusion in their statement: 


“Apparently the oxidation products or other com- 
pounds fortned during limited oxidation are not of 
the type to be selectively absorbed by the paper.” 


Just the opposite is true, as far a cable 
in service is concerned, The products 
formed during the early stages of limited 
oxidation are readily absorbed by the paper, 
consisting as they do largely of metal soaps 
in colloidal solution. Perhaps their method 
of setting up the test sarnples obscured this, 
At any rate, in an actual cable structure 
this absorption of conducting products 
accounts for pronounced increase in di- 
electric power factor of the cable as a 
whole, when and if it occurs, 

Now that this alarming statement has 
been made let us see just how it affects 
practical cable design and how well it is 
tinder control, There is no denying that a 
paper-insulated cable is a very efficient oxi- 
dation machine. The copper-oil arid lead- 
oil ratios are high, and the cable is designed 
to operate at relatively high temperatures. 
It can be expected, then, that the “oxida- 
tion cycle” will eventually be carried out to 
its fullest extent, all oxyyven in free and com- 
bined form being consumed in the ultimate 
end products of this complicated chemical 
action. 

The criterion of cable deterioration from 
this cause is a measure of dielectric power 
factor as a function of temperature, Tf this 
oxidation action does not materially increase 
the dielectric loss of the cable as a whole, it 
does no real harm. In this respect, here is 
an interesting and important observation, 
Service failures in modern high-voltage 
paper-insulated cable from this cause are 
rare and, without exception, are fully ae- 
courted for by abnormal conditions leading 
to abnormal amounts of oxygen and oxida. 
tion products in the cable system, 

Carefully controlled tests and operating 
experience have demonstrated time and 
again that the degree of cable deterioration 
is proportional to the amounts of oxygen and 
oxidation products allowed to intrude. Ob- 
viously then, the remedy is to exclude ab- 
normal amounts of such corrosive impurt- 
ties from the cable system, This funda- 
mental principle has been recognized and 
followed in cable design for so many years 
it is hard to remember just when it was 
first established, That, after a period of 
gradual improvement, it is today under full 
control by all responsible cable manu. 
facturers, there can be no doubt. It is 
only through accident or mistake that 
service trouble from this cause occurs, and 
this is rare and isolated, 

I, accordingly, must take exception to the 
authors’ conclusion that limited oxidation 
has been tnexplainable in the past and is a 
significant and vital factor in high-voltage 
cable design. This implies that it is not 
understood and not under control, which is 
not correct, 

I believe there is a reasonable explanation 
for their conclusion. Under controlled 
laboratory conditions they introduced differs 
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ent amounts of oxygen into sealed test 
samples and measured the degree of deteri- 
oration caused thereby. They found that 
limited amounts of oxygen caused more pro- 
nounced deterioration than unlimited a- 
mounts and assumed that the limited 
amounts represented normal cable practice. 
The minimum amounts of oxygen for which 
they show end results of aging tests were 50 
and 100 eubie centimeters per kilogram of 
oil, These amounts correspond to 5.5 and 
11.0 per cent of absorbed oxygen by volume 
at atmospheric pressure, the latter rep. 
resenting complete saturation of the oil at 
this pressure, 

The catch in the whole thing is that their 
minimum oxygen (5.5 per cent) is more than 
100 times the amount allowed in properly 
made cable and could only represent an 
abnormal condition of extreme degree, 
Modern paper-insulated cable has no more 
than 1.0 per cent absorbed gas in the oil 
at atmospheric pressure, Of this, only a 
very stall part is residual oxygen, and after 
it is consumed in the oxidation cycle there 
is only a minor increase in power factor of 
the first and last few layers of paper tape 
in near proximity to the conduetor and 
sheath, This has no bearing at all on 
troubles in service, To sum the matter up, 
if the old and well-established principle of 
reducing impurities to a minimum, initially, 
and keeping them out of the cable system 
thereafter is followed, the troubles deseribed 
by the authors will be nonexistent, 

These remarks, I feel, are necessary for the 
purpose of keeping the practieal problem 
involved in its right proportions. IT hope 
that J am not detracting in any way from at 
exceptionally fine and useful quantitative 
research job, 


Herman Halperin (Commonwealth Mdison 
Company, Chieago, Th): This researeh 
project has been planned to cover semi« 
fundamental problems relating to oxidation 
of moeulating oils in transformers, cables, 
and so forth, The paper indicates a valuable 
addition to our background of knowledge on 
oxidation problems, both as to equipment in 
service and as to materials and equipment to 
be made in the years to come, 

In this research the deterioration of the 
insulating oil is carried on with no voltage 
stress on it, It has been found, however, 
in tests on oil-filled eable in Chicago that, 
if the sample happens to have conditions 
leading to deterioration when subjeeted to 
high temperatures, this deterioration pro- 
ceeds whether a high voltage or no voltage is 
impressed across the insulation, 

According to Figure § of the paper, the 
maximiun amount of eleetrical deteriora 
tion was produced by 100 euble centimeters 
of oxygen per kilogram of oll, Tor a spe 
cifie gravity of 0.84, this ratio corresponds to 
about 8'/, per cent of oxygen by volume, 
The solubility of oxygen in oil at atimos« 
phere pressure is about 17 per eent, and 
the solubility of alr is about 10 per cent, 
giving & solubility in (he oll of oxygen when 
in air of 8'/y per cent, Apparently, the 
tests in this project with 5O or 100 eubie 
centimeters of oxygen per kilogram of oil 
correspond so far ay concentration of oxygen 
in oil is concerned to the condition in sealed 
(transformers, some of which have alr above 
the oil, 

Data derived from WMgure 7 and Table 1 
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of the paper (see Table I of this diseussion) 
show that an oil previously subjected to 
limited oxidation absorbs more oxygen and 
develops higher power factors under con- 
tinuous oxidation than an oil subjected 
only to continuous oxidation, These data 
are of practical interest because they show 
that oil stored in contact with a limited 
amount of air and copper may under certain 
circumstances deteriorate faster than pre- 
viously unexposed oil, 

With regard to radial power-factor tests 
of cable insulation, the statement is made 
that the power factor of deteriorated ingula- 
tion in a sealed cable may be higher than 
the power factor measured on the removed 
tapes because of instability of oxidation 
products upon exposure to air, Ap this 
problem was recognized, the power-dtaetor 
measurements of tapes are made by the 
Commonwealth Mdison Company with the 
tape to be measured remaining covered by 
the next outer tape until the inetant of 
measurement, Then the exposure of the 
tape during transfer to the cell is a matter of 
a few seconds, and the measurement is 
completed in 20 to 60 seconds, During 
most of this time the tape is protected from 
the air by the electrode surfaces. In general, 
we have found excellent agreement between 
the power factors of the completed eable and 
the average of the radial power factors, 

Under the heading Mffeet of Metal Sure 
face Areas in the paper, it is pointed out 
that the copper-oil ratio in the investigations 
was less than in cable, This difference is 
partly compensated by the fact that the 
accessibility of the oil to the copper is less in 
cables than inthe tests, Also, the diffusion 
of copper compounds in a cable is much 
slower than with the forced cireulation in the 
testa, These points are demonstrated by the 
usual U shape of the radial power-factor 
curves, 

It is of interest to note that the optimum 
aromaticity, corresponding to a specific 
dispersion of 110-120 according to the pay 
agrees closely with the figures of 115117 
given in the recent paper by Clark and Raab 
in Tudustrial and Bngineering Chemistry, 

Vurther researches will concentrate on 
learning the effects of higher tentperatures, | 
This worle includes investigations up to 146 
degrees centigrade on various oils, 


Wr, M. Clark (General Wleetrie Company, 
Vittafield, Masa): 1 have followed the wore 


, 


AIBE TRANSACTIONS 


of Professor Balsbaugh and his associates 
at Massachusetts Institute of Technology 
for several years, and I wish to congratulate 
them for the vigor with which they have in- 
vestigated the characteristics of mineral oil 
under various types of oxidation. They 
have developed ingenious test methods 
which in their hands and in the hands of 
others can be expected to yield valuable in- 
fortnation during the years to come. In this 
paper, however, the authors are reaching out 
in an effort to apply the results of their 
academic researches and have made refer- 
ence to the application of mineral oil in 
cables and transformers. To do this from 
the data available is difficult, and I fear 
that unless the manufacturer and user of 
electrical apparatus appreciates the diffi- 
culties the very excellent academic results 
obtained by the investigators are going to be 
subject to much misapplication and possible 
discredit. 

In the commercial application of mineral 
oils there are certain fundamental proper- 
ties on which the present commercial struc- 
ture has been built. In the cable field, one 
of the requirements is that the dielectric 
loss of the oil-treated dielectric must be 
controlled to the point that heat accumula- 
tion is avoided. In the transformer field, 
one of the requirements is that the oil must 
possess a satisfactory resistance to sludge 
formation in order to secure satisfactory 
heat dissipation. To this latter require- 
ment some may now imply another means 
of gauging a transformer oil, that is by 
studying the power-factor characteristics 
under oxidation. To this there can be no 
objection if greater power-factor stability 
can be obtained without sacrificing the 
basic requirement which demands freedom 
from sludge formation. 

In its broad aspects the present paper 
calls attention to the behavior of mineral 
oil under unlimited oxygen supply and under 
a limited oxygen supply. In this they 
support the conclusions of previous investi- 
gators and the practical manufacturer. 
While it is still undoubtedly true that 
many investigators still test oil in an open 
beaker, it is nevertheless generally recog- 
nized that such tests are not used by the 
manufacturer of electrical cables as a criter- 
ion of the satisfactory oil for cable use. The 
final criterion is the behavior of the treated 
insulation, generally the behavior of the 
cable itself. Oils which possess good or 
bad characteristics in an open beaker with 
free oxygen supply are not necessarily cor- 
respondingly good or bad in the treated 
insulation test, even when the test on the 
treated insulation is carried out under oil, 
the surface of which is exposed to air. The 
presence of the cellulose insulation and the 
effect of voltage application play a part 
which cannot be ignored. The authors 
appear to recognize this fact in their pres- 
entation of the limited oxidation test. 
Whether there is a valid relation between 
the results of the limited oxidation test on 
an oil and its behavior under voltage in a 
commercial cable or transformer still re- 
mains to be determined. Until this has 
been studied the importance of the interest- 
ing behavior cited cannot be evaluated. 

We in our laboratory have carried on an 
intensive study of insulating liquids under 
restricted oxygen supply but as yet have 
not found that a mineral oil or other liquid 
dielectric can be clearly evaluated in terms 
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of its commercial suitability from its be- 
havior when tested alone. 

The difficulty of gauging the suitability 
of an oil for commercial use on the basis of a 
simple oil test is illustrated in the data pre- 
sented for the series of number 60 oils. 
These oils include samples most nearly 
identical to those oils in present successful 
commercial use. The other experimental 
oils studied are to be classed as technical 
white oils which, irrespective of their aca- 
demic behavior, in commercial use have 
been found unsuited for cable application. 
The series number 60 oils have been refined 
to produce different degrees of aromaticity. 
Figure 11 shows that irrespective of the 
aromaticity all the oils show similar be- 
havior on limited oxidation using 100 cubic 
centimeters of oxygen per kilogram. Figure 
12 on oil number 60-2 which most closely 
approaches the present American trans- 
former oil shows that the greatest power- 
factor instability is obtained in the entire 
absence of oxygen. Furthermore, the more 
highly refined, substantially water white oil 
number 60-3 described in Figure 18 shows 
increased limited oxidation stability as a 
result of the greater degree of refining. 
Commercial experience would be more in 
agreement with the continuous oxidation 
test results of Figures 12 and 13 which 
indicate greater instability for the more 
highly refined oil. 

With regard to many of the specific con- 
clusions drawn, our work is in agreement. 
We cannot agree entirely, however, that 
under limited oxidation as it results in com- 
mercial cable use, the products of the oxi- 
dation are not absorbed by the paper. 
While it is true that many of the products 
of oil oxidation may not be absorbed by the 
paper, it is general experience that many of 
the most destructive products are absorbed. 
Among these are the copper compounds 
mentioned by the authors. 

There are a number of features presented 
by the authors which will demand careful 
study before an investigation of this type 
can be translated into practical terms. 
One of these is represented in the data of 
Figure 22 which describes the behavior of 
new and reconditioned transformer oil. 
The authors have stated that “mineral oils 
may change their limited oxidation char- 
acteristics with time in standing in a con- 
tainer.”’ Yet in Figure 22 the general be- 
havior of the new and reconditioned oils is 
identical in type. Each reaches its maxi- 
mum power factor at the same time. Each 
falls to a minimum valué at the same time. 
Each then rises in power factor at about the 
samerate. Yet it is my understanding that 
the oils represent widely different degrees 
of oxidation. The new oil was substantially 
unoxidized. The reconditioned oil had 
seen commercial service in transformers 
and had been merely paper-filtered before 
the test described by the authors. It was 
not truly a “reconditioned oil’? in the ac- 
cepted sense, if by that term is meant an 
oil which has been chemically treated or 
fuller’s-earth-treated in order to remove the 
products of previous oxidation. Just why 
the peak value in power factor should be ob- 
tained at the same time and the general 
behavior of two so widely different oils (on 
the basis of previous oxidation) be so similar 
is not understandable unless there be a fac- 
tor such as an electrode effect which has 
escaped evaluation. 


Discussions 


‘ practice is difficult 


There is one other important feature 
which must be borne in mind in any at- 
tempt to apply the academic data pre- 
sented. The authors relate the results of 
their limited oxidation studies to the con- 
ditions which exist in sealed transformers 
and cables. In general, the authors prefer 
to use about 100 cubic centimeters of oxygen 
per kilogram of oil, This corresponds to 
about 10 per cent oxygen by volume 6f the 
oil, or in terms of air, with which the practi- 
cal engineer is concerned, to about 50 per 
cent air per volume of the oil, It is obvious 
that in a properly prepared cable or sealed 
transformer this quantity of air is far greater 
than can possibly be present, Even the 
50 cubic centimeters of oxygen per kilogram 
of oil does not constitute a ‘restricted sup- 
ply” of oxygen in the practical viewpoint. 
To get an oxygen supply corresponding to 
the maximum present in good commercial 
cable practice the total oxygen must be 
more s@€verely restricted. When tested 
under conditions approaching commercial 
practice the data presented appear to indi- 
cate that the present commercial grades of 
transformer and cable oils possess an equal 
if not higher degree of electrical stability 
than that possessed by the various experi- 
mental oils described, 

It is my understanding that the power 
factor measurements were made at a stress 
of but two or three volts per mil. If this 
be true, I suggest that it would be of interest 
and value to check the results at higher 
stresses covering the range from 25 to 100 
volts per mil. 

I hope that Professor Balsbaugh will be 
able to continue his interesting researches 
on mineral oil. Information of this type 
is of value in the continued improvement of 
oil-treated insulations, although at present 
its translation into terms of commercial 
and frequently mis- 
leading. 


J. C. Balsbaugh: Both Mr, Clark and Mr, 
Shanklin question the statement that oxida- 
tion products formed during limited oxida- 
tions are not selectively absorbed by the 
paper. I think the difficulty is in the use of 
the term “selectively absorbed” and in what 
is meant by ‘‘absorption”’, In many cases, 
the term ‘“‘absorption’’ is used to represent 
capillary absorption, However, in the 
present instance “selective absorption’ oc- 
curs by the hydroxyl groups in the paper or 
the cellulose. Thus, a pure mineral oil 
itself is absorbed by paper by capillary 
forces. However, in this case there is cer- 
tainly no selective absorption, Thus, when 
the term “selective absorption” is used in 
connection with the limited-oxidation work, 
it is meant that the hydroxyl groups of the 
paper do not selectively absorb the type of 
oxidation products that are formed under 
limited oxidation, These results from 
limited-oxidation studies are substantiated 
by quite a number of test results which have 
been given in both this paper and previous 
papers, 

There seems to be some criticism on the 
use of 100 cubic centimeters of oxygen per 
kilogram of oil in a limited-oxidation test, 
This represents, roughly, a volume of oxy» 
gen equal to approximately ten per cent of 
the oil volume, In general, limited-oxida- 
tion tests are made from zero available 
oxygen—that is, with the oil in contact 
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with the paper and copper—up to values 
of 1,000 cubic centimeter or more of oxygen 
per kilogram of oil. The purpose of this 
wide variation in oxygen availability is to 
determine the degree of influence of small 
amounts of available oxygen on the electri- 
cal properties. In many cases, contact of 
the oil with copper even in the absence of 
any oxygen is sufficient to give what would 
certainly be termed very significant losses. 
Other things being equal, it would certainly 
be desired to have an oil that is stable over a 
reasonably wide range of limited-oxidation 
conditions. Since such tests must, of 
necessity, be of an accelerated nature, it is 
perhaps desirable to use a somewhat larger 
value than would normally be expected. 
Corresponding procedures are used in other 
tests, for example, accelerated sludge tests 
in which the temperatures are used in the 
range well above operating temperatures. 

It is to be regretted that definite informa- 
tion is not available as to the amount of 
oxygen which is available to the oil in an 
oil-paper cable. By this I do mot mean the 
amount of air that may get into the oil dur- 
ing manufacture or installation. However, 
there is no denying the fact that there are 
residual oxidation products present in a 
commercially refined oil, residual oxygen 
in the paper even after vacuum treatment, 
and impurities in the paper that can pos- 
sibly account for certain of the available 
oxygen. This is not in any sense a criti- 
cism of present manufacturing methods in 
the fabrication of oil-paper cable or the 
component parts such as the oil and paper. 
Rather than to attempt to improve any of 
these procedures, which certainly would be 
very difficult, it would seem to be more prom- 
ising to study what components in an oil 
are responsible for high losses under limited 
oxidation conditions, then either to elimi- 
nate them or to prevent their effect 
through the use of additives. 

It is true certainly that mineral oil 
should not be commercially applied on the 
basis of its stability to either limited or con- 
tinuous oxidation. The electrical stability 
is only one factor among many which must 
be considered in determining the best oil 
from all viewpoints. The paper itself makes 
no attempt to evaluate any other proper- 
ties than the stability under limited oxida- 
tion. The purpose of the work is, of 
course, to determine what factors are 
responsible for electrical losses under such 
oxidation conditions, so that proper steps 
can be taken to correct them. There is 
no reason why this cannot be done, and still 
maintain the other required characteristics. 

Mr. Halperin’s discussion makes a num- 
ber of important contributions te the paper. 


Harmonics and Load Balance 
of Multiphase Rectifiers 


Discussion and author's closure of paper 43-26 
by R. D. Evans, presented at the AIEE national 
technical meeting, New York, N. Y., Janu- 
ary 25-29, 1943, and published in AIJEE 
TRANSACTIONS, 1943, April section, 
pages 182-7. 


C. W. Frick (General Electric Company, 
Schenectady, N. Y.): During the past few 
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years I have come in contact with a number 
of rectifier situations, including both actual 
and proposed installations, in which co- 
ordination with telephone systems was given 
consideration. In a majority of these situa- 
tions it developed that the factor of most 
significance was the rectifier’s contribution 
to the voltage 7IF at the power supply 
point. This is the case where a steam plant 
or large substation feeds a nearby rectifier 
load and a number of other loads which are 
spread out. Whatever wave-shape distor- 
tion the rectifier produces at the power sta- 
tion bus spreads over the transmission or 
distribution lines connecting the variousloads 
tothestation. Paralleling these power lines 
are circuits associated with the telephone 
plant in the territory and under some con- 
ditions there may be appreciable induction 
because of harmonic voltages. Thus the effect 
of a given rectifier layout on voltage TJ F is 
useful information, and a simple method of 
estimating it would be very helpful. 

Methods of calculating harmonic voltages 
produced by rectifiers and hence the voltage 
TIF are already available in the literature 
of the subject, and they may be applied to 
the various multiphase arrangements. How- 
ever, the calculations are somewhat in- 
volved, require specialized information, and 
are seldom attempted by others than those 
who are familiar with the details. In look- 
ing for a short-cut method Figure 3 of the 
paper was found. Relative TJ F is taken 
from the curve for the given number of 
rectifier phases and substituted in a formula 
to obtain actual 77 F. But the formula in- 
volves some unfamiliar factors pertaining 
to rectifier circuits which would have to be 
made readily available to be of any value to 
the average user. Possibly this information 
could be supplied in the form of brief tabu- 
lations, supplemented by examples. 

The paper calls attention to a ‘‘Proposed 
New 7IF Weighting Curve.” It seems in- 
advisable to call this the “1941 Curve” be- 
cause it is as yet only a proposal. The 1935 
curve went through similar stages during the 
several years preceding its adoption. Refer- 
ence to the new curve emphasizes the fact 
that rectifier situations should be included 
in the study of the new proposal. 


H. Winograd (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): I should 
like to supplement Mr. Evans’ paper in 
regard to the effect of the harmonic com- 
ponents of the a-c voltage on the output 
d-c voltage of a rectifier. 

In 1938, when the first rectifier installa- 
tion was made in an aluminum reduction 
plant, the unbalance among the various 
six-phase units operating in parallel on the 
d-c bus was observed. This installation com- 
prised ten 5,500-kw six-phase units, pro- 
vided with phase shifters to form a 60-phase 
system.1 Tests and an analysis showed that 
this unbalance was caused by the har- 
monic components in the a-c voltage, par- 
ticularly the fifth and seventh, and their 
phase position in relation to the fundamental 
in the secondary phase voltage of the 
rectifer transformer. The phase position 
of the harmonics differed for the various 
six-phase units on account of their phase 
displacement from each other in the 60- 
phase system. 

The maximum deviation from the average 
load current observed on any unit was about 
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7 per cent, which corresponds to a deviatiott 
of about 0.4 per cent in the d-c voltage. In 
regular operation, the load is balanced by 
meaus of grid control, and the unbalance is 
evidenced only by the difference in the 
amount of grid control for the various units. 

The general expression for the effect of 
any harmonic components on the d-c 


ot 
“ 


voltage at no load (disregarding the angle © 


of overlap) is: 


oe 


in which n is the order of the harmonic, p is 
the number of phases in a commutating 
group, Ez, is the d-c voltage caused by the 
harmonic, Ey is the d-c voltage caused by 
the fundamental, 8 is the angle of displace- 
ment between the harmonic and funda- 
mental components and A,, A; their re- 
spective amplitudes (see Figure 1 of this 
discussion). For the double three-phase 
connection with interphase transformer 
(p=3), which is most generally used, and 
for the nontriple odd harmonics, this ex- 
pression is reduced to Eg,/En==1/nX 
cos nB:A,/ Ay. : 
The effect of the harmonics on the d-c 
voltage of a unit does not remain constant 
under all operating conditions. It would be 
affected by achange in thesystem connections 
which might change the magnitude or phase 
position of the harmonic components. The 
magnitude of the load would have influence, 
as the conducting period of each phase is 
prolonged by the commutating angle. 
Regulation of the d-c voltage by phase 
control of the firing of the anodes would 
alter the effect of the harmonics on the d-c 
voltage, because of the phase shift of the 
conducting period in relation to the funda- 
mental and harmonic components. The 
practical effect of this is that it is not possible 
to use wide-range group control of the d-ce 
voltage by phase control of a number of 
parallel units which are displaced in phase 
from each other. If such group control is 
used, it is necessary to balance up the load 
among the units at intervals, while operat- 
ing the group control. : 
The preceding expression may be modi- 
fied to take into account phase control, by 
substituting Ez, cosine 9 for Ey, and (8—@) 
for 8, in which @ is the angle of retardation 
of the firing. ¢ 
The effect of the harmonic components on 
the d-c voltage may also have a bearing on 
the choice of rectifier connections. For 
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exarnple, if two rectifiers are connected to 
a 12-phase transformer, it is desirable to 
connect each rectifier to a six-phase winding 
of the transformer, so that the load on each 
rectifier may be observed and adjusted. 

In the majority of rectifier applications, 
the effect of the harmonic components in the 
a-c voltage is of little consequence. How- 
ever, there may be special cases, such as a 

rallel resonance condition in the a-c 
supply for a frequency close to the fifth or 
seventh harmonic, where it may become an 
important factor. 
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J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In the application of any kind of 
apparatus it is always comforting to know 
the limitations. Mr. Evans’ paper is a 
comfortable contribution to our knowledge 
of power rectifier application. In the past 
the question of the harmonics generated by 
rectifiers caused some concern from the 
point of view of influence on both communi- 
cation circuits and generator heating. Now, 
through the combination of analytical work, 
such as here reported by Mr. Evans, and 
field experience, the factors are much better 
known, the concern has largely vanished, 
and applications are made freely as desired. 

Notwithstanding the large number of 
rectifiers that have been installed, the cases 
of even original communication difficulty 
have been negligible and the few cases that 
have been encountered have been corrected 
by relatively simple means where corrective 
measures in the power system were indi- 
cated. For the case of small stations, a few 
have required filters and for the case of 
large stations the corrective has been the 
use of a suitable number of phases. Experi- 
ence has shown that modern generators can 
be loaded exclusively with rectifier load 
without important sacrifice. 

Mr. Evans has discussed for the first time 
the relationship of rectifier harmonics to 
load division between rectifier groups and to 
connected capacitors. Here again a great 
amount of experience shows that the situa- 
tions where the influence is enough to cause 
difficulty are rare, and where difficulty is en- 
countered simple correctives are known. 
Some method of phase control can always be 
used to achieve load balance where needed, 
and Mr. Evans has mentioned the simple 
method of throwing a capacitor bank off 
resonance, should resonance be encountered. 
Incidentally, if a capacitor bank should 
resonate to a particular harmonic on a sys- 
tem it may be objectionable for other reasons 
than the presence of a rectifier. 


H. E. Kent (Edison Electric Institute, New 
York, N. Y.): Mr. Evans’ excellent paper 
deals with a timely subject from the:stand- 
point of inductive co-ordination of power 
and telephone circuits. The war effort has 
resulted in a number of large capacity recti- 
fier installations which, had it not been for 
the multiphase method of operation, would 
undoubtedly have given rise to widespread 
co-ordination problems. .As mentioned in 
the paper, the Joint Committee on Research 
and Development of the Edison Electric 
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Institute and Bell Telephone System has 
studied extensively the inductive co-ordina- 
tion aspects of rectifiers. The subcom- 
mittee’s latest report on this subject appears 
in a volume of engineering reports published 
recently. This volume constitutes the fifth 
in a series, which taken as a whole provide 
quantitative information for the use of the 
power and telephone industries in the engi- 
neering, construction, amd operation of 
their plants to secure adequate co-ordination. 

In his paper, Mr. Evans refers to various 
TIF weightings which have resulted from 
the work of the joint subcommittee. I 
should like to comment on these weightings 
and on their present status. The three 
weightings labeled, according to date, as 
1918, 1935, and 1941, are shown in Figure 2 
of this discussion. As previous papers be- 
fore the Institute have described, the major 
factors involved in 77 F weighting are the 
relative interfering effects of different single 
frequencies in the telephone plant and the 
coupling between the power and telephone 
circuits. It has been the changes which 
have been made since 1918 in the character- 
istics of the telephone message circuit and 
equipment toward a more uniform fre- 
quency response over a wider band of fre- 
quencies, which gave rise first to the 1935, 
and now the tentative 1941, revisions in the 
TIF weighting curve. It is believed that the 
shape of the tentative 1941 curve takes into 
account probable future developments so 
that further changes will not be necessary 
for an extended time. While the relative 
weighting of the various frequencies for the 
tentative 1941 curve has been determined, 
the absolute value of the ordinates has not 
been fixed yet. The ordinates of the tenta- 
tive 1941 curve shown in Figure 2 were 
selected on a judgment basis to provide a 
means for securing data comparative with 
the 1935 curve. There has been devised a 
relatively simple modification of the West- 
ern Electric Type 2 noise meters which 
makes possible 7/F measurements in ap- 
proximate accord with the tentative 1941 
weighting as well as by the usual 1935 
weighting. This modification is of such 
nature that it can be made by the owner of 
the set without the necessity for returning 
the instrument to the manufacturer. It is 
planned to collect a considerable amount of 
these comparative data in connection with 
day to day field problems, which will be 
used in arriving at a decision as to what the 
new ordinate values should be. 
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In a footnote of his paper Mr. Evans 
states that the 1919 frequency weighting 
curve of telephone interference factor (TJ F) 
remains in use for machine wave-shape 
guarantees. An explanation of the reasons 
for the use of the 1918 instead of the 1935 
weighting for this purpose may be helpful. 
The question of wave-shape guarantees for 
machines of 1,000 kilovolt-amperes and 
larger was studied by representatives of 
the manufacturers and electrical utility 
industry in 1932. Out of this study came 
certain recommendations which were pre- 
sented in a National Electric Light Associa- 
tion committee report entitled ‘‘Generator 
Wave Shape,” published in August of that 
year. These were based on the 1918 7IF 
weighting curve, which was in use at that 
time, Following the adoption of the re- 
vision in 7IF weighting in 1935, the new 
weighting was not immediately applied to 
the matter of machine guarantees, as a trial 
period for further accumulation of compara- 
tive data on the two bases seemed desirable. 
Later on it became apparent that additional 
developments in the telephone plant and 
equipment would require a further revision 
in TIF weighting. It was decided therefore 
not to make any change until this further 
revision was complete and to continue to 
use the 1918 TIF weighting in the mean- 
time. 

To summarize, the 1918 77 F (Telephone 
Interference Factor) at present is used only 
in connection with the specification of ma- 
chine wave shape. The 1935 TIF (Tele- 
phone Influence Factor) is still used in all 
field studies of noise frequency inductive 
co-ordination problems. However, in con- 
nection with such field studies an attempt 
will be made to secure comparative data 
with the 1941 tentative weighting, looking 
toward the adoption of a new curve to sup- 
plant completely both the 1918 and 1935 
versions. 
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Schenectady, N. Y.): This paper presents a 
thorough qualitative analysis exploring the 
various possibilities concerning harmonics 
as related to large rectifier installations. We 
feel many of the questions raised cannot 
be fully answered until additional quantita- 
tive studies, coupled with tests and ex- 
perience, have been made. This discussion 
will point out those effects which our ex- 
perience substantiates, as well as those is- 
sues which we feel need further analysis. 

The effect on the performance of recti- 
fiers operating on a system with a high 
harmonic content is a tendency toward 
unbalance between rectifier elements. Any 
unbalance can be corrected by means of the 
phase control of the rectifiers, and this 
control is usually supplied with large multi- 
phase rectifier equipments. 

A rectifier connected to an infinite a-c 
bus normally draws all the nontriple odd 
harmonics. However, it is not essential 
that all of these harmonics flow. For ex- 
ample, if a harmonic trap having high fifth 
harmonic impedance is connected in series 
with each of the a-c lines feeding the rectifier 
substantially no fifth harmonic current will 
flow to the rectifier. Inasmuch as the recti- 
fier commutation period is not fixed but can 
adjust itself to load and circuit conditions, 
it is questionable whether the presence of a 
shunt capacitor of such value as to operate 
with the line reactance as a fifth harmonic 
trap, will cause an increase in fifth harmonic 
current in the line. This phase of the 
problem should be given more study than 
that indicated in the paper before it can be 
definitely stated that it is analogous to the 
transformer magnetizing current problem. 

Under the section ‘‘Heating of Capaci- 
tors,’ Mr. Evans has clearly presented the 
capabilities of the capacitor to withstand 
harmonic loading, but we feel unnecessarily 
strong emphasis has been placed on the 
rectifier-capacitor question, namely, ‘‘Con- 
sequently, special attention should be paid 
to the harmonic problem for installations 
involving multiphase rectifiers and capaci- 
tors.” And ‘Where large capacitors are 
connected in parallel with large multiphase 
rectifiers supplied by transmission systems, 
it is particularly desirable to give careful 
consideration to the harmonic problem. 
The effects for the lower frequencies should 
be studied analytically, and by field tests 
which should give, if possible, the magnitude 
of the fifth-harmonic voltage in the supply 
and the harmonic-frequency impedances. 
With this information available the capaci- 
tor application should be studied to deter- 
mine what characteristics at harmonic 
frequency should be employed. It appears 
possible but unlikely that in a few installa- 
tions the subdividing of the capacitor into 
sections tuned for various frequencies will 
be found desirable.” 

It is felt that statements of this nature 
generally leave the wrong impression. It 
leads one to believe that in a proposed 
installation, extreme care should be taken 
in applying capacitors and in choosing the 
number of rectifier phases. 

Our experience does not seem to bear out 
the contention that detailed analytical 
studies and field tests need be made in ad- 
vance to insure successful operation. 

An installation of 57,000 kw of General 
Electric rectifiers and 20,000 kva of Cornell- 
Dubilier capacitors in the northwest, is 
reported by J. R. Curtin in the January 9 
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Electrical World’, from which the following 
excerpts are taken: 


“The loads at Longview consist of 31,000 kw toa 
48-phase rectifier, 26,000 kw to a 24-phase rectifier 
and 3,000 kw to a local public utility district. 
Ordinarily, the problem of supplying leading re- 
active kilovolt-amperes in conjunction with a load 
of such magnitude would require either a syn- 
chronous condenser or static capacitors with enough 
oil circuit breakers to approximate continuity of 
control. Fortunately, however, the rectifier load 
at Longfellow is practically constant at all times, 
and two static capacitor banks with one oil circuit 
breaker for each bank have been found to be satis- 
factory. No operating troubles have been experi- 
enced to date. 


“The danger of difficulties with harmonics in this 
region was well realized, and so, as soon as the ca- 
pacitors were almost all installed (June, 1942), joint 
tests were made by the Bonneville Power Adminis- 
tration and Pacific Telephone and Telegraph Com- 
pany to determine the effect of the capacitors on 
harmonics originating in the rectifiers. 


“Results of extensive testing with various amounts 
of capacitance and with both balanced and un- 
balanced rectifier operation showed that a near 
resonant condition, as anticipated, did exist for the 
eleventh harmonic with 3,330 kva of capacitors on 
the 48-phase rectifier bus, but this condition dis- 
appeared with increased capacitance. The tests 
also showed that the telephone interference factor 
was reduced to about one-tenth its former value 
when the capacitors were connected, other condi- 
tions remaining fixed.” 


The operation of rectifiers is considered 
good when an operating record of one arc- 
back per rectifier per month is obtained, 
and the rectifiers reported in this article 
during 1942 averaged less than 0.75 arc- 
backs per rectifier per month, which is 
better than good. 

Another installation with which we have 
had experience comprises 118,000 kw of 
rectifiers and 22,500 kva of capacitors, all 
General Electric. It has been established 
here that factors other than the shunt capa- 
citors are responsible for such operating 
difficulties as have been encountered. 

Similar to the northwest installation, an 
extensive test program was conducted in this 
region by the Bell Telephone Laboratories 
and interested companies, in which we be- 
lieve Mr. Evans participated, and somewhat 
similar reductions of TIF were obtained 
with the capacitors in service, under various 
operating conditions, indicating the accept- 
ability of the performance in this respect. 

We are acquainted with one other installa- 
tion in the south comprising Westinghouse 
rectifiers and General Electric and Cornell- 
Dubilier capacitors, of which we have little 
information on operating experience. Pos- 
sibly Mr. Evans has had experience with this 
installation or otherwise which he could de- 
scribe bearing out his conclusions, and thus 
aid us in ventilating the matter, 

Further on we find, ‘If the capacitor is 
supplied through a transformer (or atto- 
transformer) and connected to the bus which 
supplies rectifier transformers, the effect is 
equivalent to putting a reactor in series 
with the capacitor and thus to tune it for 
some (not necessarily integral) harmonic 
frequency of the supply system.” It is one 
of nature’s laws that any combination of 
inductance and capacitance has a resonant 
frequency, so the qualitative picture is un- 
changed whether the capacitor is supplied 
through a transformer or not. Ifa capacitor 
bank is supplied through an autotrans- 
former, the autotransformer will have such 
a low reactance in comparison to the supply 
system it seems useless to consider the 
combination alone in any quantitative 
analysis. And, if the capacitor is supplied 
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through a two-winding transformer, the - 
- transformer no doubt will be much larger 


in rating than the' capacitor, presenting the 
same relative case as with the autotrans- 
former. The transformer would be larger, 
for otherwise the transformer would have 
been put in only to accommodate the capaci- 
tor which, in general, would be uwuneco- 
nomical and unnecessary, for high-voltage 
capacitor equipment can be made by series- 
parallel connection of lower voltage units 
at very little additional cost. If, on the 
other hand, the transformer were equal in 
rating to the capacitor, it would—or could— 
be made to have about four or five per cent 
reactance which would make the combina- 
tion tuned to present a low impedance to 
the fifth harmonic and thus obviate the 
necessity of utilizing a separate reactor as 
discussed by Mr. Evans. So on this point 
we also ask if we can have the benefit of 
Mr. Evans’ experience. We have had quite 
a bit of experience and have in effect passed 
the worrying stage on the points presented 
in this discussion, so we cannot appreciate 
Mr. Evans’ points of view. 
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R. D. Evans: C. W. Frick has rightly called 
attention to the application of voltage TIF 
in co-ordination studies and to the useful- 
ness of the short-cut method presented in 
connection with Figure 3 of the paper. 
The application of Figure 3 involves the 
use of supply-circuit reactance and data 
that can readily be supplied by the rectifier 
manufacturer. However, it is possible to 
simplify the formulas for the primary-circuit 
values of the J:T product and the voltage 
TIF as follows: 


vf 
Actual I:-T product = poor current TIF 
from Figures 1 or 5) 


=0.78 watts as) x 
eee PCR 


relative current TIF 
from Figures 1 or 5 


primary voltage, 
line-to-line 
... (approximately) and 
per cent X ) 
PCR 


(relative voltage TIF 
from Figure 3) 


actual voltage TIF= 1.3 


.... (approximately) 


The two approximate equations are given in 
terms of primary voltage, d-c watts, and 
phase control ratios (PCR). These two 
equations apply to the two cases with phase 
control ratios equal to one and to 0.85, 
respectively; they assume a total transfer 
reactance corresponding to an angle of 
overlap of 25 degrees as a plain rectifier. 
The value of the supply reactance given as 
(% X) is based on primary voltage and 
given d-c watts. In connection with the 
caption of Figure 3, it should have been 
pointed out that J,, for this case is based on 
d-c watts and primary voltage and differs 
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from the values used in Figure 1 and else- 
where in the paper. 

H. O. Winograd has presented analytical 
expressions for the effect of a harmonic on 
the average d-c voltage of the two six-phase 
groups of a 12-phase rectifier. In order to 
use these expressions to determine the 
amount of load unbalance, it is necessary to 
consider the regulation of each phase 
group. When this is done, the formula will 
reduce to that shown in equation 1 of the 
paper. Mr. Winograd has also emphasized 
the importance of load balance in minimizing 
harmonics in multiphase rectifiers. 

H. E. Kent has presented a valuable dis- 
cussion which clarifies the relation between 
the 1919, the 1935, and the 1941 frequency- 
weighting curves and the circumstances 
that control their applications. I might 
add that the 1919 frequency-weighting or 
TIF curve is not used for rectifier co-ordina- 
tion problems. Consequently, the 1935 
curve is the one in common use. Since the 
shape of the 1941 frequency-weighting 
curve has been established, it was possible 
to include as part of the present paper the 
results of studies, such as given in Figure 2. 
There is no reason why such studies should 
not be made at this time as they will indi- 
cate the trend of future developments in 
regard to the effect of the number of rectifier 
phases on the telephone-noise problem. 
The captions of Figures 1 and 3 give 
formulas for obtaining, respectively, the 
actual current 7/F and the actual voltage 
TIF from the curves which are based on 
the 1935 frequency-weighting curve. Similar 
curves, based on Figures 2 and 4, are not 
given because the actual value of the 
1941 77 F curve has not been determined. 
While Mr. Frick is technically correct in 
questioning the terminology of the 1941 TIF 
curve, it is, nevertheless, convenient to refer 
to the 1919, 1935, and 1941 frequency- 
weighting and 7JF curves. 

R. M. Hawekotte and Mr. Kent have 
commented on the extensive co-ordination 
studies carried on by the Joint Subcom- 
mittee on Development and Research of the 
Edison Electric Institute and the Bell 
Telephone System. This work includes not 
only Engineering Report number 49, 
“Multi-Phase Rectifiers,’ published in 
Volume 5 of Engineering Reports, but also 
the forthcoming report on multiphase recti- 
fiers and large capacitors in electrochemical 
installations. As Mr. Hawekotte and Mr. 
Kent have pointed out, the recent large 
installations of rectifiers in the electrochemi- 
cal industry would have given rise to im- 
portant co-ordination problems, except for 
the extensive use of multiphase connections, 

The possibility of resonance at the lower 
harmonic frequencies with large shunt ca- 
pacitors, particularly with a rectifier unit 
out of service, is a problem that was con- 
sidered at some length in the paper. Men- 
tion has already been made of the fact that 
the Joint Development and Research Sub- 
committee is preparing a report on this prob- 
lem. The views expressed by Cox, Hawe- 
kotte, Kent, and Winograd are in close 
agreement with those of the author and 
developed in the paper. 

The discussion by Butler, Morton, and 
Herskind indicates that they are in agree- 
ment with the technical presentation made 
by the author, but that they are critical of a 
minor part of the author’s paper concerning 
the desirability of special studies of har- 
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monic problems where large shunt capacitors 
and rectifiers are to be operated, particularly 
under conditions with one or more rectifier 
units out of service. Certain statements 
from the author’s presentation are selected 
as magnifying the need for such studies 
and tests. Careful reading of the entire 
section from which the selections were taken 
will show that the criticism is not justified. 
Briefly the author described the phenomena 
encountered, pointed out the possibility of 
certain resonance effects, and mentioned the 
remedial measure that consists of subdivid- 
ing the capacitor into sections that are tuned 
for particular frequency. This part of the 
paper concluded with the observation that 
the use of such a remedial measure appeared 
“possible but unlikely.” 

As an alternative to ignoring the problem, 
it would seem preferable 


1. To recognize the possibility of certain unusual 
resonance effects. 


2. To show for the particular case by means of 
tests and analytical work that the effects need not 
require further consideration 


Wave-shape tests showing magnitude of 
lower’ harmonic voltages are frequently 
available and in any event are easily made. 
The possibility of resonant conditions being 
encountered for the lower harmonics is sup- 
ported-by the third paragraph from the 
excerpt of J. R. Curtin’s article. Relatively 
simple calculations will frequently show for 
particular cases that resonance effect 
should not be important. In general, these 
procedures are desirable for capacitor instal- 
lations whether made separately or in com- 
bination with rectifiers. 

We do not understand the basis for much 
of the discussion by Butler, Morton, and 
Herskind, since the use of capacitors would 
be but little affected by the addition of 
measures to avoid resonance. There is an 
implication in their remarks that discussion 
of unusual operating features of rectifier 
and capacitor installations is an undesirable 
or dangerous thing. We see no reason for 
not presenting a straightforward technical 
discussion of the unusual operating features 
of such installations. We do not believe 
that technical information, such as given in 
the paper, will be misused by operating 
engineers. As to charge of causing unneces- 
sary worry, it is our experience that recogniz- 
ing a problem and making a logical analysis 
of it is the surest way of dissipating any 
worry that may be connected with it. 


Pulling Loads on Single- and 
Multiple-Conductor 


Impregnated-Paper Lead- 
Encased Cable, Solid Type 


Discussion and author's closure of paper 43-30 
by A. P. S. Bellis, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, March sec- 
tion, pages 138-48. 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): A 


Discussions 


surprising thing brought out by Mr. Bellis 
is that damaging pulling stresses are so low 
that a considerable proportion of cables now 
installed must have been in this damaged 
condition when pulled in and ready to be 
spliced. Yet they have continued to oper- 
ate in spite of the presence of air which un- 
doubtedly entered the voids created by the 
lead stretching during installation. 

Some 12 years ago Electrical Testing 
Laboratories made a study of the distribu- 
tion of failures in service, in the year 1930, 
with respect to distance from the nearest 
joint. On the assumption of uniform dis- 
tribution, the number of failures per foot 
of cable lengths in which failures occurred 
would have been 0.6 per cent. However, 
the actual distribution was from nearly 
nine per cent of the total failures per foot 
in the first foot to !/j) of that number be- 
tween 10 and 15 feet and to 1/3) beyond 15 
feet. 

This*might be seized upon to prove that 
end damage by pulling with cable grips has 
a decidedly bad influence upon cable life. 
However ETL also made a similar study of 
the distribution of cable failures on high- 
voltage time test samples which, of course, 
had never been subjected to strains due to 
pulling grips. The distribution of failures 
was of exactly the same character and, 
taken over the same period, even more pro- 
nounced in the piling of failures near the 
cable ends. 

The weakness of cable ends is, undoubt- 
edly, due to voids, but we see from these 
ETL tests that the voids are not necessarily 
created by pulling grips. 

We, therefore, must conclude that neither 
lead stretch nor void formations at cable 
ends are reliable criteria of serious cable 
injury, and that, while cable grips are likely 
to cause lead stretch and voids, their use 
can be justified for almost any size or type 
of cable, if ducts are of adequate size, and 
pulling lengths are not excessive. 

Mr. Bellis’ data are conclusive as far as 
they go, but, before they can be used safely 
to establish rules for pulling stresses, they 
should be co-ordinated with such practical 
data as may be obtainable from the records 
of operating engineers. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper is 
based on an impressively large number of 
laboratory tests, and the results constitute 
a valuable addition to the knowledge on this 
subject. Although large quantities of lead- 
sheathed cable have been pulled into under- 
ground ducts over a period of some 50 
years, no limits for the pulling forces have 
been established. It has been common 
practice to assume that, if the sheath was 
not pulled apart at the leading end or pulled 
out to stich an extent that the insulation 
was disarranged and if the sheath was not 
badly scored, then the cable was not injured 
seriously in pulling. 

Apparently this method of judging the 
pulling has had no serious consequences. 
No cable failure in Chicago has been as- 
cribed to damage due to pulling other than 
damages caused by stones in the ducts or 
uneven ducts, and there are very few 
failures for which other causes are not 
found. Even in the rare cases where 
the leading end of the cable is damaged 
in pulling, it has been possible to cut off a 
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few feet at the end and to operate the re- 
mainder of the cable. 

Recommended limits for the pulling 
forces are obviously desirable for design 
purposes on which to base such features as 
the maximum length of cable that can be 
pulled, size of ducts, minimum radius of 
curves, number of curves in a run; and to 
determine the extent to which it is neces- 
sary to clean the duct and lubricate the sur- 
face of the cable. It should be recognized 
at the outset that there will be cases where 
exceptions must be made to any limits that 
may be evolved when there might be some 
risk of injuring the cable. Such risks 
might have to be assumed in order to per- 
mit the job to go ahead. 

The conclusions in the paper are based 
on tensile tests of eight-foot samples of 
cable with a wire mesh grip at each end. 
The behavior of long lengths of cable in 
pulling would be somewhat different from 
that of the short samples. Also the results 
are not entirely applicable to pulling with 
pulling eyes attached to the cable ends. 
This is common practice for heavy cables 
and long lengths. 

About ten years ago some tests were made 
by H. F. Moore, professor at the University 
of Illinois, on lead sheaths that had been 
subjected to very heavy pulling forces 
(10,000 pounds or more) and also on samples 
of sheath from the same cable at the trailing 
end where the pulling forces were very low. 
No appreciable difference was found in 
long-time creep tests and in long-time tests 
to fracture under steady loads. It was 
concluded that the properties of the lead 
were not changed appreciably. 

One of the author’s conclusions is that 
damage to the cable caused by excessive 
pulling forces can be detected by changes 
in the outside diameter of the cable. A 
more certain method is to remove some of 
the sheath and examine the cable insulation. 
This is done in building the joint or terminal. 

Three of the conclusions suggest that dis- 
tension of the cable at the end from pulling 
causes a concentration of heating and 
failures at the manhole ends. Probably it 
does increase the voids in the insulation of 
solid-type cable which increases the ioniza- 
tion in high-voltage cable. However, where 
hot spots have been found in manhole ends, 
they have usually been due mainly to in- 
filtration of oil or viscous compounds from 
joints. There has been no concentration 
in manholes of service failures because of 
deficiencies of the insulation itself. 


Howard S. Phelps (Philadelphia Electric 
Company, Philadelphia, Pa.): Mr. Bellis 
has investigated, in a practical manner, a 
problem of major importance to those engi- 
neers responsible for the installation, opera- 
tion, and maintenance of underground cable 
systems. 

The problem which he considered differs 
materially from the investigations of ‘““The 
Creep of Lead and Lead Alloys Used for 
Cable Sheathing” reported by H. F. Moore 
and M. J. Alleman in Bulletin 243 of the 
Engineering Experiment Station of the 
University of Illinois, as well as other re- 
ports on this general subject from the Engi- 
neering Experiment Station by Professor 
Moore, and the investigation of ‘Internal 
Hydraulic Bursting Tests of Lead Cable 
Sheathing,’”’ carried on by Phelps, Gates, 


404 


and Kahn of the Philadelphia Electric Com- 
pany. The latter was reported at the An- 
nual Convention of the American Society 
for Testing Materials in June 1940. 

The present investigation was for the 
purpose, at least in part, of determining the 
strength characteristics of lead cable sheath- 
ing under stresses closely approaching the 
ultimate for relatively short-time intervals, 
of the order of minutes. The other two 
investigations were primarily for the purpose 
of determining mechanical characteristics of 
lead sheathing under lower stresses applied 
for time intervals extending into years. 
Without recognizing these fundamental 
differences between the respective investi- 
gations one might readily become confused 
in reviewing the different reports and 
possibly conclude the results were con- 
flicting. 

Referring now to the paper by Mr. Bellis, 
particular attention should be given to the 
conditions under which he observed the 
occurrence of substantial cold flow of com- 
mercially pure lead cable sheathing at 
stresses of approximately 1,500: pounds per 
squareinch. This occurred under short-time 
loading. Since Mr. Bellis was investigating 
the characteristics of lead cable sheathing 
during installation, the time intervals dur- 
ing which the test loads were applied were of 
the same order, as those during which cable 
is being pulled in, a few minutes in each case. 


However, it should be pointed out that, 
under conditions which differ substantially 
from the foregoing, the stresses at which cold 
flow may occur in commercially pure lead 
cable sheathing may be entirely different. 


. The “Internal Hydraulic Bursting Tests of 


Lead Cable Sheathing,” referred to pre- 
viously, indicated that substantial cold 
flow can be expected at stresses considerably 
lower than 1,500 pounds per square inch, 
when applied for only a few hours or days. 
However, those conditions are outside of 
the scope of the present investigation. 


The binding or gripping of the core by 
the sheath, that was observed by Mr. Bellis, 
apparently increases the ultimate tensile 
strength of the lead from the point of view 
of cable pulling strains. Accordingly, it 
would seem preferable to use the values re- 
ported by him for determining safe pulling 
strains for installing cable, and the ultimate 
tensile strength values reported by Pro- 
fessor Moore and other similar investiga- 
tions for determining if stresses resulting 
from internal pressures developing in oil- 
filled cable, cable risers, or cables of con- 
siderable length installed on heavy gradi- 
ents can be safely withstood. 

Direct comparison of the ultimate tensile 
strengths, reported by Mr. Bellis and Pro- 
fessor Moore, is difficult without more defi- 
nite knowledge concerning the tempera- 
tures at which the determinations were 
made. In order to emphasize this point, 
reference is again made to the investigation 
of internal bursting strength by the Phila- 
delphia Electric Company. There it was 
disclosed that under similar loading condi- 
tions the internal bursting strength of cable 
sheathing, as measured by the time for 
failure of the specimen to occur, at 150 
degrees Fahrenheit might be as little as 
three per cent of the strength at 50 degrees 
Fahrenheit. In some cases, the decrease 
in strength was even greater. 

This paper and the discussion of it may 
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raise some questions concerning the de- // 


sirability of using alloy sheathing, particu- 
larly some of the calcium alloys. In 
general, the tests carried on by Philadelphia 
Electric Company indicate that while alloy 
sheathing has greater short-time strength 
than commercially pure lead sheathing, the 
apparent advantage in favor of the alloys 
disappears rapidly as stresses are reduced, 
and the period during which the loading is 
applied is extended. This characteristic 
appears to be particularly true in the case 
of calcium alloys. Apparently, the me- 
chanical strength characteristics of the 
various types or grades of lead cable sheath- 
ing do not differ materially at the stresses 
occurring in practical operation. 


C. J. Snyder and L. F. Roehmann (Ana- 
conda Wire and Cable Company, Hastings- 
on-Hudson, N. Y.): One of the con- 
clusions reached by this investigation is that 
the pulling force on a cable when using 
woven wire grips can be such that the stress 
in the lead sheath reaches 1,500 pounds per 
square inch. This conclusion is extremely 
interesting because it shows that the lead 
sheath is reinforced by the cable core. An 
empty lead sheath of average commercial 
lead has been found in our laboratory to 
stretch rapidly at a stress above 1,000 
pounds per square inch and to fail in ap- 
proximately 100 minutes under a sustained 
load of 1,500 pounds per square inch. The 
calculated tensile strengths of the lead listed 
in Tables I, II, and III, of the paper, can 
be considered therefore only as the ap- 
parent tensile strength of the lead under 
the conditions of the test. 

The same conclusion is reached if one 
contrasts the average tensile strength of 
the lead proper, given as about 1,800 
pounds per square inch in Appendix II, 
with the (apparent) strength of about 3,000 
pounds per square inch as derived from 
the pulling tests of cables. 

This shows that it is not the sheath 
which takes the entire load, but part of the 
load is taken by the core also: the total 
pulling force is equal to a sheath force plus 
core force. 

If this result is accepted, the next prob- 
lem is to correlate the core force with con- 
ductor size and insulation wall thickness. 
It seems reasonable to assume that the 
larger the conductor cross section for a 
given insulation thickness, the larger the 
core force, and that the larger the insula- 
tion thickness, for a given conductor size, the 
smaller the core force (because of slippage 
of the oil-impregnated paper). 

If these ideas will be substantiated, per- 
haps by some appropriate additional tests, 
then it will be possible to reanalyze the test 
data presented in this report, not on the 
basis of lead sheath cross section alone but 
considering conductor size and insulation 
thickness also. In this way it might be 
possible to arrive, for each cable design, at a 
maximum pulling force, to be used, as a 
guiding figure, for the installation. 


We wonder if the author, or anybody else » 


working in this field, has already analyzed 
the data from this viewpoint. 


A. P. S. Bellis: The presentation of the cable 
installation problem in a clear and concise 
manner as given by Mr. Halperin makes ap- 
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parent the contrast of premises in the case 
of two cable pulling problems. 

In pulling with grips any damage as the 
result of overstressing the cable sheath can be 


tions in judging whether cable may have 
been damaged, accentuates the potential 
value of these reported labofatory tests. 
It was expected that the results of these 
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and to eliminate as far as possible those ex- 
ceptional cases which make it necessary to 
cut back a few feet to eliminate damaged 
ends. It is important not only to eliminate 
the borderline cases where damage to the 
sheath is apparent but also to limit as far as 
possible appreciable weakening of the 
original quality of the insulation by mini- 
mizing the disturbance to its original me- 
chanical uniformity. 

Evidence ot excessive stretching of the 
lead sheath best can be realized by gradu- 
ating the pulling end of the cable sheath with 
circumferential marks ten inches apart. 
A good idea of potential damage to the 
insulation may be had by observing the 
extent of the coning of the insulation off the 
end of the conductors. 

It is believed that observations of elonga- 
tion of sheath and an examination of the 
underlying insulation as to the change from 
its normal mechanical uniformity will be 
very informative and will permit some cor- 


ss relation of these laboratory results sheath 
g with field experience. This information may 

ultimately enable one to set values of 
maximum elongation of the sheath in ten 
inches, beyond which damage to the insula- 
tion may be considered as having occurred 
and whether it is necessary to cut back the 
end to clear the damage done. If excess 
manhole slack is allowed to: the section 
length in border-line cases, there is no serious 
result except the economic loss of three or 
four feet of cable. This should be balanced 
against the cost of attaching pulling eyes 
in these few instances. 

From an examination of the serious effect 
on the mechanical uniformity of the in- 
sulation under the point of excessive sheath 
stretching there is evidence that rather 
large spaces are created between the con- 
volutions of tape and that the number of 
registrations may be increased. It may be 
this makes provision for the infiltration of 
an unusual amount of joint compound which 
is recognized as one of the main reasons 
for cable heating adjacent to the joints. 

Mr. Del Mar states that ‘“‘before they 
(the data) can be used safely to establish 
rules for pulling stresses they should be co- 
ordinated with practical data obtainable 
only from the records of operating engi- 
neers.”’ It is because of a dearth of factual 
data pertaining to pulling cable with woven 
wire grips upon which rules could be based 
that the need for these tests arose. It is 
hoped that all practical data now available 
and additional information as it becomes 
available will be presented through the 
technical press. 

Work to obtain these data should not be 
too burdensome as only the pulling end of 
the cable presenting borderline cases should 
be considered. 

There is no implication in the report that 
the use of pulling grips is not justified. In 
borderline cases it is merely a matter of 
choice of taking a chance on damaging the 
cable insulation, making it advisable to cut 
off a few feet of cable to scrap or specifying 
the attachment of pulling eyes. 

In the interest of improved design and 
proper application and use of pulling grips 
the Kellems Company contributed greatly 
to the value of this work. They have ex- 
pressed a kéen interest in the successful use 
of their product and would not want woven 
wire grips used at the expense of the cable 
they are designed to handle. 


Figure 1. Chart of ultimate and average stress 


tests would enable one to evaluate better 
the pulling load that a lead sheath cable 
could be subjected to without serious re- 
sulting damage. No rigid rules are pro- 
posed. The responsibility of experienced 
judgment in the cable pulling art will rest 
disturbance to the mechanical uniformity | where it has always been, with the men 
of the insulation unless the stress on the handling the job. It is not expected that 
conductors to which the pulling eye is at- the recommended maximum apparent 
tached is excessive. Under this condition stresses or maximum recommended pulling 
the limiting load serves to protect the sheath length values be observed unless the con- 
not from excessive stress but damage from ditions upon which they are predicated 
abrasion, gouging, forced inclusions, and render them applicable. 


cleared by cutting off a few feet, providing 
there is sufficient manhole slack allowance. 

In pulling by pulling-eye attachment any 
damage to the cable will be effective on 
the sheath only in the form of gouges or 
tears in the lead. There can be little or no 
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Figure 2. Actual ultimate stress developed to failure 


The substance of the report is factual. It 
casts no reflections on the art as it has been 
pursued. The observations and conclusions 
record matters believed to be important in 
minimizing cable damage that heretofore 
may not have been realized was being done 


high coefficients of friction. These factors 
can be minimized to a great extent by proper 
preparation of the conduit and adequate 
lubrication. 

The discussion, in addition to presenting 
the practical cable installation considera- 
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Figure 3. Elonga- 
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It is surprising to read Mr. Del Mar’s 
conclusion which incorporates the state- 
ment that “neither lead stretch nor void 
formations (at cable ends) are reliable 
criteria of serious cable injury.”’ It would 
be interesting to know what criteria should 
be judged adequate. So much has been 
said and recorded regarding the effect of 
voids and lack of mechanical uniformity in 
cable insulation it is difficult to accept 
unquestionably this conclusion. 

In the future it may be necessary to 
differentiate between voids in cable insula- 
tion resulting during application of the 
taped insulation and as a result of handling 
of the cable in production or under normal 
installation conditions and those supervoids 
that are introduced by way of major dis- 
turbances to the mechanical uniformity that 
result from stretching the lead excessively 
when pulling the cable in conduit. 

There are one or two qualifying factors 
which should be given weight when con- 
sidering the comparison which Mr. Del 
Mar draws from data in the cited Electrical 
Testing Laboratories’ report. 

The report records examination of 696 
failures, 570 of which were attributed to 
external causes. The difference of 126 were 
located with respect to the nearest joint. 
It is not stated that the distance 
measured involved the pulling end of 
the section. Of these failures, 87, or 69 
per cent, were classified by the examiner as 
inherent. Involved within four feet from 
the joint is 18.4 per cent; within ten feet, 
30 per cent; and 25 feet, 50 per cent. 
These are formidable proportions of the 


likely to get into when translating lead 
sheath test characteristics into expected 
performance under service conditions. Ma- 
terial is presented which could not be in- 
cluded properly in the report. I am 
heartily in accord with the distinctions 
drawn and feel they add materially to a 
better understanding, scope, and _ inter- 
pretation of the results presented in this 
report. 

Snyder and Roehmann are correct in 
interpreting the tensile stress values for 
lead sheath as ‘apparent.’ Other im- 
portant factors in estimating the permis- 
sible pulling load are the grade of com- 
mercial lead or lead alloy that is to be used, 
the time of application of the load, and 
whether it is a steady pull or involves super- 
imposed dynamic surges as a result of in- 
herent elongation characteristics of the 
pulling rope, slippage of the pulling rope 
on the winch drum, or snubbing action on 
the cable at the entrance end. 

Results of tests involving dynamic load- 
ing and variable time of application of 
stress are shown graphically by Figures 
1 and 2 of this closure. It may be possible 
to develop data from which the proposed 
analysis of results could be made on the 
basis of variation in cable constructions, 
but if only borderline cases are considered of 
importance it would seem that the simplest 


practical procedure would be to specify the // 


attachment of pulling eyes in these cases. 

A good idea of the variation in the ex- 
tent of the elongation throughout the entire 
length of two sets of specimens may be had 
from Figure 3. From similar data obtained 
in the field it may be possible, sometime in 
the future, to judge accurately when the 
sheath has been stretched excessively and 
the cable insulation damaged. 


Metering Power on the 


Low-Voltage Side 


Discussion and author’s closure of paper 43-34 
by A. J. Petzinger and B. E. Lenehan, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
April section, pages 159-63. 


G. B. Schleicher - (Philadelphia Electric 
Company, Philadelphia, Pa.): In present- 
ing this paper the authors have con- 
tributed a valuable outline of possible 
methods pertaining to a branch of electric 
metering on which the literature is rela- 
tively scattered, hence difficult to locate. 
Some of the methods would have greater 
use if their advantages and economies were 
more generally recognized. This review of 
the various methods in a single paper is 
therefore of value to the industry. 

Experience with compensating metering 
has made available some interesting data 
that has a direct bearing on the conclusions 
that may be drawn from this paper. 

As engineers we are accustomed to think- 
ing of transformer losses as two per cent, or 
in larger sizes perhaps only one per cent. 
When these transformers operate under 
load only a part of the time, perhaps at 
light loads and low power factor, the losses 
become a much greater percentage of the 
load. Also, in selling primary service to a 
customer, the transformers are generally 
customer-owned, and, being a major in- 
vestment, they are bought often to take 
care of business expansion that may not 
materialize for many years. Table I of 
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this discussion shows the actual range of 
percentages of monthly loss in terms of 
load in kilowatt-hours and in terms of 
kilowatts at the time of the monthly 30- 
minute maximum demand. In 13 installa- 
tions, monthly per cent losses in kilowatt- 
hours varied from 1.6 per cent to 32.9 per 
cent, at the time of maximum demand from 
0.8 per cent to 5.8 per cent. Large varia- 
tions are general not only between customers 
but for the same customer in different bill- 
ng periods. The table includes all com- 
pensating meter installations made during 
the first three years of its use; hence the 
results must be considered typical. 

If we take the example shown in the 
paper the lowest possible percentage of 
losses is abeut 1.9, the ‘‘highest probable” 
2.5 per cent, but this assumes unity-power- 
factor load. If we assume a power factor 
of 70 per cent, the highest probable loss 
becomes 3.6 per cent, without even con- 
sidering that the transformer bank will 
probably remain in service even though 
the monthly kilowatt-hours drop to 50,000 
or less, resulting of course in a still greater 
percentage of losses. 

It must be concluded that the losses are 
sufficiently important to be measured. 
Throughout the paper the conception of 
their magnitude as related to load is defi- 
nitely low. The service test results show 
much higher percentages of losses in terms 
of load than those assumed. It follows 
that method 1, in view of the variations 
shown in Table 1, is impractical for general 
application. Losses cannot be predicted 
sufficiently closely, nor is it practical to 
change a customer’s rate every billing 
period. 

Method 6, the use of the meter adjust- 
ments for including the losses, is limited 
in application to locations where the load 
conditions are known definitely. If the 
meter rating and the load exceed the point 
of maximum efficiency of the load trans- 
formers, namely about half load in modern 
transformers, appreciable errors in regis- 
tration may result. A characteristic curve 
for this method of adjustment is shown in 
Figure 1 of this discussion. In this figure 
the meter rating is 75 per cent of the trans- 
former rating. The error is the difference 
between the curves of desired and actual 
registration. Both are shown for unity 
and 50 per cent lagging power factor. Note 
that the meters read high between the light- 
load and full-load test points. This could 
be improved by reducing the meter rating, 
but only at the expense of poorer per- 
formance at higher loads. Since customer’s 
load conditions cannot be predicted closely 
(Table 1), this method should be confined 
to installations where the load conditions 
and the meter rating are within the limita- 
tions of the method. 

Method 2, using compensating meters, 
has been in use for the last ten years. These 
meters, after calibration for an installation, 
give the loss kilowatt-hours and the loss 
demand directly without the need for volt- 
age and power-factor information through- 
out the billing period. Their application, 
testing, and use is a matter of routine on the 
Philadelphia Electric Company system. 
There has been no difficulty in obtaining 
transformer-loss data. The manufacturers 
make loss tests on each transformer of about 
100 kilovoltamperes and above, while for 


smaller sizes test data on representative 
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specimens from production are on file. 
There is thus no need for ‘‘estimating”’ trans- 
former losses. The compensating meter in 
the form where the total loss is given by one 
meter is the most desirable not only for the 
simplification of billing but also to facilitate 
the measurement of the loss demand. Where 
vars and var hours of the loss are required 
for billing, a separate compensating meter 
can be calibrated to read these quantities 
directly. This is an alternative method 
to that pointed out in the paper in which 
the compensating meters are in the form of 
separate volt-square and ampere-square- 
hour meters with different multipliers for 
watts and vars. The latter method in- 
troduces complications in the measurement 
of the loss demand. 

The line-drop compensator method of 
including copper loss is sound in principle 
and, when combined with the use of either 
the light-load adjustment or the dummy- 
load method of including core loss, can be 
made practical for routine metering in- 
stallations on customer’s premises. While 
technically there is no advantage in one 
method over the other, there is an advan- 
tage in keeping the adjustments of a billing 
watt hour meter entirely standard. From 
this point of view the dummy-load method 
of compensation is preferred. Tests of both 
methods in comparison with the regular 
billing metering show close agreement and a 
degree of accuracy well within the perform- 
ance that can be maintained on primary 
meters. Tests on five customers over a 
period of 13 weeks showed a comparative 
registration of 100.08 per cent for the 
dummy-load method, and 100.15 per cent 
for the method using the light-load ad- 
justment for including core loss. Both 
methods, therefore, are well within the re- 
quirements of the public utility commission 
of any state and hence are entirely accept- 
able for billing purposes. 
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Figure 1. Performance of a 230-volt 800- 
ampere meter adjusted to include losses of a 
250-kva power transformer 


C 100—Desired registration, 100 per cent 
power factor 
C 50—Desired registration, 50 per cent power 
factor 
M 100—Meter registration, 100 per cent 
power factor 
M 50—Meter registration, 50 per cent power 
factor 
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In the line-drop compensator method, it 
is practical to use two line-drop compensa- 
tors on three-phase three-wire circuits with 
either star- or delta-connected transformer 
banks when two-element meters are used. 
This is true because the degree of unbalance 
that exists on customer’s installations is 
insufficient to warrant the use of the third 
compensator shown in Figures 3 and 10. 
This has been established in connection 
with compensating metering (reference 2 of 
the paper). The comparative tests dis- 
cussed in the preceding paragraph were 
made with two line-drop compensators on 
each installation. 

The advantages of metering on the low- 
voltage side, with an acceptable method of 
compensating for the transformer and con- 
ductor losses, are not confined merely to the 
first cost of the installation. These methods 
result also in a simplification of the high- 
voltage structure; and, in territory subject 
to lightning disturbances, failures of the 
vulnerable current and potential trans- 
formers on the high-voltage side of the 
power transformers are eliminated by con- 
necting the metering on the load side of the 
power transformers. Thus service inter- 
ruptions are reduced to a minimum, which 
is particularly important in supplying war 
loads. 


C. V. Morey (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
A review of available methods of metering 
high-voltage service on the low-voltage side 
of the power transformers is particularly 
valuable at this time. The subject has 
been well covered, including, as it does, 
methods of billing for power-transformer 
losses by estimate as well as by the installa- 
tion of special equipment. I could wish 
only that the authors had stressed even more 
strongly the case for estimating rather than 
metering transformer losses. 

In any discussion of methods of metering 
on the low-voltage side of a power trans- 
former, it is generally assumed that primary 
metering should be taken as the base from 
which to calculate possible errors. It must 
be kept in mind, however, that even under 
relatively good operating conditions the 
maximum probable error in standard pri- 
mary metering is at least +0.5 per cent so 
that the base of reference does not rep- 
resent absolute precision measurement. 
As is pointed out under method 6 in the 
paper, the measurement of core loss by 
primary metering during periods of no 
load on the power transformer is possibly 
less accurate than would be any one of 
several of the other methods described. 
In fact it can be stated that for such periods 
of no load, if their duration can be closely 
approximated, no method of metering 
primary or secondary, will be any more 
accurate than the estimate, for all practical 
purposes. 

With the limiting conditions of method 1, 
estimation of losses, as set up by the 
authors, it may be seen that the probable 
maximum error is less than the probable 
maximum error to be expected in primary 
metering. The authors have taken as a 
typical example a case where a bank of 
transformers is operating at about 35 per 
cent load factor. By taking the average 
between the two load conditions which 
would provide minimum and maximum 
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losses, they show that the maximum error 
in the estimation of the losses cannot be 
greater than 0.82 per cent even with no 
knowledge of loading conditions. They 
arrived at these figures by assuming the 
power transformer to have 1.5 per cent com- 
bined core and copper loss at rated voltage 
and current. Any assumed increase in load 
factor or decrease in percentage losses would 
have lowered the maximum possible error. 

We recently have installed meters on the 
low side of power transformers on a rela- 
tively large installation. Although we 
are not estimating losses in this case, I 
have calculated it on the basis as shown in 
this paper to determine maximumerror if 
the losses were estimated. The core loss 
in this case is about 0.22 per cent at rated 
voltage and load and the copper losses 
about 0.48 per cent at rated current, making 
the total losses about 0.7 per cent. Using 
the 35 per cent load factor assumed by the 
authors, the limiting losses would range 
from about 0.8 per cent to about 1.1 per 
cent of the registered energy and the 
maximum possible error would thus be only 
about +0.15 per cent. 

These figures apply, of course, only to 
unity-power-factor loads, as is the case with 
the authors’ example. If an average power 
factor of say 80 per cent is assumed, the 
maximum possible error would increase to 
about +0.2 per cent. For power-factor 
variation within +10 per cent of the as- 
sumed figure, the possible error would fur- 
ther increase to about 0.4 per cent. With 
even this latter figure, however, a very 
strong case is made for estimating rather 
than attempting to meter losses. 

There are many factors in the rate setting 
and in the selection of the point at which the 
metering is to be done that outweigh the 
small additional errors that may be intro- 
duced by estimating rather than metering 
transformer losses. I therefore find it 
difficult to justify the use of special equip- 
ment of any kind for the purpose. This is 
particularly true in view of the fact that the 
per cent losses on large power transformers 
operating at normal load points are com- 
parable to and in some cases actually less 
than the error tolerances to be expected 
in primary metering. 

There is an additional combination of 
methods for including the effect of trans- 
former losses in secondary measurement 
which is not mentioned in the paper. It is 
a combination of method 4 with a part of 
method 6 in that a dummy load is used 
to correct for core loss, the copper loss being 
taken care of by altering the shape of the 
load curve of the watt-hour meter. 

It is rather difficult to alter the shape of 
the load curve of the meter to take care 
of both core and copper losses but fairly 
simple for copper loss only, since it is not 
necessary to disturb the normal curve of the 
meter to any extent at light load, which is 
the meter’s critical point of operation. 

We have three such installations in service 
at the present time. A formula has been set 
up for the meter test insuch a way that, know- 
ing the percentage core and copper losses, 
and the load points at which the meter is to 
be adjusted, the calibration may be made 
in the normal way by simply adding a cal- 
culated correction to the revolutions of the 
rotating standard test meter to include 
transformer losses. For the particular in- 
stallations involved no improvement in 
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over-all accuracy of operation could be ob- 
tained with primary metering. 


Walter C. Wagner (lieutenant commander, 
U. S. Navy, Washington, D. C.): The 
authors have prepared a very excellent sum- 
mary of the generally known methods of 
using secondary metering for the measure- 
ment of primary energy. Their accuracy- 
load estimates are fairly representative for 
the conditions outlined, and their compari- 
son between primary metering and metering 
the primary energy on the low-voltage side 
is very conservatively presented. In the 
field applications of some of these methods, 
it has been found that even better perform- 
ances are assured under many service 
metering conditions. The authors have per- 
haps wisely avoided the very light load 
(under 10 per cent load) relative character- 
istics, and have not presented the relative 
characteristics of operation at power factors 
generally found in metering power custo- 
mers. Comparative test and service data 
curves must be given serious consideration 
if such metering is to meet the requirements 
for metering accuracy demanded by custo- 
mers or even for the measurements of energy 
distribution in a power company’s system. 

The writer of this discussion has, over the 
years, developed a method which makes 
use of such principles as described by the 
authors, but, by a different method of in- 
fluencing the watt-hour-meter elements, 
has succeeded in the laboratory and in 
practice, in obtaining greatly improved 
accuracies over those indicated by the 
authors, for both 100 per cent power factor 
and 50 per cent power factor over a range 
of meter capacity from 5 per cent to 150 per 
cent, with a marked starting current im- 
provement. 

In these days of conservation of critical 
materials, the writer joins the authors in an 
endeavor to interest the electrical industry 
in this definite contribution to the war 
effort. 


E. J. Boland (General Electric Company, 
West Lynn, Mass.): The solution of most 
engineering problems is usually a _ well- 
balanced compromise after a careful evalua- 
tion of all factors. In this case, there im- 
mediately comes to mind such matters as 
metering accuracy, first cost, installation 
expense, maintenance, relative simplicity of 
arrangement, possibility and magnitude of 
errors from erroneous connections, and so 
forth. Also, in order that contractual rela- 
tions between two parties may be carried 
out to the mutual satisfaction of both, it is 
necessary to evaluate the possible solutions 
from the psychological point of view. 

If we were to consider metering problems 
strictly on the basis of engineering con- 
siderations, it is difficult to come to any 
other conclusion than the practicability of 
estimating core and copper losses. The 
over-all accuracy of metering high-voltage 
energy on the low side and estimating the 
power-transformer losses would not appear 
to be out of line with the accuracy with 
which the cost of service can be determined. 
But it is improbable if methods involving 
estimations will be satisfactory to both par- 
ties concerned. The logic of percentages 
is not always impressive when a consider- 
able revenue is involved. That is one 
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practical reason for high-voltage metering, 
and for the substitute method of metering 
on the low side and measuring power- 
transformer losses by means of so-called 
transformer-loss meters. It probably also 
explains why reactive transformer-loss me- 
ters are used even on schedules where the 
unit value of kilovar demands is only a 
fraction of that applicable to kilowatt 
demands. 

It should be pointed out also that trans- 
former-loss meters have practical advan- 
tages over the use of line-drop compen- 
sators and dummy loads. Metering con- 
nections are generally simpler. The meas- 
urement of the power load is by a standard 
(and separate) watt-hour meter. There- 
fore, should there be erroneous connections 
in the loss-measuring equipment they will 
have no effect on the registration of the 
much more important power load. And 
there is also some advantage in being able 
to explain in simple terms to the purchaser 
that the power meter registers all loads 
behind it and the loss meter measures the 
losses from the service entrance to the 
power meter. 

Over the last ten years, or so, a consider- 
able number of these transformer-loss 
meters have been installed. This does not 
necessarily indicate a more general ac- 
ceptance of such meters than in the years 
before. There has always been an incentive 
to circumvent the cost and installation ex- 
pense of high-voltage instrument trans- 
formers. If transformer-loss meters have 
been used more in the past few years, one 
reason may be that there have been propor- 
tionately more applications for them. When 
high-voltage instrument transformers are 
required for relaying and protection and 
when there is a relatively small difference 
in voltage rating between the primary and 
the secondary of the power transformers, it 
is logical to employ high-voltage metering. 
Therefore, the use of loss-meters is generally 
limited to metering of high-voltage power 
consumers, which is another way of saying 
that there must be schedules in effect for 
such consumers before there will be re- 
quirements for schemes and meters to 
measure losses. 

Transformer-loss meters, or equivalent 
methods, will not necessarily be used for all 
high-voltage power consumers. Disregard- 
ing entirely the limitations of the meters and 
methods and, as well, difficulties from tap 
changing (automatic load-radio control), 
from power flow in and out, and so forth, 
there is the practical consideration of testing 
and servicing of such special meters. A 
large utility can train personnel to take 
care of such meters and may be able to 
justify providing special test standards by 
means of which testing becomes relatively 
simple. Contrastingly, the utility with 
only one or two applications for transformer- 
loss meters must consider carefully the dis- 
advantages of test and maintenance of 
special meters against the advantage of 
reduced first cost. 

For the duration, another factor must be 
considered, namely the use of critical 
materials. Low-voltage instrument trans- 
formers use less steel and copper than high- 
voltage transformers. These savings, how- 
ever, are offset in part by additional man- 
hours in production, installation, test and 
maintenance of transformer-loss meters, and 
man power is also a scarce item. 
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Finally, it should not be overlooked that 
with the recent advent of new small-sized 
and light-weight current and _ potential 
transformers the installation and main- 
tenance of high-voltage instrument trans- 
formers has become materially simplified. 


J. A. Morris, O. K. Coleman (American Gas 
and Electric Service Corporation, New York, 
\“\N. Y.): The article by Petzinger and Lene- 
han is a valuable contribution to the knowl- 
edge of metering and seems especially 
valuable at this time when every effort is 
being made to conserve vital materials such 
as steel and copper, the major components of 
high-voltage metering equipment. 

The technical subject matter appears to 
be quite complete and will undoubtedly 
prove to be of value to those who are primar- 
ily interested in the subject of measurement 
of electrical quantities. Further study 
and discussion would probably be of value 
in further development of high-voltage 
metering on the low-voltage side, to the 
point where it would be as generally accept- 
able and understood as the more commonly 
used methods of primary metering. 

The paper being considered requires 
little or no discussion of its merits from a 
technical standpoint but would permit per- 
haps a discussion of some of the practical 
aspects of the seven methods of including 
the transformer losses in a secondary 
measurement. 


COMPENSATING METERS AND NETWORK 


The greatest application of the so-called 
“compensating metering’? methods would 
probably be on customers’ metering where 
the charges are based on the energy input 
to the high-voltage side of the transformer. 
On the other hand, ‘“‘compensating meter- 
ing’ would probably have a minimum of 
application on station metering, as the 
greater part of such metering is usually done 
on the low-voltage side and high-voltage 
instrument transformers, essential for other 
purposes, are available for metering, if 
necessary. 

The general acceptance of “‘compensating 
metering” will probably depend to some 
extent on the development of more or less 
standard, flexible, compensating devices, 
having circuit constants that will cover 
certain ranges of transformer characteristics 
and thus avoid the need of “homemade” 
networks. 

The meters used for measuring losses are 
at the present time considered as special 
apparatus and require for their manufac- 
ture, material and man-hours that un- 
doubtedly can be used more advantageously 
elsewhere. Thus the development of a 
more or less standard line of equipment for 
the purpose of loss measurements seems to 
be a subject for the future. 

Compensating networks, in addition to 
being difficult to construct and adjust, tend 
to complicate a standardized system of 
meter connections and might, in some cases, 
through misapplication, introduce errors of 
measurement of greater magnitude than 
the small quantity to be measured. 


CALCULATING TRANSFORMER LOSSES 


Fortunately, other means, suggested by 
this paper, are available to accomplish 
the equivalent of direct measurement of 
transformer losses, namely calculation, and 
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suitable adjustment of the watt-hour meter. 
While these methods are possibly not as 
accurate as the direct-measurement method 
under conditions of variable voltage, fre- 
quency, and transformer loading, they have 
certain advantages worthy of consideration, 
but, as pointed out in the paper, each case 
should be studied to determine the best 
method for the existing conditions. 

Probably the major advantages of these 
two schemes lie in the fact that no additional 
equipment is necessary to accomplish the 
desired measurefment, thus eliminating 
complicated connections and the use of 
vital materials. 

The one objection to the use of calcula- 
tions that may be worthy of consideration 
is the possible customer reaction to change 
after years of experience with only. measured 
quantities in the purchase of power. There 
should, however, be no difficulty in over- 
coming possible objections if the method is 
sound and the matter is properly presented. 

A minor disadvantage of calculating the 
losses is the necessity of making computa- 
tions for every billing period. While 
these computations are not especially 
difficult, they might become cumbersome 
to handle if a large number of installations 
were billed by this method. 


ADJUSTMENT OF STANDARD METERS FOR 
LOSSES 


Compensation for losses by adjustiment of 
the watt-hour meter to include the regis- 
tration of the transformer losses appears 
to offer a fairly simple solution to the prob- 
lem, eliminating as it does the use of special 
equipment and calculations. On the other 
hand the scheme requires the keeping of 
records of calculation and calibration con- 
stants which must be referred to each time 
the meter is tested. The objection may 
also be raised by some that the meter must 
be adjusted to measure apparently at some 
accuracy other than one hundred per cent. 
It should be pointed out that in some cases 
meters are required to be adjusted similarly 
to compensate for instrument-transformer 
errors. However, the accuracy of modern 
instrument transformers are such that 
special meter adjustments are generally un- 


. necessary. 


REACTIVE-VOLT-AMPERE MEASUREMENT 


The discussions presented in the fore- 
going may, to some extent, be applied to 
the measurement or calculation for deter- 
mining the primary reactive kilovolt- 
amperes from secondary metered quan- 
tities. As pointed out in the paper under 
discussion, the accuracy of measurement 
or calculation for varhours is probably not 
as great as similar measurements of watt- 
hours, but since this component usually re- 
flects in the final billing to only a minor 
extent slight errors in its measurement 
would probably have an inappreciable 
effect on the final result. 

It should be pointed out in connection 
with determining primary vars or varhours, 
that the standard varhour meter cannot 
be adjusted readily to include the trans- 
former loss similar to the method described 
for watt-hour meters. Therefore it will be 
necessary to do one of several things, neglect 
var losses, calculate, or measure by one of 
several methods. Probably the simplest 
method of measurement, where the watt 
loss is also to be measured by the simple 
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method of adjusting the standard watt-hour 
meter, would be with a standard varhour 
meter, having an J?X element added, aud a 
dummy load for excitation loss. 


CONCLUSION 


It seems quite evident, after a study of the 
methods and the advantages and disad- 
vantages of each, that as the authors 
pointed out, each application of means of 
compensating for transformer losses should 
be studied individually to determine the 
best method, and for the present no uni- 
versal method can be said to apply. 

While a rule of thumb cannot be made at 
this time, it would obviously be desirable, 
in view of the situation, to avoid in so far 
as possible not only the use of high-voltage 
metering equipment but the use of special 
compensating meters. 


L. D. Price (Public Service Electric and Gas 
Company, Newark, N. J.): This paper pre- 
sents an excellent analysis of the available 
methods for the determination of trans- 
former losses to compensate secondary 
metering in cases where it becomes expedient 
to utilize secondary instead of primary 
metering. However, both the introductory 
paragraph and the summary at the con- 
clusion of the paper convey the impression 
that such metering is desirable under all 
circumstances. Such is not the case, and 
I should like to present some general com- 
ments on the limitations of application of 
this method of metering. 

The first consideration in application re- 
quires an analysis of the power system and 
the relative sizes of customers’ loads nor- 
mally supplied at transmission or sub- 
transmission voltages. It may be stated 
that, in general, the economic advantage of 
secondary metering increases rapidly as 
the voltage of the transmission system is 
increased. If a rather large number of 
customers with relatively small loads are 
tapped from transmission lines and are 
supplied with one transformer or one bank 
of transformers where a single meter in- 
stallation on either primary or secondary 
side is applicable, an obvious first cost 
economic advantage obtains where low-volt- 
age metering is applied. However, with 
increased demands by customers served at 
these voltages and with a corresponding de- 
crease in the number of such customers, vari- 
ations in design of customers’ substations 
necessitate more complicated metering in- 
stallations that often result in a reversal of 
the initial economic advantage. For ex- 
ample, a customer may have several trans- 
former banks with different secondary volt- 
ages such as four kilovolts for plant distribu- 
tion and 480 volts for immediate use at, or 
near, the service location; or a customer may 
distribute transmission voltage supplying 
unit substations located in various factory 
buildings with one transformer bank located 
at the service; or, a customer may have 
several banks of transformers supplied 
from a bus at transmission voltage. In 
these or similar cases, the unnecessary com- 
plication of totalization metering coupled 
with compensated metering should gener- 
ally be avoided. A very important con- 
sideration in the application of low-voltage 
metering in such cases involves the design 
of proper metering to take care of circulating 
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currents and reverse flow of power under 
load switching conditions that are not under 
the control of the supply company. If 
metering on the low-voltage side of the 
customer’s installation is insisted upon, 
much of the desirable flexibility of design 
of the customer’s substation may have to be 
sacrificed. 

The authors mention the difficulties en- 
countered in direct primary circuit metering. 
It seems to me that simplification is best 
accomplished by direct measurement of 
energy and demand as it is billed to the 
customer. Inany event, instrument trans- 
formers will be required for metering 
whether on the primary or on the secondary 
side, and it seems obvious that an increase 
in potential transformer ratio and a corre- 
sponding decrease in current transformer 
ratio to meter service at transmission volt- 
ages will not complicate the metering sys- 
tem. On the other hand, the addition of 
voltage squared elements, current squared 
elements, line drop compensators, dummy 
loads, or the special calibration necessary 
for meter compensation applied to second- 
ary meters simplifies neither the metering 
system nor the problem of explaining the 
functions of such devices to customers. 

In addition to the consideration of in- 
vestment cost and problems concerning 
metering equipment and installation meth- 
ods, maintenance of secondary, com- 
pensated, metering equipment with the 
attendant special equipment and main- 
tenance methods must receive careful con- 
sideration. Increased maintenance costs 
and increased investment in special testing 
equipment should not be overshadowed by 
initial investment savings. Furthermore, 
the handling of these special accounts out 
of routine for the bookkeeping and billing 
departments is an important factor. 

In general, the application of one or more 
of these methods of compensation of 
secondary metering applied to primary 
billing involves careful analysis of the supply 
and utilization systems. Some of the prob- 
lems involved in this analysis have been 
outlined in this discussion. It is not my 
intention to condemn this method of meter- 
ing but rather to point out that it is not a 
universally applicable ‘‘money-saver.”’ 


H. L. Prescott (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by A. J. Petzinger and B. E. 
Lenehan presents a valuable contribution 
to the art of metering primary power, as it 
permits using low-voltage instrument trans- 
formers to measure power in the high-voltage 
Circiites 

Many power transformers on which 
secondary metering might be desirable are 
supplied with tap changing under load 
equipment. This equipment is often for 
the purpose of maintaining constant second- 
ary voltage regardless of changes in the 
primary voltage, although it may maintain 
constant voltage at a point removed from 
the transformer. There are many types of 
equipment which may be used for this pur- 
pose, but three will serve to illustrate the 
conditions. 


1. The load tap changer may be connected in the 


high-voltage winding. This, in effect, changes the 
number of turns in the high-voltage winding so as 
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to maintain constant inductionin theiron. For this 
case, the core loss remains constant but the load 
loss varies not only with the square of the load but 
also with the changes in high-voltage resistance as 
the tap changer position changes. 


2. The load tap changer may be connected in the 
low-voltage winding. This, in effect, changes the 
number of turns in the low-voltage winding in in- 
verse ratio to the changes in induction caused by 
changes in the primary voltage applied to the trans- 
former. In this case, the transformer core loss 
varies with the applied voltage, but the tap changer 
action prevents these changes being registered on the 
secondary side. Also the resistance of the low- 
voltage winding changes with the tap changer 
position so that the load loss does not vary exactly 
as the square of the current. 


3. A series transformer may be used to add or sub- 
tract a voltage equal to the variation of the trans- 
former voltage from the desired constant value so 
as to maintain constant output voltage. Here, 
again, the tap changer action prevents the voltage 
changes from affecting secondary meters although 
it does affect the loss in the transformer. Also the 
tap changer position determines the core loss in the 
series transformer, and the effective resistance 
varies with the tap changer position. 


These cases do not follow the same easily 
approximated curves as a transformer with- 
out tap changing under load, and it there- 
fore appears that secondary metering can- 
not be accomplished quite so simply as the 
paper describes. However, the writer of 
this discussion has studied this problem 
in relation to this paper and has found that 
in many cases a reasonably accurate ap- 
proximation may be made by a slight 
variation of the methods described in the 
paper. 

The variations involve estimating not 
only the loading to be expected, as is 
described in the two paragraphs preceding 
method 1, but also estimating the length of 
time which the tap changer will operate 
on its different positions and the loads 
which will be carried when the tap changer 
is on these positions. Generally this esti- 
mate would be sufficiently close by con- 
sidering only the neutral position, the 
maximum buck position, and the maximum 
boost positions of the load tap changer. 
The calculations are then exactly the same 
as described in the paper. 

While the results obtained by the modi- 
fied method would in many cases be slightly 
less accurate than applying the methods as 
described to a transformer without load tap 
changer, it nevertheless permits an ex- 
tension of the methods to a larger propor- 
tion of transformer installations. Just as 
is concluded in the paper, the best of the 
seven methods for a particular installation 
must be determined by a study of the in- 
dividual circumstances. 


A. E. Knowlton (Electrical World, New 
York, N. Y.): A much needed summary is 
provided in this paper on means of augment- 
ing the load registration to such degree as 
to cover the losses which, by the contractual 
relations, are to be charged against the 
customer. Although the paper does not 
say so, there are instances where the custo- 
mer is to absorb the losses in all or part of 
the high-voltage line as well as the losses 
in the step-down transformer. The line 
copper losses fluctuate with the load current 
along the same pattern as the copper losses 
within the transformer. The line losses 
therefore can be lumped with those in the 
transformer copper, and all of the methods 
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of the paper are applicable to the combined 
value. Since the line losses may be several 
times the transformer losses, the deviation 
percentages cited in the paper change to 
such a degree of uncertainty with a varying 
load as to weaken trust in the estimating 
procedure and place the faith in one of the 
instrumental methods detailed in the paper. 

Reverting to the province chosen by the 
authors (losses only in the transformer 
bank), comment can be made in particular 
about the psychological factors. Psychol- 
ogy is an element of the regulatory arena 
in which power metering falls. In making 
a decision on the form of loss metering (or 
estimating), an answer should be given to 
the question, “which procedure offers the 
most convincing setup and the least op- 
portunity for differences of opinion?’ 
This question would seem to place the esti- 
mating method in disfavor and elevate the 
various metering methods of ascertaining 
the losses which should be added to the bill. 
But it should not be overlooked that several 
of the methods, once applied, obliterate 
the chance to register the true load con- 
sumption independently of the losses; if 
argument arises about the loss adjustment, 
there can be just as much argument about 
the customer’s actual consumption. In so 
far as there is merit in this consideration, 
the separate loss meter offers a less con- 
troversial potentiality than a line-drop 
compensator, dummy loads or a watt hour 
meter recalibrated to embrace the trans- 
former losses. No matter how much it 
may be trusted or mistrusted or misunder- 
stood, there is still the conventional and 
undisturbed watt hour meter totaling the 
delivered load consumption. Ninety to 
98 per cent of the financial transaction 
would thus be in the realm of lay acceptance 
and of lay understanding involving the 
addition of the registrations of load meter 
and loss meter. 

That, as I see it, is a likely reaction and 
attitude of regulatory authorities on the 
matter of metering and billing for delivery 
losses. 


B. E. Lenehan: The variations in opinion 
expressed in the discussion add weight to the 
belief that there is no ‘‘best’’ method for 
every installation. The additional data 
supplied should help further to determine 
what method should be used, including, as 
Mr. Price suggests, primary metering and 
ignoring the losses in addition to the 
methods in the paper. The estimating 
methods are particularly useful in studies 
of this kind. 

I believe Mr. Schleicher’s data were taken 
around 1933 and represent business condi- 
tions at that time. The errors, of course, 
vary with conditions. The results given 
in the paper and by Mr. Schleicher for 
meter curve adjustment are typical when 


curves are fitted at the conventional test 


points of 10 and 100 per cent. Better re- 
sults could be obtained by a different adjust- 
ment, but the effort required may not be 
worthwhile, since the remaining error is 
small and will be positive or negative at 
different loads, resulting in a very small 
over all registration error. Usually, it will 
be found desirable to correct for instrument 
transformer errors at the same time. 
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Factors Involved in the 
Selection of Railroad 
Motive Power 


Discussion and author’s closure of paper 43-49 
by H. C. Wilcox and A. G. Oehler, presented 
vat the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
May section, pages 235-40. 


Norman Litchfield (Gibbs and Hill, Inc., 
New York, N. Y.): The authors have 
brought together some interesting data, 
among which are prices of the three types 
of locomotive considered, as follows: 


Diesel locomotives. ...$87.50 per engine horsepower 

Steam locomotives.... 35.00 per cylinder horse- 
power 

Electric locomotives. . 65.00 per continuous horse- 
power 


These prices are misleading because the 
bases of Diesel-engine horsepower, steam- 
engine-cylinder horsepower and_ electric 
continuous horsepower are not comparable. 
A more proper basis is drawbar horsepower, 
which works out roughly for main line pas- 
senger locomotives at 60 miles per hour to: 


Diesel locomotives. ...$113.00 per drawbar horse- 
power 

Steam locomotives.... 40.00 per drawbar horse- 
power 

Electric locomotives... 69.00 per drawbar horse- 
power 


Furthermore, if the service is such as to 
require a maximum speed of 80 miles per 
hour or over with relatively frequent slow- 
downs, then a more proper comparison is 
on the basis of maximum drawbar horse- 
power available, and the prices become: 


=— 


Diesel locomotives... .$113.00 per maximum draw- 
bar horsepower available 
40.00 per maximum draw- 
bar horsepower available 
57.00 per maximum draw- 
bar horsepower available 


Steam locomotives.... 


Electric locomotives. . 


This emphasizes the fact that no set of 
figures can be set up which are generally 
applicable, which the authors recognize 
in their suggestion that a study be made of 
a specific case. Such an investigation, 
however, to be of any real value, would be 
laborious and expensive and when done 
would only apply to one set of conditions. 

So far as electrification is concerned, it 
has long been recognized that the traffic 
must be very dense to produce operating 
savings sufficient to carry the fixed charges. 
Incidentally, the latter often cover improved 
types of signaling and communication and 
an increased over all speed. 

The Diesel locomotive provides some of 
the features of electrification and has the 
obvious attraction that it can be introduced 
a few units at a time without the large ini- 
tial capital expenditure required for elec- 
trification. But so far it has been used only 
in main line operation on certain runs which 
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favor it and is supplemented by steam power 
for the balance of the service. The pub- 
lished costs of operation are based on the 
high mileage resulting from these special 
runs and do not represent costs that may 
be expected in an over all operation. 

The problem is one which does not permit 
a general solution but must be considered 
separately for each set of operating condi- 
tions. 


W. S. H. Hamilton (New York Central 
System, New York, N. Y.): The authors 
have done a good piece of work in bringing 
together in one place a discussion of the 
factors involved in this often difficult prob- 
lem and in pointing out methods of evalu- 
ating them. However, I wish to point 
out that when it comes to the actual deter- 
mination of this problem in any specific 
case, it is necessary to consider carefully 
all the conditions surrounding that particu- 
lar case, before a definite conclusion can 
be reached. While certain general factors 
hold more or less true in nearly all cases, 
local conditions in different cases are likely 
to change completely the conclusions to 
be reached even though superficially the 
cases may seem to be similar. We have 
made three major studies of the application 
of Diesel-electric switching locomotives 
on the New York Central System in recent 
years. Each case proved to be a study by 
itself, and the factors that were determining 
in one location were not determining in the 
others. This feature should always be kept 
in mind in making these studies, and it 
should not be assumed that, since a result 
is secured in one location, the same result 
will be secured in another, even though off 
hand the cases might seem to be very 
similar. 

For this reason I doubt that the sugges- 
tion made by the authors toward the end of 
the paper that such studies be placed in the 
hands of a joint committee would lead to 
results sufficiently worth while to justify it. 
Such committees are usually riot inclined 
to make the detailed studies necessary to 
evaluate properly all the local conditions. 
Rather I think this problem should be 
handled jointly by representatives of the 
operating and motive power departments 
of the railroad involved. Papers such as 
this are helpful in calling attention to the 
general factors involved, but it will be 
necessary for the railroad representatives 
to give proper consideration to the local 
problems of each case. 

There are a number of other points on 
which I wish to comment. 

I question the statement that the Diesel- 
electric locomotive was developed from the 
“rail car.” There were gasoline-electric 
locomotives long before the Diesel engine 
entered the field, and these were separate 
and distinct from what is ordinarily known 
as a “rail car.’”’ While it is true that the 
first Diesel-electric locomotives did have 
box-type cabs, that does not make them 
“rail cars.” 

In connection with the possibilities of 
operating one class of service with one type 
of motive power and another class with a 
different type, and so forth, this method 
of operation should bé kept in mind and ex- 
plored in considering specific cases. It is 
closely allied with the determination as to 
whether a given type of motive power is to 
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handle the base load or the total load, which 
makes a great deal of difference in the total 
investment required. We have found in 
Diesel switching locomotive studies, that 
in general, jobs working less than 18 eight- 
hour tricks a week can be handled more 
economically by steam-switching locomo- 
tives than by Diesel-electric, but in a few 
instances because of special circumstances, 
utilization of slightly less than this amount 
has been found economical. 

However, in considering any method of 
operation involving mixed motive power, 
it should be kept in mind that operating a 
number of different types of motive power 
at the same point requires maintenance 
facilities for each of the different types. 
This in turn eliminates the large saving 
that usually can be made by the complete 
elimination of facilities required for steam 
locomotives at any given location. The 
boiler washing facilities required for steam 
locomotives represent a considerable in- 
vestment and operating expense, but, un- 
less such facilities can be completely elimi- 
nated, the final result may be simply 
adding one type of facility on top of the 
other. 

In connection with Table I of the paper, it 
would be interesting to have a valuation of 
the relative merits of the various items of 
advantage and disadvantage. 

I do not feel that item 4c belongs in 
Table I at all, as all three types of motive 
power have definite merchandising appeal 
if properly handled. The interest of 
large groups of railroad ‘‘fans’’ in steam 
locomotives of all kinds is sufficient argu- 
ment to indicate that there is plenty of 
merchandising appeal in the steam loco- 
motive. 

Comment is made that the electric trans- 
mission permits the Diesel engine to oper- 
ate near its full load rating at all locomotive 
speeds. Not all types of electric transmis- 
sion and control permit a close adherence 
to the full load rating of the Diesel engine 
at all speeds, and this point should be kept 
in mind in comparing locomotives. This 
same comment applies to the reference to 
overload capacity near the end of the paper. 

It seems to me that it is not necessary 
or desirable to have three separate deprecia- 
tion rates and that two are sufficient, one 
to cover the engine and generator and the 
other the remainder of the locomotive. 
Enough experience has been accumulated 
to indicate that the electric transmission 
(excluding the generator) and the mechani- 
cal portion of the locomotive will have a 
probable life of about 30 years. The Diesel 
engine and generator may have as long a 
physical life as the transmission and me- 
chanical portion, but it may become economi- 
cal to replace the Diesel engine by a new 
one before the expiration of this time, not be- 
cause the engine is physically worn out, but 
because it is out of production and the re- 
pair parts become expensive. Also, the 
development of the Diesel engine has been 
so rapid up to now and probably will be for 
the next few years that a period of about 15 
years brings major changes in engine de- 
sign that can well be taken advantage of by 
the purchase of new engines instead of main- 
taining the old ones. Our experience with 
a number of Diesel engines that are now 
about 12 years old indicates this trend. It 
should be borne in mind in this connection 
that more parts have to be renewed in the 
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course of maintenance of Diesel engines 
than in the case of electric motors and gen- 
erators. The only reason for including the 
generator with the Diesel engine in the 
above statement is that if the engine is 
replaced the same generator probably could 
not be used. 

It is felt therefore that basing the de- 
preciation on a life of approximately 15 
years for the Diesel engine and generator 
and approximately 30 years for the balance 
of the equipment is reasonable. 

The possibility of obsolescence of the 
locomotive as-a whole should be kept in 
mind in considering depreciation rates. 
Changes in operating conditions may make 
the locomotive of little value in a shorter 
time than those lives set forth above, and 
this point should at least be given considera- 
tion. 

In connection with the remarks under the 
head of ‘‘Flexibility,’’ while the idea of 
having small locomotives for small trains 
and large locomotives for larger trains is 
superficially attractive, as well as the possi- 
bility of operating locomotives in multiple 
unit to achieve the same result, at the same 
time practical operating experience usually 
has shown that it is more economical, 
particularly in road service, to have all the 
locomotives alike and capable of handling 
the maximum train. It is more economical 
in the long run to operate a large locomotive 
occasionally on a small train than to try 
to separate out locomotives to suit the trains 
encountered, or make them up in multiple- 
combinations to suit the same conditions. 

In connection with comparisons of the 
performance or characteristics of different 
types of motive power such as in Figure 1, 
there is a great tendency to compare loco- 
motives of somewhat different horsepower 
output at a given speed and to attempt to 
discredit the characteristics of one because 
of differences found at this speed. In order 
to compare any road motive power fairly, 
they should develop the same drawbar 
horsepower at the speed that is to be given 
primary consideration. In other words if 
they have to haul trains at 70 miles per hour 
the drawbar horsepower at 70 miles per hour 
should be the same before making compari- 
sons. It is often difficult to do this because 
existing locomotives as built do not always 
have the same rating at a given speed, but 
this point should be kept constantly in 
mind. 

As a matter of record in connection with 
the items of Appendix A, depreciation is 
classified by the Interstate Commerce 
Commission as an operating cost and should 
really be included in connection with the 
items under 4. For convenience it is fre- 
quently included with the items of fixed 
charges, as is done in this paper. 

In connection with ‘Locomotive Utili- 
zation,’ the distinction between avail- 
ability and utilization must be kept con- 
stantly in mind. While Diesel-electric 
locomotives can have a very high avail- 
ability, it may not be possible always to 
utilize them as much of the time as they are 
available. This again requires a careful 
study of each case and the error should never 
be made of dividing the total number of 
switching hours by the availability, and 
calling the result the number of locomotives 
required. Unfortunately for those of us in 
the locomotive-design field, the shipping re- 
quirements of industries often require 
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switching service at hours which do not 
permit the most economical utilization of 
locomotives. j 

In connection with road locomotive 
studies this problem is complicated by the 
difficulty of finding trains that run at the 
proper hours to permit maximum utiliza- 
tion, and the problem of assigning locomo- 
tives to trains in such a manner that a 
reasonable adherence to schedule can be 
maintained even if one train is late, which 
does occur even on the best regulated rail- 
roads. 

In connection with the subject of loco- 
motive utilization, consideration should be 
given to the question of whether the exist- 
ing locomotives are being utilized to the 
best possible advantage before those of a 
new type are considered. It is frequently 
found that a substantial portion of the say- 
ings claimed for a new type of motive power 
can be made by rearranging the existing 
operation without introducing a new type at 
all. 


Sidney Withington (New York, New Haven 
and Hartford. Railroad Company, New 
Haven, Conn.): Table I of the paper indi- 
cates that fuel at less than $4.00 a ton is a 
“disadvantage’’ in electric motive power 
as compared with steam. The cost of 
electric power is dependent on the load 
factor of the supply, and, while it perhaps 
may be true that with a low load factor 
the cost of power would be high, it is also 
true that where the load factor is high the 
cost of power is often very definitely an 
advantage for electric locomotives, even con- 
sidering the recent advance in steam loco- 
motive thermal efficiency, especially in 
instances where water power may be eco- 
nomically available, as is the case in cer- 
tain parts of this country. It may be that 
in the future in figuring carefully costs of 
power production the power companies 
may find it possible to compute prices so 
that there would be no question of power 
economy in electrification. 

The figure quoted in referring to an aver- 
age cost of coal at $2.68 delivered to the 
railroads seems low. It would be of interest 
to know whence the figure was derived. The 
15 cents per ton for over all handling to 
the locomotive tenders also seems low, es- 
pecially if fixed charges of the handling 
machinery are included. 

The reference to ‘‘complete failures’ as 
being disadvantageous to electric equip- 
ment is a little unfair. It would be of 
interest to compare operating records of 
steam and electric power. This would in 
many instances show considerable advan- 
tage to electric operation. 

The fuel figures of 33 cents per freight 
locomotive mile for steam locomotives and 
28 cents for Diesel, is interesting, but it 
would be of more value if the trailing ton- 
nage were given, as the magnitude, of 
course, depends on the trailing tonnage, 
irrespective of the type of power. If 15 
per cent differential is added to the fuel cost 
of the Diesel for lubricants, the costs would 
be nearly identical. The figure for electric 
power then might be computed for compari- 
son. Itis suggested that in presenting com- 
parative data the authors endeavor to in- 
clude information on all three types of 
power under discussion. 

Mention is made of “dynamic augment.” 
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- out in the paper. 


It is true that a great deal has been done to 
improve steam locomotive design in this 
respect with new alloy steels, and so forth, 
but it should be pointed out that this prob- 
lem is still serious at the high speeds de- 
manded in modern transport and is still a 
definite ‘‘disadvantage” of importance in 
steam equipment. 

Regarding popular appeal, it must be 
acknowledged that with air conditioning 
of coaches and hermetically sealed windows, 
the average train rider has no idea whether 
the motive power is steam, electric, or 
Diesel, and in some respects the “‘mer- 
chandising appeal” is in favor of steam. 

Dynamic braking is most helpful and pro- 
duces a saving of power, but it is pointed 
out that both in this country and abroad 
the roads which use it are all situated in 
territory where water power is plentiful or 
fuel cheap, so the energy saved is relatively 
of little value. Many roads abroad use 
single-phase dynamic braking with the re- 
generated power absorbed in resistance. 

The rates of $35, $87.50, and $65 per 
horsepower for Diesel, steam, and electric 
locomotives well might have been corre- 
lated to compare horsepower at the drawbar. 
If such a figure were employed, the over- 
load horsepower capacity might be under 
some circumstances a logical figure to use. 
If this were to be done, the electric loco- 
motive figure would be (4,800/9,000) X65, 
or $40. In any event, drawbar horsepower 
should be shown, not “engine” or “‘cylinder”’ 
horsepower. 

Under certain conditions the maximum 
short-period horsepower would be a legiti- 
mate figure to use for an electric locomotive 
in comparing with steam and Diesel data, 
where the continuous horsepower figure is 
virtually the maximum also, as is pointed 
This overload capacity 
of the electric is available at start or for 
acceleration after slow-down and for opera- 
tion on relatively short grades. This ad- 
vantage is, of course, of value only in special 
cases, but should be taken into considera- 
tion in any analysis. 

The item of obsolescence is the important 
factor in depreciation rather than wear and 
tear, and thus the locomotive should be 
considered as a unit and not combination of 
units. It is quite possible the gas turbine, 
or some other form of power, may make the 
Diesel, as well as other types of locomotives, 
obsolete over night just as the steam turbine, 
forty years ago, suddenly drove the recipro- 
cating engine out of the picture. 

_ The physical availability of a locomotive 
may have nothing to do with the actual 
availability as pointed out in the paper, and 
any advantage in this respect may be com- 
pletely valueless. 

The flexibility or ‘‘packaging” by multiple 
operation of a number of small units is very 
pleasant in theory but may not work out in 
practice and may result in considerable 
dead-head or light mileage movements. 
Most railroad business is one-way business 
with cars moving empty in the other direc- 
tion. It is usually better to buy standard 
size locomotives and then schedule the 
operation if possible so the locomotives are 
efficiently loaded. As is indicated in the 
paper, the duplication of numerous acces- 
sories in multiple cabs, each capable of in- 
dependent operation is relatively expensive, 
both in first cost and in operation. Figure 1 
implies an advantage to Diesel equipment 
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by multiple-cab operation and it is to be 
noted that electric-locomotive users could 
adopt this feature if they cared to incur the 
expense. In this connection it might be 
pointed out that the tender of the steam 
locomotive (unless equipped with a booster) 
is but a useless weight and reduces revenue 
trailing capacity. 

, It seems a little harsh in a review such as 
that under discussion that transportation 
engineers should be accused of a ‘“‘“common 
error” in making but halfway study of the 
problem of motive power. It may be 
pointed out that a combination of different 
types of locomotives is often undoubtedly 
necessary, especially in periods of transi- 
tion, but it should be borne in mind that 
unified types of motive power have defi- 
nite advantages over mixed types from 
many viewpoints, especially in terminals 
and shops. Many maintenance and operat- 
ing problems are of course much simplified 
if all motive power is of the same type. 

The Institute is to be congratulated in 
sponsoring a paper so obviously nonpreju- 
diced and one which adds so much to the 
literature on this important subject. 


P. A. McGee (General Motors Corporation, 
New York, N. Y.): In a final analysis the 
selection of the proper motive power is a 
matter of an economic study which gener- 
ally can be developed for each type of 
power from existing standard railroad ac- 
counts, the cost per switching hour, the 
cost per passenger car-mile or passenger 
train-mile and the cost per 1,000 gross ton- 
miles of freight for the three types of serv- 
ices considered by the authors. 

It is of course necessary to qualify these 
costs by considering the nature and amount 
of work performed for the unit costs em- 
ployed. 

In the case of switching service, it is 
necessary to distinguish between passenger- 
and freight-car switching, together with 
the possibility of reducing switching hours 
and overtime with a particular type of 
power. 

In the case of passenger service it will be 
necessary to consider the types of trains, 
schedules required, and the maximum speeds 
permissible together with helper watering 
and fueling services required, and the possi- 
bility of lengthening locomotive divisions, 
and, of course, the number of locomotives 
required. 

In the case of freight trains, consideration 
must be given to the 1,000 gross ton-miles 
per locomotive hour, the maximum speed 
permitted with helper and grade conditions, 
the possibilities of lengthening locomotive 
divisions, and the number of locomotives 
required. 

In effect this is the procedure recom- 
mended by the authors in their Appendix A. 
It is a practical method since the three types 
of power considered are in extensive use 
under various operating conditions. In the 
case where a railroad is considering a type 
of power with which it has had no previous 
experience, the unit costs can be obtained 
from railroads, having comparable condi- 
tions, employing the type of power being 
considered. 

The required study by the transportation 
engineers mentioned by the author then 
should be largely the work of the accounting 
department and operating officers with a 
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Table I. Fuel and Power Consumption, Values, and Costs With Steam, Electric, and Diesel 
Motive Power 


From the Association of American Railways Bureau of Railway Economics, Year 1941 


Steam Locomotive 


Electric Locomotive 


Diesel-Electric Locomotive 


Switching Service 
Consumption. . 


Road Passenger Seryice 


Consumption. . 
Cost per car- 


-»7 660) lbs'coalsper hr. se... 0: « 121 kwhr per hr....... 
Cost per bone: sc Si kaa statis 65 505 as $1.210. Jai 


.. 16.8 lbs coal per car-mile. .3.5 kwhr per car-mile 


..5.8 gals fuel oil per hr 
$0.348 


. .0.26 gals of fuel oil per car-mile 


WIE stay oh we SOLOZbA Sth cst eos . 80.0350 .$0.0156 
Cost per train- 

mile of ten 

ALS sins cgelieicia 2 6 EGY AR eRe iets WOOO! a gloat . 30.156 


Road Freight Service 


Consumption. . 
Cost per 1,000 
gross ton-miles! $0.170. . 


-113 Ibs coal per 1,000 gtm 


. 27.45 kwhr per 1,000 gtm 


ph arese Siar tert POR ALLO le Miva ns? 


2.002 gals fuel oil per 1,000 gtm 


$0.120 


1. Coal cost assumed three dollars per ton. 
charges assumed ten mills per kilowatt-hour. 


2. With only limited use of Diesel freight power in 1941 no values for.that year are available. 
consumption is found to vary between 1!/2 gallons and 2!/s gallons per 1,000 gross ton-miles. 


of two gallons is assumed. 


minimum of estimating guesses and wishful 
thinking. 

Under the heading of ‘‘Selection of Loco- 
motive Characteristics” the authors, having 
considered the requirements, state: 


“The steam and electric locomotive selected may be 
one which has previously been built, or a modifica- 
tion thereof, while the Diesel is the nearest com- 
mercial size (in production) which fulfills the re- 
quirements.,”" 


I draw your attention to this pertinent 
statement, as it is quite significant that the 
steam locomotive with over 100 years’ de- 
velopment and the electric locomotive with 
over 40 years’ development are still subject 
to constant modifications, while the Diesel 
locomotive of recent origin is now pretty 
well accepted as basically standard in de- 
sign. 

The modifications to the steam locomo- 
tive are generally brought about by the en- 
larging of clearances and strengthening of 
track structures which permit locomotive 
heights exceeding 16 feet 6 inches and in- 
dividual axle loads up to 80,000 pounds. 
The expense of such modifications is obvious 
and can be justified on only very limited 
lengths of track with the result that loco- 
motives designed to these limits are re- 


stricted in their operation with generally- 


low potential availability. 

The electric-locomotive modifications 
have even more restrictions in their use than 
the steam-locomotive. Most of the electric 
locomotives in use today are designed for 
and are confined to a very limited length 
of line which may be very level or heavy 
grade track. The possibilities for long 
through runs with maximum use for electric 
locomotives would appear to be quite re- 
mote. 

Both the steam and electric locomotives 
today are featuring their potentially high 
power output. In many instances the 
train size required to develop the claimed 
high horsepower output on level track could 
not be satisfactorily accelerated or oper- 
ated for any extended distance on even a 
one half of one per cent grade. With 
electric traction it is claimed that a small 
locomotive with about 50,000-pound con- 
tinuous tractive effort can develop more 
horsepower than a good size city would 
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Electric power cost including distribution and transmission 
Diesel fuel cost assumed six cents per gallon. 


Diesel fuel 
An average 


require normally for its industrial require- 
ments. 

Our transportation engineer must rec- 
ognize that the horsepower output of a 
locomotive is the product of pull and speed. 
Steam and electric locomotives are strong 
on speed and short on pull when developing 
their maximum horsepower. 

In aclose analysis of a particular railroad 
problem the modifications and exceptional 
horsepower outputs can be evaluated easily 
enough. It is when considering the problem 
in its general aspect that confusion and 
misunderstandings are likely to arise when 
modifications and unusual horsepower out- 
puts are overstressed in evaluating the ad- 
vantages of the three types of power. 

This possible misunderstanding I think is 
well illustrated by Figure 1 of the paper 
referred to by the authors under the head- 
ing of ‘Overload Capacity.’ I would like 
to ask the authors how many steam loco- 
motives of the characteristics shown in 
Figure 1 are in operation and what adapt- 
ability has this locomotive with regard to 
clearances and axle loads to practically all 
class 1 railroads in the United States? I 
would like to know how many electric loco- 
motives with the characteristics shown are 
in use today and how the adaptability of 
this particular locomotive compares with 
other electrified railroads for freight haulage 
in the United States? 

Answers to these questions will probably 
explain my point. 

There are, however, factors associated 
with the locomotive characteristics that 
are not indicated on the curves and should 
be explained. 

The three locomotives are presumed to 
have the same approximate horsepower out- 
put at around 40 miles per hour and al- 
though not definitely stated the implication 
is that the three locomotives are comparable 
in performance. This is certainly a gross 
misrepresentation. 

In the first instance, although not shown 
on the curve, the Diesel locomotive has a 
starting tractive force of 214,000 pounds and 
a continuous tractive force of 120,000 pounds. 
It delivers its full rating at as low a speed 
as 10 to 12 miles per hour. 

In other words, the Diesel locomotive has 
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3!/, times the starting tractive effort of the 
steam locomotive, about 21!/, times the 
starting tractive effort of the electric loco- 
motive, and over 2!/s times the continuous 
tractive effort of the electric locomotive. 
Furthermore, the electric locomotive has to 
obtain a speed of 60 miles per hour to 
develop the 4,800 horsepower nominal 
rating and must run at 40 miles per hour 
to develop over 4,000 horsepower. Note 
this condition with a locomotive having a 
maximum speed of 70 miles per hour. 

The curve for the electric locomotive 
shows a short-time tractive effort rating of 
25 per cent adhesion up to 40 miles per hour 
which is a very optimistic assumption. At 
the short-time rating the locomotive de- 
velops 9,000 horsepower which means that 
the power plant to which the system is con- 
nected may develop about 18,000 horse- 
power. A locomotive with a continuous 
rating of 50,000 pounds tractive force could 
never justify such a demand on the average 
United States railroad. The authors must 
recognize that, if such power demands are 
necessary for the economic development 
of electric traction, they have understated 
the cost of electric locomotives if they must 
be supplemented with power plants of this 
size which cost from $100 to possibly $300 
perhorsepower. 

General comparisons on a train-mile basis 
are seldom satisfactory without complete 
qualifying particulars of train size and speed. 
In freight service all such comparisons 
should be on a 1,000-gross-ton-mile basis. 

Fortunately the question of fuel and 
power consumption costs for locomotives 
have been covered pretty well by the 
Association of American Railways Bureau of 
Railway Economics. Tables giving these 
values were published in Railway Age in 
April, 1942. 

These tables cover switching service, 
road passenger service, and road freight 
service. For convenience I have taken 
the average values for the whole United 
States and tabulated them in Table I of 
this discussion for the three types of sery- 
ices considered. It might be well to ex- 
plain briefly the conditions for the different 
types of services. 

In switching service the steam locomo- 
tive includes all switching service which 
comprises both heavy and light types of 
steam locomotives. With electric traction, 
the switching service is primarily that of 
small 80-ton locomotives in passenger 
switching. With Diesel operation the 
switching service comprises both 600- 
horsepower and 1,000-horsepower loco- 
motives which on the average arc prob- 
ably pretty well representative of the 
railways as a whole. It might be men- 
tioned that in passenger service we would 
normally expect the 600-horsepower Diesel 
locomotive to consume not more than 
three gallons of fuel oil per hour. 

We assumed for steam operation an aver- 
age coal cost of three dollars per ton. With 
the electric service the fuel cost including 
the distribution and transmission charges 
would be between 10 mills and 12 mills per 
kilowatt-hour. We have assumed the lower 
value on. the attached table. With Diesel 
locomotives we have assumed fuel cost of 
six cents per gallon. All the above costs 
are employed in both switching passenger 
and freight services. 

The road passenger data are taken direct 
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from the table published in Railway Age. 
It should be noted in this case that there 
is no value given for the fuel oil consumed 
with the electric locomotives which fuel 
oil consumption is of the order of 30 per 
cent of that required with the Diesel loco- 
motive for five months of the year. 

In freight service the table published in 
Railway Age, which refers to the years 1941 
and 1940, does not give values for Diesel 
freight locomotives which were limited in 
their use during these years. Diesel freight 
fuel consumptions will vary from 11/2 to 
21/, gallons a thousand gross ton-miles. 
For the purpose of comparison we have 
used an average value of two gallons of 
Diesel oil. In this connection it may be 
noted that there is, of course, quite a little 
variation in the power consumed in freight 
service on the various districts. 

From the savings shown with Diesel 
power under the various services it can be 
seen what large fuel economies can be ob- 
tained with the 45,000,000 switching hours 
per year, the 300,000,000 to 400,000,000 
passenger train-miles per year and the 
1,600,000,000 thousand gross freight ton- 
miles per year on our class | railroads. 


J. W. Teker (General Electric Company, 
Erie, Pa.): J. C. Aydelott points out three 
factors—high-speed operation, acceleration, 
and locomotive weight, in the comparison 
of motive power which does not affect the 
broad outline of the paper, but the following 
will serve to enlarge upon and qualify these 
items to form a better distinction between 
the types. 

Where high operating speed is a con- 
sideration, fundamentally the conventional 
reciprocating steam engine is limited more 
definitely with respect to maximum operat- 
ing speed than the other two types with 
rotary drive. While steam power is built 
for -high-speed service, there is always the 
problem of dynamic balance and its effect 
upon reciprocating parts and upon the 
track structure. 

When acceleration is considered from the 
standpoint of weight on drivers only, then 
both the electric and Diesel-electric enjoy 
an advantage over steam, but when con- 
sidered fully, the horsepower input to a 
train determines acceleration. In this re- 
spect the electric alone excels the others 
by virtue of its horsepower reserve, while 
the Diesel-electric by virtue of the electric 
drive exceeds steam only up to the speed 
where the steam can work at its full horse- 
power, say 25 miles per hour on Charac- 
teristic Curve, Figure 1 of the paper. 

From the operational standpoint, like 
switching, the electric and Diesel-electric 
outperform steam because the speed is too 
low for good steam locomotive performance; 
but in main line operation, where accelera- 
tion is required after slowdowns, this is no 
longer true. Only the electric has the ad- 
vantage, since both Diesel and steam are 
limited to their fixed horsepower output and 
are on a par with one another. 

In operation on main line grades where 
speed is dragged down, the Diesel-electric 
will again begin to show slight advantage 
over steam but not to the extent that the 
electric does with its ability to apply re- 
serve horsepower into the train. 

Train performance is determined by the 
total train weight per horsepower when con- 
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sidering acceleration and operation on 
grades. The weight of the locomotive 
becomes an important factor as it con- 
tributes to total train weight and must be 
subtracted to obtain the weight of the reve- 
nue train. The trolley electric locomotive 
again is superior in this respect. 

An additional factor commonly over- 
looked is the space occupied by a locomo- 
tive in its train. Beyond a certain horse- 
power the conventional Diesel-electric ex- 
ceeds the steam and electric in length 
which immediately becomes a considera- 
tion in yard facilities, terminal station 
trackage, and sidings on the main line. 


Paul Lebenbaum (Southern Pacific Com- 
pany, San Francisco, Calif.): I have read 
the paper with a great deal of interest and 
believe it will fill a gap that has been ex- 
isting for a long time in the field of electri- 
fication literature. There is one point, 
however, to which I wish to take exception. 
Table I of the paper is an analysis of 
motive power characteristics, in which the 
authors indicate that one of the advantages 
of the electric locomotive is its flexibility. 


In times past—in fact, running back to 
1904—this office has made a considerable 
number of studies bearing on the electri- 
fication of two of its mountain grades. One 
of these, from Roseville, California, to 
Sparks, Nevada (a distance of 188 miles), 
reaches an elevation, eastbound, of 6,880 
feet, and the other, from Bakersfield to Los 
Angeles, California (a distance of 166 miles), 
reaches an elevation of 4,025 feet. Maxi- 
mum grades on both of these lines are 2.64 
per cent for a considerable distance. These 
districts constitute a link in two trans- 
continental routes. 


Traffic over the Roseville-Sparks grade 
fluctuates widely during the various seasons 
of the year, and the peak movement, during 
September and October of each year, con- 
stitutes 33!/3; per cent of the total ton-miles 
moved during the entire year. Even dur- 
ing this two-month period, the traffic peaks 
to a maximum in about the last week in 
September and the first week in October. 
Electric locomotives would have to be avail- 
able to handle this maximum peak, and a 
large number of these locomotives would lie 
idle for the remainder of the year. 


Under steam operation, we can draw 
upon steam power from other parts of the 
system, for handling the aforementioned 
peak, because peaks on the various divisions 
of the system do not coincide. For instance, 
when Imperial Valley products, like lettuce 
and cantaloupes, are being harvested in the 
early part of the year, traffic on other parts 
of the system is at a low. Similarly, over 
the Tehachapi grade, which is in the dis- 
trict mentioned above as lying between 
Bakersfield and Los Angeles, the traffic 
peak does not coincide with the peak over 
the Sierras between Roseville and Sparks. 

To sum up, as far as the Southern Pacific 
Company (Pacific Lines) is concerned, the 
peak movements are handled by the shifting 
of steam locomotives from one district to 
another, whereas, if the mountain grades 
were electrified, the maximum of electrical 
equipment would have to be provided to 
handle the peaks, and a great part of this 
maximum would lie idle during a large part 
of the year. 
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R. T. Sawyer (American Locomotive 
Company New York, N. Y.): The last 
paragraph of this paper has offered a sug- 
gestion that a committee be formed con- 
sisting of 
“three groups of recognized transportation engineers 
experienced in the application of steam, electric, 
and Diesel-electric motive power. Each group 
could then proceed to determine the extent that 
ch type should be used for a given case. When 
put together the three reports would indicate to 


what extent definite values can be given to the 
many factors involved.” 


This suggestion of a further study of this 
subject is desirable. The actual problem 
of motive-power application should be 
placed in the hands of three groups of trans- 
portation engineers with the idea of de- 
veloping additional data of a specific nature 
© supplement the general treatment of the 
subject in this paper. 

Some of the members who participated 
in oral discussion ventured the suggestion 
that such a study is hardly worth while 
for the reason that it is not possible to treat, 
in a general way, a subject that is, of neces- 
sitv, specific in character and, further, 
that the solution of a specific application, 
such as contemplated, would be of little 
value in the approach to the broad problem. 

Such conclusions as these naturally raise 
a question as to the possibility of placing 
in the record, for the benefit of the railroad 
industry the basic data with respect to the 
characteristics of existing motive-power 
types under present conditions. As Mr. 
Litchfield of Gibbs and Hill has pointed out, 
changes in both conditions and motive 
power take place, and the characteristics 
of types of ten years ago or ten years hence 
may differ widely. Such being the case 
the application of the basic data of today 
to a specific problem of railroad operation 
may, and undoubtedly will, produce an 
entirely different result than the application 
of similar data of, say, ten years ago. To 
me, this is one of the main reasons why a 
further study should be made at this time, 
as, broadly speaking, the steam locomotive, 
the Diesel or the electric, should not neces- 
sarily be universally used wherever road 
locomotive power is required. 

My interpretation of the suggestion 
which has been made by the authors of this 
paper is mot that the application of basic 
data to a specific operating problem will 
produce such a result that may be accepted 
with finality, but rather that the effort to 
produce such a result will at least necessi- 
tate the recording of comparative data 
which in itself can be of great value regard- 
less of the results derived from its applica- 
tion. 


The authors have at least provided the 
skeleton upon which such a study may be 
built, and I concur in the suggestion that 
the chairmen of the Oil-Gas Power and 
Railroad Divisions of the American Society 
of Mechanical Engineers be approached 
with the idea of learning how the member- 
ship of those groups would react to the sug- 
gestion that a committee be formed for the 
purpose of investigating the potential value 
of further study along these lines. 


L. K. Sillcox (New York Air Brake Com- 
pany, Watertown, N. Y.): The authors are 
to be commended for the preparation of a 
paper which may be utilized as a guide ina 
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systematic and impartial evaluation of 
motive-power types in specific instances. 
Because of the complete manner with 
which the authors have treated their sub- 
ject, it is difficult to suggest additions or 
revisions with improvement as the objective 
but I should deem typical original and main- 
tenance costs of the power distribution and 
contact systems essential to electrification 
might well be included, with due allow- 
ance for facilities for the servicing of steam 
locomotives which electric locomotives do 
not require. 

Another question which has occurred to 
the writer is relative to the depreciation of 
Diesel-electric power. Reference is made 
to the fact that different rates should apply 
to the Diesel erigine, the electrical equip- 
ment, and the mechanical equipment. The 
established or estimated service lives of 
the three components would be of interest, 
as would those of the service lives of the 
electrical and mechanical equipments of 
electric locomotives. In this same con- 
nection, the authors at one point state that 
various railways write off Diesel-electric 
locomotives at annual rates varying from 
four to ten per cent. At another point the 
statement is made that the Interstate Com- 
merce Commission fixes the depreciation 
rates applicable to each of the motive- 
power types. These two statements could 
well be explained for the benefit of those 
unfamiliar with railway accounting pro- 
cedures. 

The writer of this discussion feels that 
a fourth account, taxes, should be added to 
the Fixed Charges item of Table I. That 
the author agrees is indicated by the in- 
clusion of taxes in the discussion of the 
Fixed Charges account in the text of the 
paper. 

The author states that one railway ob- 
tains but 12 hours’ service daily from its 
steam freight locomotives, eight of the re- 
maining 12 being required for servicing and 
repairs while four hours are consumed 
awaiting assignment. This statement may 
be expanded to include steam passenger 
locomotives as well, notwithstanding some 
remarkable extended run _ performances. 
Oil-burning steam locomotives are regularly 
assigned by this railway to runs up to 
eighteen hundred miles, requiring 50 hours 
of continttous operation, in passenger serv- 


_ ice, yet the effect of limited runs demanded 


by traffic conditions reduces the system 
average to approximately 12 hours per day. 
Even in freight service, steam locomotives 
agai oil-burning—operate continuous mile- 
ages of approximately six hundred as a 
maximum. 

In conclusion, the writer wishes to em- 
phasize that, although much is written 
advancing the points of merit of the com- 
peting motive-power types by their pro- 
ponents, in the final analysis selection must 
be made upon sound economic principles re- 
quiring close study of the conditions sur- 
rounding individual instances, and a paper 
such as the one under discussion will serve 
as an excellent guide to those responsible 
for an impartial decision based upon all 
factors involved, 


A. G. Oehler: The authors, in commenting 
on depreciation rates applicable to locomo- 
tives, did not intend to offer any suggestion 
as to proper depreciation rates for Diesel- 
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electric locomotives. Cognizance was taken 
however, of the fact that some motive- 
power engineers believe that different rates 
of depreciation might well apply, sepa- 
rately, to the electrical equipment, mechani- 
cal equipment, and the Diesel engine. In 
arriving at the decision as to the factor of 
depreciation being an advantage or a dis- 
advantage, with respect to each type of 
motive power (as indicated in Table I of 
the paper), the authors used an arbitrary 
service life of 30 years for both electrical 
and mechanical equipment and 15 years for 
the Diesel engine. The discussion by Mr. 
Hamilton (New York Central) throws some 
additional light on this particular phase of 
the depreciation problem. 

Without carrying this discussion of de- 
preciation to great lengths, it may be said, 
in general, that depreciation rates are al- 
lowed by the Interstate Commerce Commis- 
sion, usually after actual experience in the 
application of such rates has indicated their 
adequacy. When mention of rates from 
four to ten per cent was made in the paper, 
the statement can well be corrected, for 
purposes of clarity, to the extent of indicat- 
ing that such rates have been reported by 
individual roads, in specific equipment cases, 
to the ICC under Order 15,100. Inas- 
much as experience under this order has 
the objective of exploring straight-line de- 
preciation possibilities wersus retirement 
accounting methods, these rates (some ex- 
ceeding even the ten per cent figure) are 
not established rates but are merely tenta- 
tive rates, either applied for or accepted in 
the specific case. 

It has been suggested by Mr. Withington, 
electrical engineer (New York, New Haven 
and Hartford) that the cost of $2.68 for 
coal, as given in the paper, is low. This is 
the cost of coal consumed, including freight 
and handling costs, for class 1 railroads in 
the United States, as compiled by the 
Interstate Commerce Commission for the 


first nine months of 1942. The cost of 
coal to the New Haven is, of course, 


considerably higher than this. The 15 
cents per ton for over all handling to the 
locomotive tenders, as given in the paper, is 
a commonly used figure which is considered 
adequate for handling coal to the locomotive 
tenders but which may not include charges 
for hauling coal on the railroad where it 1s 
used, 

P, Lebenbaum, electrical engineer (South- 
ern Pacific), outlines conditions on his rail- 
road which would necessitate having a 
sufficient number of electric locomotives on 
an electrified zone to handle peak traffic. 
This would require a relatively large in- 
vestment in electric locomotives which 
would not be necessary where peak traffic 
might be handled by steam locomotives 
over an electrified section, 

P. A, McGee (General Motors Corp., 
New York, N. Y.) has asked how many 
steam locomotives there are having char- 
acteristics such as those shown in Figure L. 
These characteristics are those of a loco- 
motive built by the Pennsylvania and are 
included to show potentialities rather than 
averages. The electric locomotive char- 
acteristics shown are those for the latest 
type of New Haven electric locomotives 
which are described in the September 12, 
1942, issue of Railway Age, page 402. Five 
of these locomotives are in service and five 
on order, A Pennsylvania type GG-1 
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electric locomotive with 65-mile gears 


would have similar characteristics. 


The Power-Recovery System 
of Testing Aircraft Engines 


Discussion and authors’ closure of paper 43-41 
by G. E. Cassidy, W. A. Mosteller, and W. L. 
Wright, presented at the AIEE national tech- 
nical meeting, New York, N. Y., January 
25-29, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, May 
section, pages 240-6. 


E. F. Dissmeyer (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The authors have stated in the presentation 
of their paper that, by using the power-re- 
covery system of testing aircraft engines, the 
amount of critical materials used is only one- 
sixth of that required to supply an equal 
amount of power from power-supply com- 
panies. It would be of interest to know how 
many manufacturers of aircraft engines 
depend upon the testing of engines as a 
firm source of power. Is it now true that 
the power-supply company must have ade- 
quate facilities to take care of the entire 
manufacturing load, since there may be 
times when manufacturing of engines must 
be continued in spite of the fact that none 
are being tested? 


J. N. Mahoney (Wright Aeronautical Cor- 
poration, Paterson, N. J.): We agree with 
the authors of the paper that for ‘“‘production 
testing’’ an electric-power-recovery system 
of testing aircraft engines is desirable and is 
reasonably obtainable where but one size of 
engine is being manufactured, a situation 
which is generally the case in plants 2 and 
3 outlined in the paper. Our company has 
been interested in such power recovery for at 
least ten years, to the writer’s knowledge, 
and engineering studies and test layouts have 
been made of several schemes in conjunction 
with the manufacturers mentioned in the 
paper and some others. The company 
originally had a number of d-c electrical 
dynamometers used in connection with the 
smaller engines, and demonstrations were 
made with these d-c dynamometers on re- 
turning test-recovery electric power through 
motor-generator sets to the general power- 
distribution system of the manufacturing 
plant. ; 

These d-c electric dynamometers were 
originally intended for use with engines of 
approximately 350 horsepower and in later 
years were supplemented with hydraulic 
dynamometers to absorb the rapidly in- 
creasing engine horsepower caused by the 
practically continuous development carried 
on in the industry. In this combination the 
electrical dynamometer practically became 
a vernier for the combined dynamometer 
system, because the hydraulic unit was 
necessarily of several times the capacity of 
the electrical unit. The problems of our 
organization through the years include the 
continued development and manufacture of 
engines of higher speeds and horsepowers 
for direct propeller driving and various gear 
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ratios on these different engines for different 
diameters and types of propellers, including 
the coaxial twin-propeller drive, and drives 
for other than aircraft purposes. Our plants 
in the Paterson, N. J., district at the present 
time are manufacturing engines in a wide 
variety of sizes, with each of the sizes 
equipped for one or more of these various 
drives incorporated as a part of the design. 

It will be noted from the paper that 
“power-recovery developments since the 
first power-recovery installation” have been 
made in connection with aircraft-engine 
plants erected by the automobile industry 
which at present, at least, are limited to the 
manufacture of but one size of engine; and 
the power-recovery systems used are limited 
to a rather moderate range of speeds and 
powers related to the particular size of 
engine, Our investigation of these installa- 
tions and systems indicates that they are 
quite well adapted to the particular applica- 
tions but do not have the power and speed 
range to meet the continuing changes in 
power and speed requirements of engines 
both in development and manufacture— 
which is our problem at present. We have 
had in mind for some time an electric gen- 
erating unit, other than the combination of 
d-c generator and a-c motor-generator-set, 
which is adapted to generating a-c power at 
the usual system frequency, when driven at 
speeds that may vary in a ratio of from 
approximately 10 to 200 per cent of normal 
frequency. 

Such an equipment would necessarily be 
designed to absorb the torque of the large 
slow-speed propeller drives, and the rotor 
should be capable of operating at the highest 
direct speeds at which any contemplated 
engine design will operate. The conditions 
in the electrical and airplane-engine indus- 
tries during the past several years, which in- 
cluded both the defense and war programs, 
have prevented the proper development of 
such an electric-power-recovery unit in 
time for our large production program, and 
we have had to carry on with the type of 
propeller test stand as shown in Figure 10 
of the paper to meet the extreme require- 
ments of both our development testing and 
production testing. 


G. E. Cassidy, W. A. Mosteller, and W. L. 
Wright: In reference to Mr. Dissmeyer’s 
questions, it is not necessary to have a 
power-supply company connection equal to 
the entire manufacturing load, provided 
power-recovery testing is used extensively 
as the scheme of testing. Power-recovery 
testing as a firm source of manufacturing 
power supply is directly associated with the 
number of test stands installed. A few 
stands do not have sufficient diversity of 
operation to be depended upon for power. 
On the contrary, the diversity accompany- 
ing a large number of stands will result in a 
power supply that is entirely satisfactory. 
Figure 9 of the paper applies to a manufac- 
turing plant using a large number of stands. 
The data shown are typical of what may be 
expected. The data, coupled with the fact 
that engine manufacture and consequently 
plant load, would hardly be at a high rate 
without accompanying testing operation, 
point to the conclusion that a power-supply 
company connection appreciably below the 
maximum manufacturing load would be 
entirely adequate. 
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In regard to Mr. Mahoney’s discussion, 
it was not the authors’ intent to leave the 
impression that a test stand of the power- 
recovery type is unduly limited as a means 
of testing a range of engine sizes. The 
authors made the statement that the larger 
the engine the more attractive power-re~ 
covery testing becomes. This is so, pri- 
marily because the kilowatt-hours of power 
recovered from large engine testing, say 
engines of 750 horsepower or 1,000 horse- 
power and above, is greater than from small 
engine testing, and because large engine 
testing is more difficult and uneconomical 
by wastage schemes than is the testing of 
small engines. 

The general statement may be made that 
power-recovery testing belongs with large 
engines and that, for an average installation, 
economics will dictate that the range in 
engine sizes to be tested be limited to the 
larger engines. In other words, a power- 
recovery testing stand designed to test a 
single rating of large engine will most likely 
be equally applicable to the one rating if it 
is designed to test a range of large engines. 

The authors feel that Mr. Dissmeyer’s 
and Mr. Mahoney’s comments are timely 
and pertinent and directly to the point of 
the whole paper—namely, to bring to the 
fore an engineering development that still 
presents opportunity for important de- 
velopment, improvement, and expansion. 


Synchronous Motors With 
Controlled Excitation for 


Suddenly Applied Loads 


Discussion and authors’ closure of paper 43-31 
by W. K. Boice, B. H. Caldwell, and M. N, 
Halberg, presented at the AIEE national tech- 
nical meeting, New York, N. Y., January 25— 


_ 29,1943, and published in AIEE TRANS- 


ACTIONS, March section, pages 113-19. 


A. F. Ordas (General Electric Company, 
Fort Wayne, Ind.): Controlled excitation 
offers the possibility of'a constant amount of 
corrective kilovolt-amperes from a syn- 
chronous motor supplying a rapidly fluctu- 
ating load. For motors supplying equal 
constant torque peaks during their duty 
cycle, all that is needed is a “‘working” exci- 
tation of one value and an “‘idle’”’ excitation 
of another value.. The control for such a 
duty cycle may be quite simple. : 

Controlled excitation has the advantage 
that reduced machine losses during the idle 
part of the duty cycle means: 


1. Improved efficiency, 
2. Smaller frame size. 


3. A reduction of the idle time of the cycle if the 
same frame size is used. 


In other words, for a given frame size one 
can run more cycles per hour when con- 
trolled excitation is used. of ; 

The paper shows the importance of mak. 
ing an analysis for transient pull-out torque 
when sudden loads are to be applied. Many 
synchronous motors have been built ta 
meet steady-state pull-out guarantees al- 
though they are used to drive suddenly ap- 
plied loads. : 
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Use of controlled excitation will save ma- 
terial for national-defense purposes by re- 
ducing the necessary motor size. The frame 
will be the larger of the two determined by 


1. Rms kilovolt-amperes of the duty cycle. 


2. The frame size necessary to give the transient 
reactance to meet the required transient pull-out 
torque, 


‘\ Calculations indicate controlled excitation 
will allow high-speed unity power-factor 
motors to match the pull-out torque of the 
larger 0.8 power-factor motor of the same 
horsepower rating and improve on the 0.8 
power-factor cycle efficiency. 

Since the transient pull-out torque is 
largely a function of the transient reactance, 
reduction in frame size may be limited by 
the maximum transient reactance allowable. 
When the motor is to drive peak loads with 
low root mean square kilovolt-amperes, the 
frame size can be reduced until the transient 
reactance and transient pull-out torque are 
just within the guarantee requirements. 
Smaller frames necessarily have a higher 
minimum transient reactance than larger 
frames. Here controlled excitation will help 
by permitting a higher core loss, thus per- 
mitting use of higher flux density and, con- 
sequently, making possible a lower transient 
reactance than would be obtainable ordinarily 
with a given frame. Of course, the higher 
flux also means the starting kilovolt-amperes 
approaches that of the larger frame. 

The over-all cost of a controlled excita- 
tion equipment will probably be greater 
than for a standard 0.8 power-factor motor 
at ratings below 250 horsepower. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The use of controlled 
excitation for suddenly applied synchronous- 
motor loads is a logical development. Regu- 
lators are being used more widely for control 
of generator excitation for essentially the 
same reasons as outlined in this paper for 
motors; that is, reduction in size of the 
rotating electric apparatus, reduction in 
losses, and improved system performance. 
The results of the investigation for motors 
also agree with that for generators, in that 
standard methods may be used and high 
rates of response are not necessary. The 
ability of the machine, generator, or motor 
to withstand transient changes is determined 
chiefly by its transient reactance. 

Power-system as well as industrial engi- 
neers should find real encouragement in this 
paper, in that the regulator and its control 
can be justified for ratings even below 5,000 
horsepower, based on benefits which accrue 
- to the industrial-plant operator directly. 
The power system benefits by obtaining a 
reduction in real and_ reactive-kilovolt- 
ampere system losses and improved load and 
system stability. 

In the design of motors using regulated 
excitation, care should be taken to provide 
a margin above that apparently required 
for the shaft loads alone, to allow for supply- 
system impedance and system disturbances. 
It would constitute a disadvantage for this 
type of control if too great an economy of 
materials were attempted at a sacrifice of 
adequate pull-out margin. 


W. K. Boice, B. H. Caldwell, M. N. Hal- 
berg: The authors agree with Mr. Crary 
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that adequate margin in pull-out torque 
should not be sacrificed in the pursuit of 
maximum economy of materials. 

Mr. Ordas has correctly summarized and 
explained the factors which determine the 
maximum, saving in materials that can be 
realized through controlled excitation. 

The paper has emphasized the saving of 
critical materials, as this is a particularly 
important advantage in the present emer- 
gency. Normally, however, it is felt that 
this advantage will be of secondary impor- 
tance, and improvement in operating char- 
acteristics will be the principal justification 
for the use of controlled excitation. 

The investigation program outlined in the 
paper is now being extended by the accumu- 
lation of actual field experience. During 
1940 a controlled-excitation system was 
furnished with a 4,900-horsepower motor 
driving a d-c generator, which supplies 
power to a d-c reversing mill motor. The 
peak-load requirement was 250 per cent, 
which may be suddenly applied. Operation 
has been entirely successful. Construction 
is now under way on a 5,600-horsepower 
motor for a similar application where con- 
trolled excitation will be used. 


Paired-Phase Bus Bars for 
Large Polyphase Currents 


Discussion and author's closure of paper 43-17 
by Lawrence E. Fisher and Robert L. Frank, 
presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, volume 62, 1943, February section, 
pages 71-7. 


L. L. Fountain and C. P. West (Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): 1. The 
authors have described a novel arrangement 
of paired-phase bus bars and have pointed 
out their advantages. Low losses and good 
regulation are demonstrated by test. The 
statement is made: “Furthermore, the 
dimensions that produce these desirable elec- 
trical and thermal characteristics lend them- 
selves to convenient structural designs 
wherein the problems of joining adjacent 
bus-bar lengths, making tap-offs, support 
against mechanical and short-circuit forces 
and insulation are greatly simplified.” We 
can hardly agree that the structural problems 
or making of tap-offs are simplified as com- 
pared to normal bus design. However, 
other advantages may compensate for in- 
creased difficulties in these respects. Paired- 
phase arrangements appear to be advanta- 
geous for transmission of power for long 
distances at low voltage. 

2. The basis of the paired-phase per- 
formance is the close spacing between the 
phases of the pair which complicates the 
insulation between phases, particularly 
where taps or joints must be made, It is 
thus evident that the proposed arrangement 
is not well suited for bus designs in metal- 
enclosed switchgear. The mechanical con- 
ditions here are very different, and an edge- 
to-edge arrangement of bars and frequent 
insulated tap-offs would require much more 
space than present conventional designs. 
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3. The curves shown in Figures 4, 5, and 
6 of the paper are plotted with voltage drop, 
against an abscissa of ‘‘over-all width” in 
inches occupied by the bus copper. It 
seems this method of comparison of the 
paired phase, laminated, and interlaced 
busses is not a fair one. 

4. In the case of the laminated bus, the 
distance d in Figure 2 between phases is 
made larger than need be if insulation is 
used as in the paired-phase arrangement. 
If this distance were made the same as the 
distance between the edges of the copper 
bars of opposite phases, as shown in Figure 1 
(vertical arrangement), then a much lower 
voltage drop and less unbalance in voltage 
would be realized. 

5. In the case of the interlaced bus, the 
spacing d, Figure 2, between bars, should 
be made the same as s in Figure 1 for fair 
comparison. A separation into two groups 
of three bars each rather than with uniform 
spacing as shown in Figure 2 of the paper, so 
that the space between groups would give 
an over-all width, the same as occupied by 
the paired-phase arrangement, would, we 
feel, result in an equivalent or even lower 
voltage drop than shown for the type-3 
paired-phase arrangement. Also, it appears 
the current would more nearly approach a 
50 per cent division in each phase bar, than 
the 58 per cent required to be carried by 
each phase bar in the paired-phase arrange- 
ment. This in itself would result in less 
heating in the copper for the interlaced 
compared with the paired-phase arrange- 
ment. 

6. Referring to Figure 4 of the paper, one 
can make a more accurate comparison of the 
relative performances of the several types of 
bus arrangements as they have been dis- 
cussed, by comparing the values in the lower 
portion of the curves for laminated and 
interlaced busses with those curves for the 
paired-phase arrangement. 

7. Curves are shown (Figure 17) giving 
the temperature rise for various sizes of 
bars in a six-bar paired-phase bus. It 
would be interesting to know what com- 
mercial rating is given to a typical bar 
size such as one-fourth by four inches in a 
housing such as illustrated in Figure 15. 
What temperature rise over outside air 
would be expected? Do commercial ratings 
conform to the standards of the National 
Electrical Manufacturers Association and 
AIEE? 


Lawrence E. Fisher: With respect to the 
discussion of L. L. Fountain and C. P. 
West, it should be emphasized that we do 
not advocate the paired-phase bus-bar ar- 
rangement for all bus-bar applications. The 
paired-phase paper primarily intended con- 
sideration of paired-phase bus-bar arrange- 
ments for feeder distribution systems for 
industrial plants and similar applications. 
The data in the paper were presented in a 
manner to relate the paired-phase perform- 
ance to performance of other common types 
of bus-bar distribution-system arrangements 
used for similar applications. The curves 
of the different types of arrangements were 
shown on the same drawing in a manner to 
permit any desired comparison. The over- 
all width w was chosen as the most appro- 
priate common dimension of comparison, be- 
cause the dimensions d and s of the different 
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types of arrangements may be varied within 
a common given over-all width to obtain 
different performance characteristics. 

The following comments are numbered to 
correspond with the numbers in the discus- 
sion: 

1. Experience with feeder distribution 
systems of the low-impedance type, requir- 
ing close spacing of opposite-phase bus bars, 
indicates that the paired-phase arrangement 
provides advantages of easy joining between 
sections in forming long runs. The flat sur- 
faces of the bus bars are exposed as shown 
in Figure 15 of the paper making it very easy 
when installing to clean thoroughly and 
prepare the contact surfaces before the bus 
bars are bolted together. Moreover since 
the wide flat surfaces of all six bars are 
exposed and thus readily accessible, it is 
easy to connect tap-off straps to the bus 
bars. 

2. Paired-phase arrangements are not 
specifically advocated for enclosed switch- 
gear in which the bus runs are short and 
where low-impedance performance is not 
important, 

3. The curves shown in Figures 4, 5, 6, 
and 9 in the paired-phase paper are plotted 
from actual test data for the laminated 
arrangement, the interlaced arrangement, 
and the paired-phase arrangement, using 
the same bus bars for a rather wide varia- 
tion of dimensions. As stated in the text, 
comparisons may be made in any way 
desired. It is not intended that comparisons 
be made only for the same over-all width. 

4. It is apparent from the curve of 
Figure 4 that, as the pairs in the laminated 
arrangement are brought closer together, 
the voltage drop becomes lower, but it 
remains considerably unbalanced. If the d 
dimension in the laminated arrangement is 
reduced to the same value as the s dimen- 
sion, namely 5/, inch, making the over-all 
width 3!/; inches, the voltage drop remains 
considerably greater in magnitude and more 
unbalanced than that of the interlaced ar- 
rangement or paired-phase arrangement. 

5. If the spacing d in the interlaced ar- 
rangement were made the same as the spac- 
ing s in the paired-phase arrangement, the 
performance would be as indicated in 
Figures 4, 5, 6, and 9 for an over-all width 
of 3!/, inches. If these arrangements were 
separated into two groups of three bars 
each, so that the space between the groups 
would give an over-all width, the same as 
occupied by the paired-phase arrangement, 
it would not be considered an interlaced 
arrangement. 

Such an arrangement was not discussed 
in. the paired-phase paper, but tests con- 
ducted on this type of bus-bar arrangemient, 
using six one-fourth by four-inch bus bars, 
indicate that the line-to-line impedance 
drops are severely unbalanced, The maxi- 
mum line-to-line impedance drop is almost 
75 per cent greater than the minimum line- 
to-line impedance drop. This assumes that 
the two groups of three bus bars are tied 
together in parallel in the arrangement 
ABC....ABC. It is, of course, possible 
to connect these two groups in parallel in 
such a way that the bar having the lowest 
impedance in one group will be connected 
in parallel with the bar in the other group 
having the highest impedance. This would 
of course cause a very unequal division of 
current between the two bars in parallel. 
In the one leg having the most unequal divi- 
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sion of current, the current in’ the one bar 
would be almost 75 per cent greater than the 
current in the other bar. In addition to the 
unequal division of current between the two 
bars in parallel, the a-c to d-c resistance 
ratio in each individual bar would be rela- 
tively high. 

6. Asstated previously, comparisons can 
be made as desired from the data presented. 

7. It has been common practice to rate 
bus ducts (bus-bar feeder distribution sys- 
tems) at 600 volts or less on the basis of 
1,000 amperes per square inch of conductor 
cross section rather than on a temperature- 
rise basis. This practice is influenced by the 
National Electrical Code and the Under- 
writers’ Laboratories. The paired-phase 
bus duct with six one-fourth-by-four-inch 
bus bars (Figure 15) would be rated ac- 
cordingly at 2,000 amperes. The hot-spot 
temperature rise for this or other current 
values can be determined from Figure 17. 


Switching Overvoltage 
Hazard Eliminated in 
High-Voltage Oil 


Circuit Breakers 


Discussion and authors’ closure of paper 43-19 
by Lloyd F. Hunt, E. W. Boehne, and H. A. 
Peterson, presented at the AIEE national 
technical meeting, New York, N. Y., January 
25-29, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, Febru- 
ary section, pages 98-106. 


Eric T. B. Gross (Cornell University, Ithaca, 
N. Y.): For the particular case of a high- 
voltage single-circuit transmission system, it 
has been known for some time past! that 
interrupting the line-charging current in a 
ground-fault-neutralizer system is more dif- 
ficult from a switching standpoint than in 
the same system with the neutral solidly 
grounded, For the last 14 years or so 
modern-type lightning arresters have been 
used in Europe and other foreign countries 
to by-pass the ground-fault neutralizer at 
the end of a single-circuit line, in order to 
avoid the increase in overvoltages due to the 
resonant grounding of the neutral. In 
many cases such arresters are also used at 
the isolated transformer neutral in the sta- 
tion terminating a single-circuit line, even 
if a resonant coil is not installed in the sta- 
tion. The damping resistance of modern 
arresters is so small that there is practically 
no difference between the ground-fault- 
neutralizer system and the system with the 
neutral directly grounded, as far as surges 
are concerned; whether or not the coil is 
tuned is of no consequence. As previously 
mentioned,? this method is by far the 
simplest and cheapest. 

In a number of similar cases in 120-kv 
single-circuit systems in Austria and other 
European countries, all the flashover and 
restriking troubles disappeared after the 
installation of the arresters at the trans- 
former neutral. In one 66-kv system, the 
early type of lightning arrester with non- 
linear damping resistance built in 1929 did 
not prove sufficient, and the flashovers 


Discussions 


which it should suppress disappeared only 
after two such arresters in parallel had been 
installed. However, in all later cases and 
particularly in the systems with higher 
voltages, one arrester of the newer construc- 
tion’ gave good results. This shows clearly 
how important it is to use the right kind of 
arrester or resistance as by-pass. 

In the case of the Southern California 
line, it seems as if the Thyrite by-pass inside 
the tank of the coil’ were too high and there- 
fore not effective enough. It would seem 
advisable to use regular lightning arresters 
instead of the internal by-pass which is 
necessarily of comparatively high resistance. 
This discussion refers only to that part of 
the transient overvoltages due to switching 
which is induced by the resonant neutral 
grounding. The method mentioned will 
reduce the overvoltages to harmless magni- 
tudes. It should hardly be questioned that 
the well-developed breakers in use in this 
country are unable to switch off the capaci- 
tive load of high-voltage lines. 

Circuit breakers with internal resistances 
were generally used in Europe for long high- 
voltage lines and for transformers until 
about 15 to 20 years ago. For anyone who 
is somewhat familiar with European prac- 
tice, and who knows about the struggle to 
get rid of the internal-resistance breaker and 
of the tendency to follow American practice 
of long successful standing, it seems like a 
step backward now to introduce such a 
breaker here if there is more than a chance 
that another way of suppressing dangerous 
overvoltages seems possible. 
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J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa,): This paper is of marked interest, 
because it covers the interruption of charg- 
ing currents on an ungrounded 230,000-volt 
line and deals with phenomena which cannot 
be duplicated completely in modern high- 
power laboratories, 

Resistors in shunt to circuit interrupters 
have been used in the past for four general 
purposes: . 


(a). 


Where several interrupters are used per pole 


unit, shunt resistors across each interrupter will — 


serve to divide the recovery voltage between the 
interrupters and thus reduce the likelihood of are 
re-establishment after it has once been interrupted, 
For this purpose, resistors of large ohmic value 
from 100,000 to 1,000,000 ohms per unit are usable, 


(0). On high-voltage interrupters, shunt resistors 
may be used to carry the terminal voltage down to 
the bottom of the interrupter, the charging current 
being conducted with low voltage drop, thus elimi- 
nating high voltage stress across the insulation of 
the interrupter when the circuit breaker is open. 
Here again, high ohmic values of resistance are 
adequate, 
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(c). Reduced values of resistance in the range of 
several thousand ohms are usable in parallel with 
interrupters to influence the shape and to an ap- 
preciable extent the peak of surge voltages which 
appear across circuit breakers during the interrup- 
tion of short-circuit and line-charging currents. 
Compressed-air breakers with limited interrupting 
ability on circuits with extremely high recovery 
voltage rate have used such resistors to advantage. 


(d), With only a few ohms of resistance connected 
in parallel with a switch, the opening of such a 
(breaker places the resistance in series with the cir- 
cuit, raising the power factor and greatly reducing 
the short-circuit current for subsequent interruption 
by a second breaker. An outstanding case of this 
kind for 35 years has been the resistance-breaker 
scheme used on the New York, New Haven, and 
Hartford Railroad electrification from New York 
to New Haven. On this system, the operation of 
line relays has caused the insertion of resistance at 
the main switchhouse at Cos Cob, so that the 
opening of a relatively light sectionalizing breaker 
has been adequate to interrupt the faulty section. 
Recently, however, with improved circuit inter- 
rupters, it has been found feasible to eliminate the 
so-called switch-house scheme, and permit the line- 
sectionalizing switches to open the short circuit 
directly. 


An example of effective use of resistances 
discussed under items a and } is a series of 
tests completed on the West Coast during 
January of 1942 in which approximately 
100,000-ohm resistors were used in shunt to 
each of four interrupters per pole unit of 
230,000-volt breakers. These tests showed 
line-charging currents of approximately 75 
amperes interrupted in total breaker times 
of 21/, cycles with not more than 100 per 
cent surge voltage above the normal line-to- 
ground peak. This represents the per- 
formance of certain modern high-efficiency 
interrupters which are adequate with rela- 
tively high ohmic values of resistor in 
parallel, so that the residual current to be 
opened on the disconnecting break is negli- 
gible. One item to be noted in connection 
with the development described by the 
authors is that the residual current after 
the resistance has been inserted is approxi- 
mately 40 amperes, and this must be inter- 
rupted on a plain oil break. Even with the 
high power factor in the circuit, after the 
resistance has been inserted, the delay in 
clearing this residual current is of some 
importance. 

The authors are to be congratulated on 
working out the resistance scheme, here de- 
scribed, in a minimum space, for having 
shielded it properly to secure necessary 
insulation tests, and for having demon- 
strated it on one of the large American 
systems on which charging-current interrup- 
tion has been a source of difficulty in the 
past. 


R. D. Evans and R. L. Witzke (Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.):, Hunt, 
Boehne, and Peterson have presented an 
important paper on the control of power- 
system switching transients. This is a well- 
rounded paper giving the results of 


1. Miniature-system studies of the initial problem 
and the control by resistance breakers. 


2. High-power laboratory tests. 


3. Field tests of the initial switching transients and 
the resistance breaker for its control. 


We are particularly interested in this in- 
vestigation because it provides further 
evidence of the uséfulness of the miniature- 
system method of investigating transients. 
For the present investigation this method 
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provides the practical means of determining 
the ohmic value of breaker resistance for 
laboratory or field test. 

In Figure 1 of this discussion are sum- 
marized the results of a similar study made 
in 1938 by the miniature-system method. 
It will be noted that the curves for the case 
of the resistor in parallel with the breaker 
are quite similar to the curves in Figure 7 
of the Hunt, Boehne, and Peterson paper. 
As the breaker finally must interrupt current 
through the resistor, it is of interest to deter- 
mine the effect of restriking during this part 
of circuit interruptions. For this reason 
additional studies were made with the re- 
sistor in series with the breaker. It will be 
noted that for this case lower values of re- 
sistance result in the higher transient volt- 
ages. Considering both types of charging- 
current interruption, the lowest transient 
overvoltage is obtained with a resistance of 
about 1,300 ohms corresponding to the 
intersection of the curves. This would cor- 
respond to the preferred value of resistance 
from the standpoint of limiting transient 
overvoltages on the system. 

It should be recognized that switching 
overvoltages are functions of system layout, 
particularly of the length of line switched 
and of the grounding method. From the 
standpoint of these overvoltages, the worst 
types of systems are the high-impedance 
grounded and isolated-neutral systems. On 
solidly grounded systems the overvoltages 
may theoretically reach six times normal, as 
given in Figure 1, for a particular system. 
Lower overvoltages were obtained on a 
similar study for a considerably different 
system, as given in the paper by Evans, 
Monteith, and Witzke (reference 3 of the 
paper). Many field tests on several systems 
have been made with Westinghouse break- 
ers, and the maximum voltage to ground 
that has been obtained is of the order of 
three times normal. On this basis the use 
of resistors to limit switching overvoltages 
may be quite limited and even unnecessary 
for the types of systems commonly used in 
this country. 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): To one who has worked 
with the theory of any type of equipment and 
made calculations as to its behavior, it is 
always extremely interesting to see how 
well the actual behavior of the equipment 
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Figure 1. Resistance breaker interrupting 
charging current—230-mile 230-kv line 


Phases B and C closed; 
phase A 


two restrikes on 


conforms to the calculated predictions. In 
the tests reported by Hunt, Boehne, and 
Peterson, voltage measurements were made 
on each side of each of the three poles of the 
breaker with oscillographic equipment se- 
lected and arranged so as to give an in- 
structive record. Sufficient information was 
therefore available to check the performance 
both of the circuit breaker and of the gen- 
erating and transmission equipment on 
either side of it. 

In general, the generating and transmis- 
sion equipment behaved according to theory. 
One interesting question in this respect was 
the extent to which phases already discon- 
nected would be affected by surges on 
phases still in the process. With the system 
neutral solidly grounded, the mutual effect 
of this type in the transmission-line con- 
ductors was noticeable but not of sufficient 
magnitude to influence greatly the voltages 
obtained or to cause additional restriking 
in the breaker. With the ground-fault 
neutralizer in the circuit, however, there 
was in addition a quite considerable effect 
on the generator side of the breaker which 
caused directly an appreciable voltage surge 
and was also responsible for additional re- 
striking in the breaker, which contributed 
still more to the voltage. 

With regard to the circuit breaker the 
questions are: 


1. Under what conditions will the arc restrike? 


2. Will the oscillating current resulting from the 
restrike be cleared at the first high-frequency current 
zero? 


3. How many restrikes will take place on any one 
phase in the course of an interruption? 


The records indicate that 


1. Without resistors, restriking may take place 
at any time up to almost a cycle after the last 
previous flow of arc current in the same breaker pole. 


2. After a restrike at a small potential difference, 
the arc would, in general, not be extinguished at 
the following high-frequency current zero, but, after 
a restrike at a potential difference of the order of 
normal crest voltage or more, the are usually was 
extinguished at this time, bringing about the possi- 
bility of cumulative voltage build-up. 


3. With the solidly grounded system not more than 
one significant restrike per breaker pole was en- 
countered on any one test. With the ground-fault 
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neutraizer im the circuit, however, and without 
resistors, two significant restrikes were several 
times experienced on one pole, 


The knowledge of such facts as these 
complements the information obtainable 
from miniature-system tests and increases 
the accuracy with which conclusions may be 
drawn from such tests, 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.); This paper presents 
another illustration of the orderly sequence 
of steps so important in arriving at a solu 
tion toa particular problem and then making 
sure the solution is effective, as well as deter 
mining the extent to which its application 
may be broadened. 

Fundamentally, the steps in this case 
were as follows: 


1 Determination of problem and preliminary 


theoretical analysis of causes 


2 Transient-analyzer study permitting relatively 
quick determination of effect of various proposed 


solutions 


3. Tests at factory short-circuit testing laboratory 
to check conclusions arrived at through transient 
analyzer study 


1, Staged field tests with complete recording 
equipment to determine performance under various 
actual field service conditions 


Regardless of factory test facilities avail 
able, such an investigation would have been 
inconclusive without the last step, the field 
Never before has the industry been 
with so actual 
data on the nature and magnitude of over 


tests 


provided much recorded 


vollages associated with switching long 


lines under various conditions. It is sig 
nificant to observe from the chimney chart 
shown in Figure 11 of the paper (initially 
arranged by W. F 


of the length of the line, the maximum line 


Skeats) that, regardless 


or bus overvoltages with a solidly grounded 
neutral ran only slightly over twice normal 
without the aid of the resistor, and that these 
conditions were handled without difficulty 
This represents a fairly general case, and a 
condition under which hundreds of high 
voltage breakers are regularly operating. 

On the other hand, if some special local 
conditions produce a situation where, with 
out resistors, voltages in the order of 4'/, 
times normal are produced, as shown in this 
chart, the resistors have proved effective in 
reducing these to the range of safe values, or 
in the order of twice normal, 

This investigation has led the way toward 
making available quantitative values for 
terms which previously had been dealt with 
as hazy generalities, It has provided the 
method of determining the conditions which 
may lead to dangerous overvoltage switch- 
ing surges and the means of controlling 
them where such conditions are found to 
exist 


T. W. Schroeder (General Electric Com- 
pany, Schenectady, N. Y.): As electric- 
power systems have developed, transmission 
lines have gotten longer, and their voltages 
have increased, Occasionally, under special 
circuit conditions, the operation of circuit 
breakers in de-energizing these lines when 
unloaded has given rise to abnormally high 
voltage surges, This was the case for the 
particular application described which pre 
sented the need for the use of a special 
method of control for these particular con 
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Figure 2. Oscillograms of voltages associated 
with energizing 180-mile transmission line at 
negative crest of 60-cycle source voltage 


101-10 Voltage at source end 


101-11 Voltage at far end 


ditions, Thus, it should be emphasized that 
the need for the addition of the resistor in 
terms of present experience is far from a 
general requirement when opening charging 
kilovolt-amperes in terms of long high-volt- 
age lines or shunt capacitors. 

The analogy ably drawn in the paper be 
tween the behavior of a capacitor having 
zero surge impedance and a line or cable 
having distributed capacitance is interesting 
and worthy of further discussion. Figure 2 
of this discussion shows a transient-analyzer 
oscillogram of the voltage at the sending and 
far open end of a 180-mile overhead line 
when it is energized at a negative 60-cycle 
maximum. Oscillogram 101-10 
shows the source-end voltage and 101-11 is 
the far-end voltage. The difference in time 
between the instant of energization, point a, 
and the appearance of voltage and its im- 
mediate reflection to double value at 0 is the 
time for the voltage wave to travel 180 
miles which is roughly (180/186,000 x 107§= 
970 microseconds, since the velocity of 
electric waves on open lines is approximately 
that of light. At this same time interval 
(970 microseconds) later, ¢ the reflected 
wave arrives at the home end, where it is 
reflected almost entirely negatively except 
for the small positive reflection caused by a 
low value of source inductance. This re- 
flection process continues until the original 
reflection decays because of line losses. At 
the far end the voltage transient is analogous 
to that obtained at the terminals of a 
capacitor when it is energized at voltage 
crest through an inductance. With resist- 
ance neglected, the frequency of oscillation 
for the capacitor is 1/2x./zc, where L 
is the source inductance and C the capaci- 
tance, For the line, the fundamental 
oscillation frequency (see 101-11, Figure 2) 
is 1/4/,/Lc, where L and C are the line 
inductance and capacitance per-unit length, 
respectively, and / is the line length. 

The traveling wave voltages associated 
with interrupter restriking when de-energiz- 


voltage 
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ing the first phase of a 180-mile artificial 
overhead line, described in the paper, are 
shown by transient-analyzer oscillograms in 
Figure 3. The line was opened at charging 
current zero (voltage crest) at point a of 


Figure 3. Oscillograms of voltages associated 
with de-energizing 180-mile transmission line 
with interrupter restrike at crest of switch volt- 


age and final interruption at subséquent 
transient current zero 


101-12 Voltage across switch 

101-13 Voltage at source side of switch 
101-14 Voltage at line side of switch 
101-15 Voltage at far end of line 
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Figure 4 
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SWITCHED 


101-18, leaving a bound charge of approxi- 
mately normal crest voltage E, on the line. 
At time 0, near the switch voltage maxi- 
mum, the are was caused to restrike, starting 
the wave of —2E down the line, which 
charged the line to —H. The wave’s ar- 
rival at the far end changed the voltage at 
that point from E to —3#, neglecting losses 
(see ¢ of 101-15), because of reflection with- 
out change in sign of the —2E wave, and 
the reflected wave charges the line as it 
returns to the home end to —3E. Follow- 
ing the associated current waves along with 
this will show that now the interrupter cur- 
rent is again zero—hence the circuit was 
opened at time d of 101-14. It is of interest 
to note here that, at time c, although the 
open-end voltage has gone to —3E, the 
energy content of the line is given by 
CE?/2, where c is the total line capacitance, 
whereas at time d the energy content has 
been raised to approximately C(3E)?2/2. 
The prevention of restriking overvoltage 
by use of a resistor across the circuit- 
breaker contacts, as outlined in this paper 
for a long high-voltage transmission line, 
was also accomplished recently for a 15,000- 
kva 13.8-kv capacitor bank located in the 
substation of a large industrial plant. 
Three-phase full-scale tests reported in 
reference 5 of the paper indicated that, with 
standard breakers, when this magnitude of 
capacitor kilovolt-amperes was being inter- 
rupted, occasional restriking might be 
encountered. For this application it was 
decided to provide a resistor element across 
each break of the circuit breaker. These 
resistors were tested before installation, and 
field tests were made at the actual installa- 
tion, where there was available a total of 
22,500 kva of capacitors which could be 
connected to the breaker for test purposes. 
Tests were made, not only to check the 
resistor effectiveness, but also to observe 
the performance of the standard breaker 
without resistors at capacitor ratings of 
15,000 kva and above. Arresters were em- 


Table |. Summary of Capacitor Switching 
Tests With and Without Breaker Resistor 
Maximum 
Capacitor 
No. Number Number of Kva 
of Switch of Re- Arrester Switched 
Tests N strikes Operations C2 
With Resistor Elements 
10...Open ...5* ...None . .22,500 
74..Closed.. .2 ...None . .20,000 
Without Resistor Elements 
13;,.Open ...3** ,..1—at C2=...15,000 
15,000 kva 
7..,Closed...None...None ..15,000 


* Beginning at 15,000 capacitor kva switched, 
** Beginning at 10,000 kva switched. 
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CAPACITOR BANK 


LIGHTNING 


ARRESTERS 


ployed to protect the capacitors under the 
latter conditions. 

Tests are summarized in Table I, with 
circuit connections as shown by Figure 4. 
A connection between the neutrals of the 
switched and unswitched capacitor banks 
was made which could be readily opened or 
closed. 

Although more restrikes are shown for a 
comparable number of tests with the resistor 
than without it, it should be noted that those 
with the resistor occurred between 15,000 
and 22,500 capacitor kva switched. In this 
range, without resistors, a restrike occurred 
causing an arrester operation; hence testing 
without resistors was stopped. However, 
tests were continued with resistors up to 
22,500 kva, since the restrikes resulted in 
only low overvoltages because of the bene- 
ficial action of the resistors. 

These tests accomplished the following 
results: 

1. Permitted the conclusion that, although re- 
striking occurs with the breaker resistor on switch- 
ing capacitor banks of the higher kilovolt-ampere 
ratings, the resistor limits the resulting overvoltages 
to value below sparkover of an arrester of proper 
voltage rating for the system insulation values. 
The resistor is also effective in lowering the magni- 


tude of the inrush current when energizing a capaci- 
tor bank, 


2. Further substantiated the approximate limita- 
tion of standard breakers fixed by tests previously 
reported in reference 5 of the paper. 


3. Showed the effectiveness, from a restrike pre- 
vention standpoint, of interconnecting the neutrals 
of switched and unswitched wye-ungrounded capaci- 
tor banks, pointed out from analysis and miniature 
tests reported in preceding reference. It was shown 
in that paper that the effectiveness of neutral inter- 
connection decreases as the ratio of unswitched to 
switched capacitance C)/C2 decreases. 


Lloyd F. Hunt, E. W. Boehne, and H. A. 
Peterson: Eric T. B. Gross points out that 
lightning arresters have been used in 
Europe and other foreign countries to by- 
pass the ground-fault neutralizer at the far 
end of a single circuit line to avoid the 
increase in overvoltages due to the resonant 
grounding of the neutral. He implies that 
this is the simplest and cheapest method of 
overcoming the voltage surges. It is 
reasonable to expect that such a practice 
would limit overvoltages that might appear 
across the ground-fault neutralizer, but it 
is clear that it would fall far short of solving 
the overvoltage problem on the high-voltage 
system. Consequently, a comparison on a 
cost basis is not permissible, since the pur- 
pose to be achieved is not the same in both 
cases. The addition of resistors to high- 
voltage breakers of the multigap construc- 
tion is an economical proposition. More- 
over, such resistors solve the switching over- 
voltage problem under all conditions, in- 
cluding that of a solidly grounded neutral. 
Mr. Gross also brings to our attention that 
the practice in Europe of installing resistors 
in breakers for the purpose of minimizing the 
prolonged inrush currents with the parallel 
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transformers has been discontinued. Such 
resistors have been avoided in American 
practice mainly because of the 


1. Improved transformer construction for the pur- 
pose of withstanding such currents. 


2. Modern relaying practice (harmonic restraint 
relays) which adequately protect the system in 
spite of the transformer inrush phenomena. 


It is, therefore, hard to see how Mr. Gross 
draws the conclusion that the elimination of 
resistors within breakers of European cir- 
cuits from a relaying standpoint indicates 
that we are making a step backwards when 
simple resistors are installed within high- 
voltage breakers for the purpose of overcom- 
ing a severe overvoltage switching problem. 

It is interesting to point out in connection 
with the distribution of voltages between the 
two breaks of an oil circuit breaker at the 
time of interrupting a capacitive circuit that, 
although the net voltage across the breaker 
is zero immediately following interruption, 
this voltage divides between the two breaks 
approximately +80 per cent of the crest 
value of line-to-neutral voltage across one 
break and —80 per cent of the crest value of 
line-to-neutral voltage across the other 
break. This fact is only of academic im- 
portance, inasmuch as, should one break 
discharge to the crosshead, the resulting 
voltage across the other break would col- 
lapse to the smaller net voltage across the 
breaker. 

Mr. MacNeill presents some of the early 
history showing several possible appli- 
cations of resistors in shunt with circuit 
interrupters. With values of shunt resist- 
ance in the neighborhood of 3,000 ohms, 
purposes a and b are accomplished as well as 
c, in so far as it applies to the interruption 
of line-charging currents. Aside from the 
reduced recovery voltage and shorter arcing 
times, resistors of this value have practically 
no effect during the interruption of short- 
circuit current, as the small resistor current 
(40 to 50 amperes in this case) is so very 
small, relative to the fault currents which 
flow prior to arc interruption. For all prac- 
tical purposes as far as effects on the system 
are concerned, the fault is removed as soon 
as the resistor enters the circuit. From the 
standpoint of the breaker, the resistor re- 
duces internal energy in spite of the resistor 
current. The delay of two cycles or so in 
clearing this residual current is of no prac- 
tical importance. 

Evans and Witzke have pointed out the 
results of a similar analysis which includes 
the effect of interrupting the residual resistor 
current. While this analysis leads to their 
conclusion that there is an optimum value of 
resistance to be used for their purpose, actu- 
ally thermal and space limitations would, 
from a practical standpoint, generally 
eliminate the lower values of resistances be- 
fore the increase in overvoltages due to the 
small resistance came into effect. Including 
the effects of these factors, it appears that 
the over-all optimum value, from a safe 
operating standpoint, is substantially greater 
than the value obtained by considering 
overvoltages alone. 

Mr. Skeats has pointed out that there is a 
need for analyzing carefully the results of 
field tests so as to arrive at a better under- 
standing of switching surge phenomena, and 
so as to be in a better position to carry on 
and interpret results of miniature-system 
studies. This is a very good point, and the 
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authors agree wholeheartedly with this 
philosophy. 

Mr. Strang has pointed out that these 
resistors are not necessarily required in 
hundreds of installations where high-voltage 
breakers are operating regularly today. 
This is certainly true. Switching over- 
voltages are affected by many interrelated 
factors. High-impedance grounded systems 
are generally more susceptible to the genera- 
tion of high-voltage switching surges than 
solidly grounded systems. Although in 
many cases some benefit might be obtained 
from the use of resistors on solidly grounded 
systems, particularly where single-circuit 
long high-voltage lines are to be switched, 
the need for them would not be so great as 
it would be for similar systems operating 
with high-impedance grounding or with 
neutrals isolated. 

Schroeder and Rietz have shown oscillo- 
grams which enable one to visualize more 
clearly the true nature of switching surges 
involving traveling waves on long transmis- 
sion lines under specific terminal conditions. 
The summary of results obtained in switch- 
ing capacitors is interesting and indicates 
that resistors are helpful in limiting over- 
voltages for this condition as mentioned in 
connection with Figure 1 of the paper. Thus 
the use of shunt resistors in breakers makes it 
possible to switch more capacitive kilovolt- 
amperes at one time than otherwise might 
be desirable from the standpoint of possible 
switching overvoltages. Many applications 
of this principle are being put to use today 
and are playing their part in conserving 
critical war materials, In numerous places 
one breaker with resistors is doing the job 
required of two without resistors. 


Performance Requirements 
for Relays on Unusually 
Long Transmission Lines 


Discussion and authors’ closure of paper 43-37 
by F. C. Poage, C. A. Streifus,; D. M. 
MacGregor, and E. E. George, presented at the 
AIEE national technical meeting, New York, 
N. Y., January 25-29, 1943, and published 
in AIEE TRANSACTIONS, volume 62, 
1943, June section, pages 275-83. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The power-system quantities measur- 
able at a relay location for determining relay 
operating characteristics are difficult to 
classify and present in a systematic manner. 
Many methods may be used for this purpose, 
such as voltage and current quantities, or 
their products as power quantities, or their 
ratios as impedances or admittances. The 
quantities may be expressed in terms of cir- 
cuit constants and synchronous machine 
electromotive forces in magnitude and phase 
position, which would be a fundamental 
approach but which, unfortunately, is 
unduly complex. The authors have selected 
the near-end impedance of the network, 
including the long-line branch, and the 
ratio of near- and far-end bus voltages and 
their displacement angle. This basis is not 
only generally suitable but also is in a form 
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which the power engineer can define readily 
from his knowledge of the A BCD constants 
of the circuit and its power-circle and power- 
angle diagrams. 

The usual method for presenting operating 
characteristics of relays is in terms of volt- 
age and current quantities; this will con- 
tinue to be used in designing and testing 
relays. The method used by the authors 
has the merit of a different approach which 
clarifies some problems and facilitates under- 
standing by some engineers. In addition, 
this method has the advantage of making 
available the solution of problems which had 
been worked out in related fields in con- 
nection with ABCD constants and circle 
diagrams. 

In the derivation of the impedance dia- 
gram from the admittance form, the authors 
make use of the geometric inversion of cir- 
cular loci. This method, well-known to 
geometers, is little known and still less used 
by electrical engineers. While this principle 
has limited application in electrical engi- 
neering, it is likely that there will be other 
instances of its usefulness. f 


D. M. MacGregor (Ebasco Services, Inc., 
New York, N. Y.): This discussion de- 
scribes a relatively simple graphical method, 
which may be used instead of that given in 
Appendix V of the paper, for locating the 


LINE OF CENTERS 
OF IMPEDANCE 


CIRCLES 
ZERO ANGLE IMPEDANCE CIRCLE 
pgnsheee FOR VOLTAGE RATIO 

LINE EQUAL TO ‘R” J 
Figure 1. Graphical method of locating 


points on impedance circle diagrams corre- 
sponding to various values of the angle 5,, 


6;s points on the impedance-circle diagrams. 
This method is based upon the equation: 

y =conjugate of 

= D sin (A—8) + R sin (57s +8) 
D cos (A—8) — R sin (8,5+8) 


tan 


All symbols are the same as in the 
original paper except that the letter R has 
been used to indicate the ratio of the re- 
ceiving-end voltage E, to the sending-end 
voltage Ez. 

It may be shown that the preceding equa- 
tion represents a circle with a radius R 
and its center on the line of centers of the 
impedance circles at a distance D from the 
origin. 

The method of using this expression to 
locate the values of the angle 5,, on the 
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impedance circles is illustrated in Figure 1 
of this discussion: 


1. Lay off the distance D to any convenient scale 
on the line of centers of the impedance circles and 
on the +7 X side of the resistance axis. 


2. Using this point as a center, draw a circle hav 
ing radius equal to R and to the same scale as for 
the distance D. 


3. Draw a zero-angle reference line as shown. 
This line corresponds to 5;3;=0 and is located at the 
angle A degrees counterclockwise from the line of 
centers. 


4. Measure off the desired values of 5,, on the circle 
in a counterclockwise direction from the zero-angle 
reference line. 


The intersection of a line through any 
one of the above points and the origin of the 
impedance diagram with the impedance 
circle of the corresponding voltage ratio R 
represents the impedance value for that par- 
ticular value of 6,5. 

In actual practice, it is unnecessary to 
draw the construction lines on the impedance 
diagram, as it may be done equally well on 
a piece of transparent paper placed over the 
diagram. The final points of intersection 
may be transferred to the impedance dia- 
gram by pricking through the construction 
sheet with a compass point. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is valuable in stressing the 
utility of phase angle between current and 
voltage in fault detection. While some use 
has been made of angle in distinguishing be- 
tween loads and faults in the same direction 
on a line,!»? the angle quantity has not come 
into general use, perhaps because there has 
not been a general need. Individual cases 
have undoubtedly appeared where the 
absence of general knowledge of the phase- 
angle characteristics of loads, swings, and 
faults has prevented exploiting to the full 
this possibility. The present paper will help 
materially to supply this deficiency. 

Some of the past uses of angle may be of 
interest. On the Pennsylvania Railroad? 
trolleys of the electrified zone, the need 
arose for differentiating between a 3,500- 
ampere load which might occur with loco- 
motives at the near end of a trolley and a 
2,000-ampere fault which might occur at 
the remote end. As the trolley impedance 
was 15 times the source impedance, the 
source (substation) voltage dropped but 
little for the remote fault, and thus the im- 
pedances seen by the relay were almost in- 
verse to the currents. The impedance ele- 
ment which was used in this case balanced 
E* against EI cos (@+¢), which is the same 
as E against I cos (@+¢). 6 is the power- 
factor angle and @¢ the relay-adjustment 
angle that determines the maximum torque 
position. This element was adjusted for 
maximum torque with current lagging volt- 
age by the angle that occurs during fault, 
or greater. Thus loads could be carried of 
lower impedance (higher current) than the 
relay setting for faults, if they occurred at 
a higher power factor. 

Another case is the relaying for the long 
line used to supply construction power for 
Fort Peck Dam.? In this case advantage 
was taken of the ability to adjust the high- 
speed impedance element to trip for nearly 


at 
a 


/} 


re 


twice the impedance (half the current) at 


fault phase angle that would be required to 
trip at possible load phase angles. The line 
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ABCD constants were used in developing 
the possible angles of load and fault currents, 
and the impedance relay setting was based 
on the equivalent impedance, B/D. 

The use of impedance circles by the 
authors of the present paper provides a 
unique method of arriving at the relay 
settings and checking the available margins. 
For purposes of visualizing the phenomenon, 
however, the current locus has considerable 
advantage because of the more general famil- 
iarity with this method. For a long line the 
bus voltage is so nearly the same for loads 
and remote faults that the refinement of 
taking it into account is needed only for 
exact settings rather than for visualization 
or determination of the type of relay re- 
quired. 

Assume a long line of 60-degree angle be- 
tween the ends. The triangle formed by 
sending and receiving voltages and the 
line drop is then equilateral, as shown by the 
heavy lines, Figure 2 of this discussion. If 
a fault occurs at the R end, the magnitude 
of the line drop does not change; it simply 
changes 60 degrees to position 2. Full load 
in the reverse direction results in a further 
change of 60 degrees to position 3. The cur- 
rent, J,;, over the line must always be the 
same angle behind the line drop and pro- 
portional to it in magnitude. Thus the 
currents, 7;, for the three conditions are 
60 degrees apart as shown at 1, 2, and 3 
A constant current, J,, must be added to get 
the relay current J, resulting in somewhat 
over 60 degrees between load and fault cur- 
rents at the relay. This shows the need of 
relaying elements having a trip character- 
istic somewhat as shown shaded to segregate 
loads and swings from faults, 

It is apparent that moderate changes in 
the magnitude of Ep or Eg can only slightly 
change the position of the line drop and 
hence of the current. Thus, if the current is 
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Figure 2 


FAULT 
TRIP 


large, it must be about in the position shown. 
If small, it is not sufficient to operate the 
fault-detector element. 

This treatment lacks the precision re- 
quired for actual settings, which the method 
of the paper admirably provides. It is of- 
fered as an assistance in visualizing ‘“‘what 
goes on’, rather than as an alternate 
method of calculations, although, if used 
with judgment, it is frequently adequate for 


Figure 3. Current locus 


O—Origin of vectors 

F—Terminus of fault vector 

Shaded area—Terminus of load and swing 
vectors 
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determining the required angular charac- 
teristics.? 

For other line angles than 60 degrees, the 
current locus can be used to show the pos- 
sible positions of load currents. This plot 
is based on the conception of the current in 
the line as the superposition of two currents. 
One is produced by the sending voltage, 
(with the receiver short-circuited) and is 
labeled J;5 in Figure 3: The other is pro- 
duced by the receiver voltage, Ey (with the 
sender short-circuited) It is Zpr, and is 
opposite to Ips (using the same reference 
direction) if Ep is equal to, and in phase 
with, Es. For other values of Es, Ize 
terminates somewhere in the shaded area. 
As Ep is moved ahead or behind Es, Ize 
moves with it. If Ep is increased or de- 
creased, Ip increases or decreases in pro- 
portion, thus describing the shaded area. 
The total current in the line is the sum, 
I,=I;s+Izr, and is a vector from P to 
some ‘point in the shaded area, depending 
on the magnitude and phase of Er. To it 
must be added a constant charging current 
Tc, 90 degrees ahead of Es, to obtain the 
relay current, I. Thus relay-current vectors 
are from O to F for fault at the remote end 
and from O to points in the shaded area for 
loads and swings resulting in various angles 
between Eg and Ep and various magnitude 
ratios Es/Epr. This illustrates that load 
and swing currents do not fall in the fault- 
current trip region and shows the angular 
margin very well, since the angle scale is 
uniform. 


REFERENCES 


1. PENNSYLVANIA RAILROAD New YorK-WASH- 
INGTON—HARRISBURG ELECTRIFICATION—RELAY 
PROTECTION OF POWER SuPpPLy SySTEM (Induction- 
Type Impedance Relays), E. L. Harder. AIEE 
TRANSACTIONS, volume 58, 1939, June section, 
page 271. 


2. ConstrRucTION POWER FoR Forr Peck Dam, 
E. A. Childerhose. The Electric Journal, volume 
32, February 1935, page 47. 


H. R. Summerhayes (General Electric Com- 
pany, Schenectady, N. Y.): In discussing 
the three papers, 43-37, ‘‘Performance Re- 
quirements for Unusually Long Transmis- 
sion Lines’; 48-38, ‘Protective Relaying 
for Long Transmission Lines’; and 43-39, 
“Staged-Fault Tests of Relaying and Sta- 
bility on Kansas—Nebraska 270-Mile 154-Kv 
Interconnection”, I wish to point out that 
the magnitude of this achievement can be 
realized better by stepping back a few 
years to get a proper perspective and by 
comparing the design of relays to the educa- 
tion of children. 

We have come up a long flight of stairs 
in those years, stopping for breath at the 
landings, and then progressing again. 

Our old relays could feel amperes or volts 
and act accordingly. We had taught them 
to count, in seconds, not cycles. They would 
not always ‘‘co-operate,’’ and we had not 
taught them to ‘‘supervise’’. Perhaps we 
could have taught our relays more if we had 
known more about stability, swing curves, 
and transient conditions, all of which had to 
await modern means of calculation and 
measurement. 

The authors have taught these new relays 
to see and to see so well that they can 
distinguish ohms from mhos and measure 
their size 270 miles away. They also per- 
ceive such things as phase angles, with the 
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aid of carrier current, and they count in 
cycles or split cycles instead of seconds. 

The relays have also been taught to co- 
operate with each other and to supervise, 
and the authors speak of the staged tests as 
determining the physical condition and the 
IQ of the relays—very similar to the tests 
made on children. 

It is evident from the diagrams that the 
relays have at least a working knowledge of 
trigonometry. 

I salute the relay engineers. 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The various authors of these papers are in- 
deed to be commended for their vision and 
imagination in connection with a co-ordi- 
nated scheme of protection and operation to 
make a 270-mile transmission connection of 
genuine value, for their painstaking and 
exhaustive analysis in isolating the more 
difficult parts of the problem for study, and 
for their demonstration of sound engineering 
judgment in building around their studies 
and tests an over-all system of such proved 
worth. The results have made possible the 
supplying of badly needed power for war 
purposes in a relatively short time by the 
most satisfactory method. Many of the 
concepts utilized by the authors should also 
prove of material value in analyzing the pro- 
tection and operation of shorter existing 
lines, so as to make certain that, under 
critical conditions resulting from war, the 
protective equipment does not limit un- 
necessarily the usefulness of major invest- 
ments, Careful studies of maximum power 
ability versus the extent of relay backup 
protection are in order. 

The utilization of an automatic three- 
phase line-grounding switch to provide com- 
plete protection of the transformers without 
the use of high-voltage breakers is another 
example of major savings in cost and in 
critical material by the co-ordinated use of 
protection methods. By permitting faults 
to remain on a transformer some five cycles 
longer, a single-pole automatic grounding 
switch could be used which would reduce 
the shock to the sending end of the system. 
However, this is probably not important in 
this particular application, since the length 
of the line provides a relatively high cush- 
ioning impedance. 

Since carrier-current equipment is re- 
quired for the relaying of the transmission 
line, consideration was probably given to the 
use of a transferred tripping arrangement 
over this channel whenever differential re- 
lays operate, thus avoiding the need for 
other than manually operated three-pole 
grounding switches. I would like to ask the 
authors what considerations led to their 
decision not to use such transferred tripping. 

Since the United States was involved in 
this war, some have maintained that staged 
short-circuit tests should be abandoned for 
the duration, on account of the scarcity of 
materials for repairs or replacements of 
equipment which they conceive might be 
damaged by such tests. These same pro- 
ponents probably would not argue against 
high-potential tests on new cable installa- 
tions but rather would insist that the over- 
all reliability be demonstrated before the 
cable should be trusted as dependable ca- 
pacity. It is, therefore, vitally important 
that, even after all phases of the problem 
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were studied most exhaustively, over-all 
factory tests performed on the relays using 
an artificial line, and adequate low-voltage 
tests of the relay equipment made in the 
field, the authors had the judgment to insist 
on staged-fault tests. The unforeseen diffi- 
culties found and corrected during the 
staged tests are proof of the necessity of 
this final step in assuring over-all dependable 
performance. 


E. A. Childerhose (Jackson and Moreland, 
Boston, Mass.): Calculating relay require- 
ments, protective relaying design, and the 
staged-fault tests of relaying for the 
Kansas—Nebraska 270-mile 154-kv inter- 
connection described in papers 43-37, 43-38, 
and 43-39 are extremely interesting, as they 
substantiate the work done on the Fort 
Peck transmission line (/lectric Journal, 
February 1935, ‘‘Construction Power For 
The Fort Peck Dam’’). These two lines 
are very similar, the Fort Peck line being 287 
miles long, fed by autotransformers and 
operated at 154 kv. The relaying problems 
presented by the earlier line were somewhat 
simpler, because neither power interchange 
nor rapid reclosure was involved. On the 
other hand, it was operated closer to the 
steady stability limit. 

In both instances it was found expedient 
to utilize the differences in line power factors 
existing in normal and fault conditions and 
to use distance-type relays. Of special 
interest are the oscillograms obtained, as 
none were taken during the tests on the 
Fort Peck line. The authors of these papers 
are to be congratulated on the thoroughness 
of their investigation of the problems to be 
encountered before designing the relay sys- 
tem and the operating tests made to deter- 
mine its effectiveness. 

Apparently the same error was made as 
on the Fort Peck scheme when the over- 
current element of the ground relay was con- 
nected originally to the current transformer 
in the tertiary winding of the autotrans- 
former. The oscillograms show that the 
circulating currents in the tertiary winding 
were of shorter duration than those in the 
sending transformers of the Fort Peck line 
which lasted for several seconds. 

During operation of this line it was several 
times de-energized by simultaneous ground- 
relay operation at each end. No satisfactory 
cause for these relay operations was ever 
found. “Apparently it was transient in 
character, for the line could be reclosed 
immediately and would then operate in- 
definitely, without further relay operations. 
It would be interesting to know whether 
similar experiences have been encountered 
on the Kansas—Nebraska line, whether oscil- 
lograms have been obtained for them, and 
whether the cause has been ascertained. 


F. C. Poage and C. A. Streifus: Mr. 
Harder’s explanation of the change in the 
direction of the current vector resulting 
from reversal of power flow from position 1 
to position 3 in his Figure 2 omits the very 
interesting and significant fact that, upon 
reversal of power flow, the receiving-end 
voltage EH, moves counterclockwise from 
the position 60 degrees lagging through 0 to 
60 degrees leading with respect to the F, 
voltage, corresponding to equal power flow 
in the opposite direction. The current vec- 
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Figure 4. Impedance characteristics of Rain- 
bow-Fort Peck relays computed and re- 
plotted from reference 1, Figure 2 


tor J simultaneously swings through almost 
240 degrees counterclockwise, having mini- 
mum value when the two terminal voltages 
coincide at no load and the current is only 
the line-charging current. 

It will be noted that at no time during 
this load change does the current vector 
point in the direction of the “fault-trip area.” 
The area swept over by the current vector 
during load changes through this range cor- 
responds to the impedance values in Figure 
11 of our paper lying on the circle Ly/L x = 
1.0 between the successive values of 60, 30, 
0), 830, and 800 degrees. 

If the sending-end voltage /, is assumed 
to be constant, Mr. Harder’s Figure 3 and 
our Figure 4 are identical, and his points 
O and F are respectively O and O’ in our 
sending-end power-circle diagram, His dis- 
cussion amplifies and supplements the part 
of our paper covering “Current Magnitude 
and Phase-Angle Bases for Relaying.” 

Both Mr, Harder and Mr. Childerhose 
have mentioned the special relays developed 
for the 287-mile Fort Peck—Rainbow 161-ky 
line. Figure 4 shows the approximate char- 
acteristics of the impedance and directional 
elements of those relays replotted on the 
same impedance co-ordinates as are used in 
Figures 9, 11, and 12 in our paper. The ohm 
values are omitted from this figure, because 


we do not know the actual relay settings, 


However, it may be seen that if the tripping 
area is made large enough to safely over- 
reach the far end of the line and enclose 
all the area as designated by B on our 
Figure 12, it is also broad enough to enclose 
some of the no-trip areas D and G in which 
it is necessary to prevent tripping during 
power swings or upon high-speed reclosing 
on an interconnection, 

Since the Fort Peck line relaying was not 
required to meet these service conditions 
but was required to discriminate only be- 
tween steady-state load and short-circuit, 
the relays used were well suited to the job. 


However, if this line were an interconnection _ 


between two systems or between a large 
generator and a system, it is quite probable 
that the relays could not meet the second of 
the six performance requirements for long- 
line relays as given in our paper. 

In concluding this discussion we would 
like to emphasize an idea which is implied 
throughout the paper: namely, in order 
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completely and correctly to correlate relay 
performance and system performance, both 
must be expressed in the same terms and 
plotted to the same co-ordinates. If we are 
to use relays which are responsive to current, 
or to volt-amperes and phase angle, the sys- 
tem performance needs to be expressed in 
terms of inphase and quadrature amperes or 
watts and vars. Similarly, if we are to use 
impedance-type relays which are responsive 
to ohms and angles, then the system per- 
formance also needs to be expressed in ohms 
and angles or in the equivalent rectangular 
co-ordinates of resistance and reactance. 
For transmission circuits the former need is 
met by current-circle diagrams and power- 
circle diagrams which have been standard 
tools of the power system engineer for many 
years. It was to meet the latter need 
brought about by use of the newer imped- 
ance-responsive relays and relay elements 
that the derivation, construction, and study 
of impedance circle diagrams was under- 
taken. 
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Staged Fault Tests of 
Relaying and Stability on 
Kansas—Nebraska 270- 
Mile 154-Kv Inter- 
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Discussion and authors’ closure of paper 43-39 
by C. W. Minard, R. B. Gow, W. A. Wolfe, 
and E. A. Swanson, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, pages 
358-67. 


John G. Holm (Stone and Webster Engi- 
neering Corporation, Boston, Mass.): The 
authors should be complimented on the 
interesting field tests they undertook with 
staged faults on a long transmission line. 
The effect of line faults on the stability limit 
of the line and their correlation with data 
obtained on the network analyzer is of par- 
ticular interest. 

The authors had an unusual opportunity 
in having at their disposal a 270-mile single- 
circuit line equipped with reclosing circuit 
breakers and operating at a voltage which is 
rather low in comparison with the line 
length. It seems to me therefore quite de- 
sirable that some additional data be pub- 
lished, in order to make the stability part of 
the paper more complete and thus permit its 
results to be coordinated with data pre- 
viously published. 

Insofar as the steady-state-stability limit 
of the Kansas—Nebraska line is concerned, 
I was able to check it with some of my own 
data obtained on the a-c network analyzer, 
and I am glad to state that the authors’ 
results and mine are in complete accord. 

I was unable, however, to check or to 
recalculate the transient-stability limits 
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given by the authors. The reason is that 
the authors gave no data on the setting up 
of their system on the network analyzer. 
It would be interesting to know how the 
power stations at the system ends were rep- 
resented on it. Were the synchronous con- 
densers at the system ends represented? 
was there a load at either or both ends of 
the system? Were the generators of normal 
design? What were their transient reactance, 
short-circuit ratio, and intertia? What 
damper windings did they have? It seems to 
me that, with these data on hand, a clearer 
meaning could be found of the transient- 
stability limits of the line studied. 

It appears from Figure 14 of the paper 
thae the field tests and the tests made on 
the network analyzer were made at different 
total breaker reclosing times. Had the two 
types of tests been made at identical breaker 
operating conditions, a check could be 
made between the two methods of investi- 
gation, as well as an assurance that the slope 
of the curve of Figure 14 is correct. This 
would bea point against the statement some- 
times made by engineers to the effect that 
field stability tests and network-analyzer 
measurements do not coincide. 

From the data given in Table I of the 
paper it may be seen that the clearing of the 
same type of fault at either end of the two- 
directional power-flow line, at the same 
total reclosing time in both cases, results in 
practically identical transient-stability 
limits. This reversibility—insofar as the 
transient-stability limit is concerned—is 
worth emphasizing, although it has been 
obtained in one case only. 

It may be a long time before engineers 
will have the unique occasion of having at 
their disposal the interesting type of line 
the authors studied. I think, therefore, 
that it would be very valuable to have at 
this time the additional information dis- 
cussed here. 
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A. E. Frey (Pacific Power and Light Com- 
pany, Yakima, Wash.): The paper by 
Minard, Gow, Wolfe, and Swanson empha- 
sizes the fact that it is possible with proper 
relay and control equipment to secure satis- 
factory operation under exacting conditions. 
It appears from the data presented that the 
new long-line relays, in conjunction with 
carrief-current-control equipment, have 
largely overcome the limitations which were 
apparent a few years ago on similar installa- 
tions. Undoubtedly, the use of carrier- 
current-controlled relaying will come into 
wider use in the future, since with such a 
protective setup proper relaying can be 
secured for almost any operating condition. 
Up to the present time the application of 
carrier-current-controlled relaying has been 
primarily a question of investment and 
maintenance against benefits to be derived 
This factor has been a more or less arbitrary 
figure, which unquestionably has been re- 
sponsible more than anything else in the 
rejection of such protective equipment. 
Recently, certain other factors have come 
to the attention of the operating personnel 
which will probably make the application of 
such equipment mandatory, regardless of the 
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investment or maintenance costs. Of course, 
an added incentive for carrier-current-con- 
trolled relaying exists if part of the carrier- 
current equipment can be utilized for com- 
munication purposes. We presume that the 
Kansas—Nebraska interconnection utilizes 
this dual possibility. 

Present war conditions have made the 
pooling of power resources a vital necessity, 
and in many instances additional tie lines 
and transmission lines had to be provided. 
We feel that such lines should be provided 
with the most suitable equipment, since the 
benefits derived are to the mutual advantage 
of all concerned. Wein the Northwest have 
had a power-pooling arrangement for some 
time,' and the proper relaying on such inter- 
connected systems has always presented a 
peculiar problem, Also during recent years 
government-sponsored power systems have 
come into existence which to a certain extent 
parallel the privately owned systems, Here 
again, the relaying of the interconnections 
have presented problems, principally re- 
sulting from the fact that the older systems 
had to change their relaying methods to con- 
form to the new high-speed requirements. 
Another point which has complicated the 
protective-relaying applications is the fact 
that some of the recently erected tie lines 
had to be put into operation immediately 
after the lines were completed which, of 
course, made it impossible to secure any of 
the data which could be obtained under 
staged-fault conditions. In several in- 
stances lines had to be put in service with 
temporary relay equipment, and subsequent 
analyzer studies indicated that comprehen- 
sive protection for some of these lines would 
call for similar equipment as is mentioned 
in the paper, 

The value of the staged tests described in 
the paper is quite apparent. It is evident, 
for instance, that such items as relay con- 
tact trouble probably would have resulted 
in faulty operation if this condition had 
not been detected during the staged tests, 
There still exists some apprehension in some 
quarters concerning staged tests on power 
systems. We believe that a very convincing 
answer to this is contained in the paper 
which shows that the system disturbances 
were negligible and that apparently no 
damage to equipment resulted. Naturally, 
the expense involved in such tests varies 
with the scope of the investigation, and 
here gain that intangible factor of cost versus 
benefits derived enters into the matter, 

The resultant action of the relay and con- 
trol equipment during fault conditions is 
shown clearly on the charts under Figure 9 
of the paper. It is interesting to note in 
this connection that the flow of megavars 
was unidirectional during all tests. While 
the authors state that the agreement be- 
tween the analyzer studies and the field-test 
data, with respect to the transient-stability 
limits, was reasonably good, we find by 
examining Figure 14 that for 21-cycle clear- 
ing time the theoretical studies predicted a 
limit of 46-24 megawatts, whereas the test 
values at 24'/.-cycle clearing time gave only 
30 megawatts. Also the data in Table I 
show that for a fault in Nebraska the Kansas 
relays energize the oil-circuit-breaker trip 
circuit in 1-2 cycles, whereas on the other 
hand for a fault in Kansas the Nebraska re- 
lays operate in 38-31/, cycles. Since the re- 
lay terminal equipment appears to be 
identical, we are somewhat interested in this 


dissimilarity. While the paper does not 
specifically mention this point, we assume 
that the reclosing relays operate on the 
three-reclosure principle before locking out. 
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C. N. Hawley (Nebraska Power Company, 
Omaha, Nebr.) and H. E. Margrave (Kansas 
Gas and Electric Company, Wichita, Kans.) : 
Since the actual operation of long lines is a 
comparatively recent contribution to the art 
of electric-power transmission, the authors 
have presented a timely and practical paper. 

The comprehensive manner in which the 
staged-fault tests were made is indeed ap- 
preciated by those who are directly con- 
cerned with the operating behavior of the 
systems involved. With such testing com- 
pleted before normal operation was started, 
the usual period of expectancy for some un- 
foreseen condition to appear was brief. A 
confidence was developed quickly that 
Qperating results would be as planned. 
The interconnection has been in service for 
approximately six months now with regular 
schedules of power transfer, and, although 
only one tripout due to line fault has oc- 
curred, we have no reason to feel that pro- 
tective relaying or other equipment will not 
function properly when required. 

The automatic-reclosing features of the 
terminal breakets are controlled by opera- 
tion selector switches. These selectors may 
be set to operate for any one of the following 
movements: 


1. Manual or nonautomatic. 
2. One initial reclosure in zero seconds (approxi- 
mately 21 cycles) and one subsequent reclosure as 
predetermined by timer setting. 


3. Automatic synchronizing only, no other re- 
closures. 


4. Reclosures on de-energized line at intervals as 
predetermined by timer or automatic synchrenizing 
on energized line as the case may require. 


Initial reclosure in zero seconds (21 cycles) 
is also provided in this setting. 

The normal setting now in use of selectors 
at both terminals is that described in item 4. 
Timers are set for subsequent reclosures 
with staggered timing in order to maintain 
right of way as to line trials or autosyn- 
chronizing as the case may be. 

When line trips out, both terminal break- 
ers close in 21 cycles or before systems fall 
too far out of synchronism. If this trial 
fails, terminal 1 tries line, and, if line 
holds, terminal 2 automatically synchro- 
nizes; however, if line does not bold, then 
terminal 2 in its turn, as determined by timer 
for de-energized line, tries line. If it holds, 
terminal 1 then takes over with autosyn- 
chronizer. In other words, the timers are 
in control when line is de-energized, and 
autosynchronizers when line is energized. 
With this setup, one attempt is made at 
initial reclosing before systems fall out of 
step, and two reclosures are made, one from 
each terminal, before lockout condition is 
obtained. If lockout occurs, system dis- 
patchers take over, or, in case of communica- 
tion failure, emergency instructions are pro- 
vided so that terminal operators may pro- 
ceed according to conditions as indicated. 
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Fifteen thousand kilovolt-amperes in 
shunt reactors consisting of three 5,000-kva 
units are provided at each terminal and are 
likewise controlled automatically as a 
normal condition. Over- and undervoltage 
relays are employed to bring reactors on, 
in case voltage becomes too high, or to 
bring them on, if line becomes de-energized. 
Predetermined time delay is provided in 
both cases. Regardless of whether reactors 
are in on or off position as may be normally 
required to control system voltage and re- 
active properly, they are set for auto- 
operation as previously mentioned. 

To date, several faults have occurred on 
the systems immediately adjacent to the 
interconnection, with results that special 
relays properly observed condition and pre- 
vented tripping of line. 


H. R. Summerhayes: For discussion, see 


page 423 


W. R. Brownlee: 
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For discussion, see page 


E. A. Childerhose: 
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For discussion, see page 


C. W. Minard, W. A. Wolfe, and C. A. 
Streifus: The authors and those associated 
with the design and testing of the relays are 
appreciative of the complimentary remarks 
by the several discussers of this paper and 
of the interest shown in this subject. 
Especially do we wish to thank H. R. 
Summerhayes for his contribution which 
humanizes a highly technical subject. 

We are unable to include here all the data 
requested by Mr. Holm. In the analyzer 
studies the systems at the ends of intercon- 
nection were set up in detail, including loads 
and other interconnecting systems, using 
conventional methods.  Direct-axis tran- 
sient-reactance values were used to repre- 
sent internal impedances of machines. No 
account was taken of damper windings. Be- 
cause of the limited number of generator 
units available on the analyzer, synchronous 
condensers were not represented dynami- 
cally except in special cases. 

Because the network-analyzer studies 
were made for the purpose of determining 
the best of several alternate arrangements of 
equipment and circuits before the intercon- 
nection was designed and built, it was pos- 
sible to find, among all of the transient- 
stability studies made, only four which can 
be considered representative of the inter- 
connection as actually constructed. All of 
these are plotted on Figure 14 of the paper. 
The general slope of the boundary curve 
M-N was established from other studies 
made on a two-machine basis and confirmed 
by further analyzer studies made under dif- 
ferent operating and fault conditions. The 
curve theoretically should intersect the zero- 
time axis at the load representing steady- 
state stability and should coincide with the 
zero-load axis at extremely long switching 
times. Further refinement in locating this 
boundary line M- N is hardly warranted be- 
cause of the large number of combinations 
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of load and generation affecting stability /’ 


which are possible in actual operation on the 
interconnected systems. 

Some of the network-analyzer studies. 
showed that the interconnection might have 
different transient-stability limits, depend- 
ing upon direction of power transfer in the 
interconnection. However, these particular 
studies were made under conditions which 
were not represented in the staged-fault 
tests. In the present systems and during 
the staged-fault tests the inertias of the two 
systems are nearly enough equal to give 
very little difference in performance as the 
result of reversal in power-flow direction. 

We believe that Mr. Frey, has misinter- 
preted the data represented by the 46- and 
24-megawatt points in Figure 14. These are 
loads at which specific tests were made. 
Under one of these conditions the systems 
were stable, and at the other they were un- 
stable. The curve M-N which represents 
the approximate boundary between stable 
and unstable conditions lies between these 
two values. The differences between trip- 
ping and reclosing times at the two ends of 
the circuit, noted in Table I, are due to 
operating characteristics of the breaker and 
relays as set at that time. Most of these 
differences have since been removed, by 
resetting the relays and readjusting the 
breakers. The communication feature of 
the carrier-relay sets is used only for testing 
purposes and in case of outage on the 
separate carrier-current communication 
channel. The automatic synchronizing and 
reclosing features mentioned by Mr. Frey 
are reviewed very completely in the discus- 
sion by Hawley and Margrave. 

The three-pole spring-operated grounding 
switch discussed by Mr. Brownlee is a part 
of the line air-break switch installed for 
safety reasons to permit short-circuit and 
ground protection during line work. The 
additional cost to add the trip-coil-actuated 
spring-closing mechanism was small com- 
pared with the cost of additional transfer 
trip equipment for the carrier-current chan- 
nel, and the simplicity of this scheme was. 
decidedly in its favor. It is not dependent 
upon the operation of any remote apparatus. 
or any communication channel. Also it was 
desirable to relieve the carrier-relay sys- 
tem of this function so that the channel 
might be used later in more essential services. 
Since the transformer differential relays: 
which operate the ground switch also trip: 
the main terminal breaker which in turn 
opens the near end of the line before the 
slower-acting ground switch can close its 
contacts, there is no shock to the near sys- 
tem, and the effect on the far system is small’ 
as demonstrated in the two tests of Group: 
Lf. 

Experience cited by Mr. Childerhose of 
the Fort Peck line tripping out during 
normal operation by ground relays has not 
been duplicated on the Kansas—Nebraska 
interconnection. As explained in the paper, 
circulating currents in the tertiaries were 
higher than anticipated with the intercon- 
nection energized from one end only, and 
for that reason ground-relay connections had 
to be changed. Oscillograph records of 
these ground currents were obtained, but 
since the difficulty which they caused has 
been eliminated, no further study of these 
has been made. 
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Protective Relaying for 
Long Transmission Lines 


[Discussion and author's closure of paper 43-38 
by A. R. van C. Warrington, presented at the 
AIEE national technical meeting, New York, 
N. Y., January 25-29, 1943, and published 
in AIEE TRANSACTIONS, volume 62, 
1943, June section, pages 261-8. 


H. R. Summerhayes: For discussion, see 


page 423. 


W. R. Brownlee: 
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For discussion, see page 


E. A. Childerhose: 
page 424, 


For discussion, see 


A. R. van C. Warrington: The question was 
raised as to whether this scheme of relaying 
could be applied to shorter lines. The 
scheme was developed to overcome the in- 
effectiveness of the standard impedance- 
type fault detectors on very long lines, but 
it can be applied to any line down to two 
ohms secondary-phase to neutral impedance 
(somewhere around 20 miles at 115 kv) with 
the present relays, though it would be pos- 
sible to modify the relay to cover shorter 
lines. 

During an out-of-step condition it is 
generally desired to separate the system 
only at a predetermined point, such as the 
electrical center. This can be arranged by 
giving the out-of-step ohm units a higher 
impedance setting at the breakers chosen. 
With equal settings the relays nearest the 
electrical center will trip first. Further- 
more, only one breaker trips (the one at the 
leading end) which facilitates reclosing and 
provides a distinction between out-of-step 
tripping and fault tripping. 

The out-of-step tripping feature can be 
used with ordinary high-speed relays for 
precision control of the line loading. The 
CEX ohm units can be connected in series 
with protective relays and set to trip when 
the power flowing through the line exceeds 
the stability limit. 


Field Disturbances Produced 
by Lightning 


Discussion and authors’ closure of paper 43-46 
by G. D. McCann and D. E. Morgan, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 345-57. 


E. A. Evans (General Electric Company, 
Pittsfield, Mass.): In Figure 2 of the paper 
several typical ground-gradient records ob- 
tained by Wilson! are shown. The con- 
cept of an exponential increase in the 
electrical field at the ground as a thunder- 
cloud becomes charged, followed by a 
sudden decrease in the field when a stroke 
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Lightning striking in foothills of 
Colorado Rockies 


Figure 1. 


occurs, as shown in some of the illustrations, 
is familiar to most lightning-minded engi- 
neers. The fact that the field frequently 
increases in magnitude substantially at the 
instant of a discharge and then slowly de- 
creases over a period of seconds, as shown 
in Figure 2b, right chart, of the paper is not 
so familiar. 

I first experienced this type of field change 
several years ago while inspecting a United 
States Forest Service lookout on Elden 
Mountain near Flagstaff, Ariz. A thunder- 
storm passed near the lookout causing 
corona from the sheet-iron roof. It was 
surprising to find that on a number of occa- 
sions the sound of the corona did not in- 
crease suddenly and then as suddenly cease 
when a stroke occurred, followed by a 
gradual increase in strength as the cloud 
charged up again. Instead, it increased 
strongly at the instant of a stroke and 
gradually decreased in strength over a pe- 
riod of several seconds until another stroke 
occurred. The sequence was then repeated. 

Later that year during extensive ob- 
servations on lightning at Devils’ Head 
Lookout, Colo., the previously described 
sequence of field changes was indicated 
frequently by the sound of corona from the 
protective system, railings, and flag pole. 
Sound observations were confirmed by 
measurement of the discharge current from 
a fine wire. 

This type of field increase should be ex- 
pected not only for the condition of Figure 
2b right, of the paper, but also at the 
ground beneath or near any region of 
charge concentration which does not dis- 
charge when a stroke occurs from a nearby 
concentration of charge of opposite polarity. 
This condition can be expected fairly fre- 
quently, because there are usually several 
discharge centers? in one storm. Inspec- 
tion of a thunderstorm from a distance will 
usually show several violent convection 
systems. Each of these should have at 
least the minimum number of regions of 
positive and negative charge concentra- 
tions shown in the idealized illustrations of 
the paper. 

These sudden increases in field near cen- 
ters of charge can set off discharges? from 
one or more of the centers. On numerous 
occasions in Colorado, Idaho, and Massa- 
chusetts, such discharges have been seen to 
occur nearly simultaneously from two or 
more centers at once. The chance that the 
charge in each center built up to a value 


Discussions 


© Edmund A. Evans 


necessary to start independently a stroke 
at the same instant is fairly remote. 

As the authors indicate, cloud height has 
been considered a factor in determining the 
relative proportion of cloud-to-cloud and 
cloud-to-ground discharges. Ina report on 
the observations at Devils’ Head, I stated, 
“When a majority of discharges were cloud 
to cloud, the charge frequently appeared 
to be concentrated considerably higher 
within the cloud than was indicated in 
storms in which the discharges were pre- 
dominately cloud to ground.” 

Observations have also indicated that, 
in many storms in which cloud-to-cloud 
discharges predominated, charge concen- 
trations of opposite polarity occurred fairly 
close together. The distance between them 
depends on the characteristics of the con- 
vection system or systems causing the 
charge separations. These characteristics 
may vary over wide limits from storm to 
storm and at different periods in the life 
of the same storm. It appears probable 
that the proximity of charge concentrations 
of opposite sign within the cloud is a more 
frequent cause of cloud-to-cloud discharges 
than the favorable distance relationships 
brought about by increases in the height of 
the cloud base above the ground. 

Concerning the distance from the ground 
terminal of a stroke at which substantial 
field changes can occur, evidence on this was 
obtained on the occasion previously men- 
tioned from corona demonstrations and 
from photographs. On a number of occa- 
sions, strokes up to four miles from the 
lookout caused audible corona demonstra- 
tions. Since the elevation at Devils’ Head 
is 9,348 feet, the gradient necessary to cause 
corona is only approximately 75 per cent of 
that at sea level. Based on the strong 
corona demonstrations there, however, it 
appears probable that corona discharges of 
somewhat lower magnitude may occur even 
at sea level for considerable distances from 
the ground terminal of the stroke. On one 
occasion, a stroke to ground occurred ap- 
proximately one-half mile from the light- 
ning observatory at Pittsfield (elevation 
about 1,100 feet) as I was climbing up to it. 
Sharp corona was heard. Normally, the 
noise of lightning-recording equipment 
would prevent corona being heard within 
the observatory. 

That substantial field changes can occur 
at large distances from the ground terminal 
of some strokes is evident from Figure 1. 
The visible length of the discharge channel 
along the cloud base was between 2.5 and 
3.5 miles. The height of the cloud base 
above ground was 5,600 feet plus or minus 
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Figure 2. Lightning stroke from the upper 
regions of a thundercloud to ground 


600 feet. (It was possible to determine 
the height of the cloud base more accurately 
than the length of the discharge along it, 
because the latter was not exactly at right 
angles to the line of sight of the camera.) 
It is very probable that substantial changes 
occurred in the electrical field at the ground 
beneath this stroke for distances somewhat 
greater than the length of the discharge 
channel. Figure 1 represents one com- 
plete discharge, which was probably mul- 
tiple. Film was changed immediately be- 
fore and after the discharge. Other photo- 
graphs were obtained in Colorado and Idaho 
showing discharges along the cloud base 
which were of the same order of length. 

In discussing the polarities of discharges, 
the authors mention the possibility of 
strokes from the upper positively charged 
regions of thunderclouds to earth. In 
Figure 2 is shown such a discharge which was 
obtained at Pittsfield, Mass. At the time, 
a very large storm cloud was passing ap- 
proximately 20 miles north of Pittsfield, 
while a smaller cloud from which no dis- 
charges were seen was passing about seven 
miles north of the city. When this picture 
was obtained, a time exposure was being 
made to record some small discharges visible 
near the top of the larger cloud. Suddenly, 
the stroke shown occurred from the upper 
regions of the cloud to ground. To those 
who did not see the stroke, some doubt 
may arise as to its having gone to ground, 
because a portion of the stroke was hidden 
behind the nearer cloud. I was looking 
directly at the stroke and am absolutely 
certain that, with the exception of minor 
discharges within the cloud which illumi- 
nated it several times before the cloud-to- 
ground stroke, the entire discharge shown 
was one stroke and went to ground. This 
is the only picture of such a discharge of 
which I am aware. If our present concept 
of charge distribution in thunderclouds is 
correct, this stroke was positive. 
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G. D. McCann and D. E. Morgan: It is en- 
couraging to hear from E. A. Evans of his 
experiences with the various types of field 
changes reported in our paper, particularly 
the type consisting of an increase in magni- 
tude, substantially at the instant of the dis- 
charge, and a subsequent slow decrease over 
a period of seconds. There is little doubt 
that this type of a field change may result 
from many conditions which arise in actual 
thunderclouds. As Mr. Evans points out, 
contrary to the ideal assumption, there are 
usually many charge generation centers. Of 
this type of field change one general con- 
clusion may be drawn; the field change is 
always opposite in sign to the discharge 
which produces it. 

It is obviously true that both cloud height 
and the distance between charge centers are 
factors regulating the proportion of strokes 
to ground and strokes between cloud-charge 
centers. Probably relations could be ob- 
tained between all three of these variables: 
that is, cloud height versus proportion of 
strokes to ground, distance between charge 
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centers versus proportion of strokes to // 


ground, and cloud height versus distance 
between charge, centers. However, for 
statistical studies, distance between charge 
centers cannot be measured readily, and 
this leaves only the relation between cloud 
height and proportion of strokes to ground 
which can be actually related. ; 
Mr. Evans states that his picture of a 


‘stroke from the top of a cloud to ground is. 


the only one of which he is aware. Figure 
83 shows a discharge of this type photo- 
graphed by D. D. Clark of Kansas City. 
This was taken with a 16-millimeter motion- 
picture camera with the shutter and claw 
removed. The lightning stroke then con- 
stitutes its own shutter, and the uniform 
motion of the film imparts the time element. 
Because of the type of recording camera, the 
film is small, and the cloud definition is not 
clear. However, Mr. Clark based his 
statement that this was a stroke from the 
top of the cloud to ground on simultaneous 
visual observation as well as on the photo- 
graph as does Mr. Evans. It is interesting 
that this is a multiple-component stroke in 
which all the components follow either one 
or both of the two streamers extending from 
the cloud top, thus indicating that they are 
all of positive polarity. This is a current 
condition that is not known to have ever 
been recorded. However, the first com- 
ponent shows an additional horizontal 
streamer tapping charge from the lower 
portion of the cloud which may be of either 
polarity. 


Generation of Electric 


‘Charges by Moving 
Rubber-Tired Vehicles 


Discussion and authors’ closure of paper 43-50 
by S. S. Mackeown and Victor Wouk, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, vol- 
ume 62, 1943, May section, pages 207-10. 


Ernst Weber (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): It is not 
quite clear why the authors should consider 
that the potential difference created be- 
tween car body and road pavement when 
the car is in motion should be entirely due to 
conduction current flowing through the re- 
sistance of the tires. The fact is that a 
potential difference must be created first 
before a conduction current can appear any- 
where. In the rubber-tired vehicle this 
potential difference can be created only by 
redistribution of electric charges, and, since 
any known insulator has a finite though small 
conductivity, a certain “insulation” current 
will try to neutralize the potential difference | 
which, however, is maintained by the con- 
tinued friction of the tires. 

The equivalent circuit of the car in motion 
as given by the authors in their Figure 5, is 
not complete; the complete simple equivalent 
circuit of a car moving on a highway must be 
as shown in Figure 1 of this discussion. The 
current J is the frictionally created convec- 
tion current on the rear rubber tires on which 
the driving torque is exerted and where, 
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Figure 1 


therefore, the maximum friction occurs in 
driving. If the notation of the authors is 
used, R, denotes the surface resistance of 
two tires in parallel to ground and R, the 
resistance of two tires in parallel to the 
wheels. Cy is the partial capacitance be- 
tween two rubber tires and the wheels and 
car body, across which the electrostatic 
induction of potential takes place. C is 
finally the capacitance of the car body to 
ground (road pavement). 

Now, the authors find currents [,, of dif- 
ferent values under different conditions, 
which is as one would expect. But in order 
to judge the voltage that might be created 
between car body and pavement, it would 
be necessary, in the interest of safety, to 
consider the maximum values actually 
found. In this respect, certain inconsis- 
tencies occur which need explanation: 


1. Assuming arbitrarily an injected current of 
I=8X10~ ampere, the authors obtain a value of 
(Rw+Rg) =1,325 megohms from their curve, Fig- 
ure 4, taken on the dynamometer stand. On the 
other hand, in their conclusion they quote a value of 
insulation resistance for vehicles with four tires in 
parallel, of 310° ohms, so that one must conclude 
(Rw+ Rg) =6,000 megohms for only two tires in 
parallel. With the measured current J y= 
1.74X10~¢ ampere at 40 miles per hour from Figure 
4, this leads to a voltage 


(Rw+ Ry)I =10,440 volts 


as at least a possible if not a better value than 3,000 
volts assumed by the authors. In fact, this is ex- 
actly the same value that R. Beach! found by direct 
measurement of voltage for normal inflation of the 
tires, as shown in his Figure 4, 


2. Since in Figure 2 the authors plot current values 
which, by their own admission, are almost twice as 
large as the ones obtained in Figure 4, a further 
correction should be made, bringing the maximum 
possible voltage at 40 miles per hour car speed to 
10,440 X3.3/1.74 =19,800 volts. 


3. A certain amount of frictional charge must also 
be produced by the front tires, which will superim- 
pose an additional current J’ through the front wheel 
resistance Rg, thus increasing the potential difference 
to ground by a value of J’Rg. One might argue 
that part of the current might flow back over the 
path of J» and reduce the potential difference, but, 
since J as measured already includes that effect, 
this would not be a serious argument. 


4. Still larger values of current J» were measured 
on the road as given in Table I of the paper, if one 
were to use Figure 2 and from there to extrapolate 
to 40 miles per hour car speed. 


5. It follows, then, that the computations con- 
cerning minimum sparking potential and ignition of 
combustible mixtures are wholly inadequate. 


REFERENCE 


1. Sratic Evecrriciry ON  RuBBER-TIRED 
Veuicies, Robin Beach. Electrical Engineering, 
volume 60, May 1941, pages 202-08. 


Robin Beach (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): The approach 
to this subject of electrification of moving 
rubber-tired vehicles by the method of 
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measuring the currents resulting from the 
voltages that are generated at the tire 
treads is unique and interesting, and the 
authors are to be congratulated for their 
contribution to this field of science. 

Because of the high-voltage electrification 
of moving rubber-tired vehicles, they have 
long been considered potential sources of 
hazards to safety. What hazards there are 
would presumably fall under two general 
classifications: 


1. Shocks to people. 
2. Destruction of property. 


The latter would result from fires and ex- 
plosions catised by the ignition of inflam- 
mable mixtures of air with gases or vapors. 
If these potential hazards to life and prop- 
erty were not present, obviously there would 
be no problem. Clearly the fundamental 
factors which influence the degree of haz- 
ards created by an electrified vehicle are: 


1. The magnitude of the potential of the car body 
above ground. 


2. The capacitance of the car body with respect to 
ground, since this together with the voltage deter- 
mines the quantity of the stored electric charge. 


3. The duration of the electrification on the vehicle 
after it comes to a stop. 


4. The properties of jump-spark discharges evalu- 
ated in terms of threshold energy and voltage to 
cause the ignition of inflammable products. 


The paper under discussion attempts to 
prove, by the analysis of an assumed equiva- 
lent circuit diagram that 


1. Voltages higher than 3,000 or 4,000 volts can- 
not be generated on car bodies. 


2. Electrification cannot remain on a car body 
more than a few seconds after the vehicle comes toa 
stop. 


3. Inflammable products, such as combustible 
mixtures of air and vapors, cannot be ignited by 
the sparks from a charged vehicle. 


4. The voltage of the car body to ground is prac- 
tically eliminated by the use of so-called conductive- 
rubber tires. 


Let us consider in sequence each of these 
four claims. 

1. From innumerable voltage tests, 
taken both on the highway and on chassis 
dynamometers, with approximately 200 
vehicles, including pleasure cars of various 
sizes, types, and weights, panel-body trucks, 
and dump trucks, largely from the auto- 
motive fleet of the Brooklyn Edison Com- 
pany, the writer has commonly measured 
voltages of the order of 10,000 to 15,000 
volts from car body to ground. On one 
road jtest a value of 20,000 volts was 
measured on a lightweight pleasure vehicle 
operating on an asphalt highway at about 
45 miles per hour. 

Little difference in voltage readings was 
discovered, whether the vehicles were oper- 
ated on dynamometers or on the roadways. 
In the latter tests, one terminal of the elec- 
trostatic voltmeter was connected perma- 
nently to the car body, while the other ter- 
minal, insulated from the car body, was 
grounded by being connected to a chain 
which was dragged in car tracks. In other 
instances, while the same vehicle was 
being used on the same highways during 
the same periods of test, the chain was 
dragged on the roadway surface rather 
than in car tracks. In fact, careful experi- 
ments were conducted to establish the 
equivalence of voltage tests on highways 
with voltage tests on the dynamometer, as 
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it was recognized from the start that con- 
ditions as found on highway operation were 
the criteria of comparison, and that dyna- 
mometer testing could be used, as a con- 
venience, only provided the results closely 
approximated those of the highway tests. 
This was found to be true. 

Many repetitious voltage tests proved 
conclusively that the magnitude of the volt- 
age of the vehicle to ground was a direct 
function of the per-unit loading of the tires, 
increasing markedly with increases of tire 
inflation for a given speed or, at a given tire 
inflation, with increase of car load, as for 
instance with large increases of loads on a 
dump truck. In each case, the number of 
pounds per square inch of tire surface in 
contact with the roadway was increased. 
Patterns of these contacting tire areas were 
recorded by carbon imprints and plani- 
metered, and wheel weights were measured, 
from which data the unit tireloads were calcu- 
lated and thereafter related with the resulting 
increases of voltage for a given speed. The 
relationship thus found gave strong support 
to the validity of the theory of “contact dif- 
ference of potential’’ as the principle under- 
lying voltage generation at tire treads. 

2. The authors state that the charge on 
an electrified vehicle will be dissipated in a 
few seconds after the vehicle comes to a 
stop. On one of the most humid days in 
August, 1941, the writer was called to the 
Socony Company bulk filling station in 
Brooklyn to test the electrification of a par- 
ticular 2,000-gallon gasoline-tank truck. 
After a 100-yard run around the filling racks 
in the plant, the truck was brought to a 
stop and the voltmeter terminal quickly 
connected to the truck, the other terminal 
having been previously grounded. The volt- 
age was found to be 3,200 volts. This 
voltage gradually decreased to about 500 
volts during a period of two minutes. The 
run was then repeated with a conductor 
dragging on the ground from the chassis. 
About the same initial voltage was meas- 
ured, and the same time within five seconds 
was required for its dissipation. 

Similar tests have been made repeatedly 
during more favorable periods for the pro- 
duction of high electrifications, and in many 
instances of a highly charged vehicle at 
standstill, only a few per cent decrease in 
voltage was experienced after periods as 
long as 20 to 30 minutes, and in some of 
these tests skid chains had been draped over 
the rear bumpers so as to drag on the road- 
way. From such tests clear evidence was 
provided as to the futility of the use of drag 
chains on gasoline-tank trucks as a means of 
keeping them discharged. Also instances 
are known where mechanics have been 
thrown to the ground by shocks received 
from touching parked gasoline trucks, even 
as long as two hours after the electrified 
trucks were parked near the filling racks. 
Two cases are known to the writer, one here 
in New York City and the other near Boston, 
where shocks of such severity were received 
by two men while boarding busses, that 
their deaths ensued shortly afterwards. 

A few people, who have obviously had no 
experience in this field of investigation, have 
advanced the explanation for the existence 
of the high voltages on rubber-tired vehicles, 
both while operating and at standstill, as 
the effect of the electric-field gradient at the 
earth’s surface which exists normally at a low 
voltage, although sometimes at high values 
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as the result of induction from nearby charged 
clouds. It is known that fair-weather 
ground field gradients reach a maximum 
value of about 200 volts per vertical foot, 
which could lead to the possible existence 
of about 1,000 volts to ground for passenger 
cars. On city streets, however, sheltered 
electrostatically as they are by adjacent 
steel-framed buildings, even this low voltage 
could not exist. If a high ground gradient 
from a charged cloud existed on an electro- 
statically unsheltered highway, obviously 
this effect of ground gradients could not ac- 
count for the almost linear variation of the 
generated voltage from car body to ground, 
on a road test starting from zero voltage at 
zero speed to the high voltages of 10,000 
to 15,000 volts at high speeds. If at stand- 
still, a high voltage from the car body. to 
ground, as measured by an electrostatic 
voltmeter, was caused by a high electrostatic 
ground gradient, then this voltage would re- 
establish itself again directly after the car 
body was grounded. Innumerable tests by 
the writer have disproved that the high 
electrification remaining on cars which have 
come to standstill results from the effect of 
ground gradients. While it is conceivable 
that, in an isolated instance, an electrified car 
body could discharge at standstill under the 
influence of a high ground gradient—a con- 
dition which can be determined readily—yet 
it is most improbable that this effect could 
occur repeatedly in road tests which were 
taken on different days and particularly 
under fair weather conditions. 

3. In the conclusion of the paper under 
discussion, the authors state that a con- 
denser of 750 micromicrofarads had to be 
charged to several thousand volts to produce 
a spark capable of igniting a combustible 
mixture of gasoline vapor and air. In 
Circular C-438 of the National Bureau of 
Standards, “Static Electricity’, by F. B. 
Silsbee, the statement is made that the 
jump-spark from a capacitor of 72 micro- 
microfarads charged to 5,250 volts, thereby 
delivering an energy of only 0.001 joule, 
produced the ignition of an inflammable mix- 
ture of gasoline vapor and air. 

Obviously rubber-tired vehicles, which 
may range in capacitance from below 500 to 
over 1,500 micromicrofarads, and which 
may be commonly charged at the time of 
coming to standstill to voltages in the range 
of 10,000 to 15,000, constitute potential and 
dangerous sources of ignition of inflammable 
vapor mixtures and gases. In such cases all 
that is required for the initiation of a fire 
or an explosion is the synchronized timing 
of the spark, the presence of the proper 
ingredients for an explosive mixture, and 
their correct proportioning within the limits 
of combustibility. Doctor Silsbee also 
states that hydrogen has been ignited by as 
little as 2K 107 joule at 1,300 volts. 

4. The writer has had no opportunity to 
test conductive rubber tires, and hence he 
can express no experimentally supported 
statement. But since the resistance of 
concrete pavement appears, from what 
measurements have been made, to be, at 
least, two or possibly three orders of magni- 
tude higher than the resistance of the con- 
ventional rubber tires as were measured by 
the authors, the writer would expect little 
success with conductive tires as a means of 
reducing the voltage generated on moving 
vehicles. Even the authors’ own equivalent- 
circuit diagram of Figure 5 would support 
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this expectation. 


If the resistance through 
the pavement to ground is, say, two orders 
of magnitude larger than the series resistance 
R,, then the value of R,, whether it be the 
value, 310%, as given by the authors, or 
even approximately zero, could only affect 
the high resistance of this circuit, as shown 
in Figure 5, to the extent of about one per 
cent. Hence, whether the rubber tires were 
conductive or otherwise would not be ex- 
pected to have any appreciable effect in 
reducing the voltage generated on moving 
vehicles. 

The solution of this problem of the genera- 
tion of voltage on rubber-tired vehicles is 
retarded by the property of extremely high 
resistivities of roadbeds, as they are con- 
structed at present—using concrete and 
asphalt compounds. Also the contact resist- 
ance between the tires and the roadway 
has never been investigated and this may be 
of a very high order. Soin the absence of a 
solution to the problem, the best that can 
be done under the circumstances is to recog- 
nize the probable presence of a hazardous 
condition of high voltage and relatively 
large storage of electric charge on the vehicle, 
and to take the necessary precautions 
against possible shocks, fires, and explosions 
from the vehicles after they come to stand- 
still. 


S. S. Mackeown and Victor Wouk: The 
discussions by Professor Beach and Pro- 
fessor Weber call for certain comments. 

We too have measured the voltages de- 
veloped by a car mounted on a dynamome- 
ter. Our results showed, however, that the 
determination of the currents generated 
was more fundamental and gave more con- 
sistent results. The potential that a car 
acquires is determined not only by the cur- 
rent produced at the contact of the tires 
and the road, but also by the resistance of 
the tires. The resistance of the tires varies 
greatly from time to time, and it is difficult 
to obtain results consistent enough to make 
any general deductions. Our measured po- 
tentials check approximately with those 
determined by measuring the current. 

The following comments refer to the num- 
bered paragraphs in Professor Beach’s dis- 
cussion: 

1. The potentials we measured and cal- 
culated for an automobile running on a 
dynamometer are considerably lower than 
those measured by Professor Beach. We 
know of no explanation for this difference 
except that our work using the dynamome- 
ter was done in the evening when the 
humidity may have been relatively high, 
aud consequently the resistance of the tires 
was lower than in the daytime. We found 
a small increase in the current generated 
when the pressure in the tires was increased. 
This compares with Professor Beach’s re- 
sults which show marked inerease in the 
measured voltage with increase of tire in- 
flation. The reason for this difference may 
be that our results are relatively independent 
of the resistance of the tires, whereas the 
measured potential will depend on this re- 
sistance, As the pressure in the tires is in- 
creased, there is less heating of the tire, and, 
consequently, the resistance of the tire will 
increase with increase of tire inflation. We 
agree with Professor Beach that the current 
generated is due to contact differences of 
potential, but we do not find that this cur- 
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tion or load. ; 

2. Professor Beach finds instances in 
which the potential of the car at standstill 
decreases only a few per cent after periods as 
long as 20-30 minutes. We have found no 
such cases. In working with the car not 
grounded on the dynamometer, a severe 
shock would be obtained if the car were 
touched when the rear wheels were turning. 
(With the conducting mixture on the tires, 
however, no shock was ever obtained). 
However, with the normal tires, in a few 
seconds after the wheels were stopped, no 
shock was felt on touching the car. A volt- 
meter connected to the car showed a steady 
decrease in potential of the car, as the speed 
of the wheels was decreased, and showed 
substantially no potential difference between 
the body of the car and ground a few seconds 
after the wheels stopped turning. 

Common experience indicates that a car 
or a bus brought to a standstill does not con- 
tinue to be at a high potential. It is very 
seldom that a person boarding a car or bus 
receives a shock, even though the bus or car 
has been driven at a good rate of speed and 
is boarded immediately upon stopping. A 
calculation shows that, in order that a car 
decrease its potential only a few per cent in 
20-30 minutes, it is required that the car be 
insulated by a resistance greater than 
4X10!2 ohms. This is a resistance which is 
a thousand times greater than what we 
find generally exists between a rubber-tired 
vehicle and ground. 

3. Weare at present engaged in a study 
of the characteristics of a spark necessary 
to cause ignition of a combustible mixture of 
gasoline vapor and air. It is simple to show 
in the laboratory that, with a small spark 
gap, sparks of relatively h gh current will not 
ignite a combustible mixture. 

4. We agree with Professor Beach that 
the resistance of the road is very important 
in determining the potential acquired by a 
car. There is one point, however, which 
should be remembered: a moving auto- 
mobile is continually contacting fresh sur- 
face of the road, and, even if the road be a 
complete insulator, the car will share its 
charge with the road: This will have the 
same effect as if the road had a lower resist- 
ance. Furthermore, it is possible that the 
positive charge ‘‘wake”’ left on Lhe road be- 
hind the front wheels neutralizes to some ex- 
tent the negative charge on the rear wheels, 
and thus enhances the effect just mentioned. 

The following comments refer to the 
paragraphs in Professor Weber’s discus- 
sion: : 

1. When a vehicle is in motion, the 
charge is distributed over the major portion 
of the circumference of the tires. The po- 
tential of this charge is not constant, but 
increases as the tire leaves the pavement, 
and probably reaches a maximum before 
the tire has turned 180 degrees. The 
equivalent resistances R, and Ry are aver- 
age resistances. They are very much less 
than the measured resistance between the 
car and ground when the car is stationary, 


rent changes greatly with increase in fric- ad f 


because of the much broader surface over (: 
which the charges are distributed. These 


resistances are effective when the*car is 
moving. When the car is stationary, it is 
necessary to use the measured resistance 
between the tires and ground. 

We believe that it is proper to determine 
the voltage of a moving car by using the 
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equivalent resistance, as was done in the 
paper. 

2. We agree that at times a car may 
reach a higher potential than the figures 
given in the paper. These figures were not 
for the maximum potential but for cases 
which we consider typical. 

8. We are of the opinion that, when a 
car is moving, the front tires will generate 
a charge and have a resistance similar to 
that of the rear tires. The charge produced 
will be doubled, and the resistance decreased 
to one half on this assumption. Therefore, 
the potential determined when the rear 
wheels are the only ones moving will be the 
same as the potentials generated when all 
four tires are running. It should be remem- 
bered that the current to the car was 
measured when the car was grounded 
through a microammeter of relatively low 
resistance. The resistance of the front 
tires was so great compared to the resist- 
ance of the microammeter that the front 
tires could be considered as perfect insu- 
lators. 

4. We believe that our results indicate 
the potentials that a car acquires in normal 
operation. The fact that when a car is 
stopped there is normally not enough 
potential to cause a shock to an individual, 
confirms our opinion that potential is too 
low to cause a spark which will ignite a com- 
bustible mixture of gasoline vapor and air. 


An Improved Axial Air- 


Blast Interrupter for 
Severe Operating Duty 


Discussion and authors’ closure of paper 43-32 
by P. L. Taylor and H. W. Martin, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
pages 323-33. 


R. C. Dickinson (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): Apropos of the opening para- 
graph of this paper, a single-pole De-ion air 
breaker of the metal plate type for 12-kv 
railway service was tested 11 years ago in 
the Westinghouse high-power laboratory 
for endurance. A total of 72 interruptions 
was made without any maintenance what- 
ever. Of these 72 tests, 53 were made con- 
secutively in a total time of 1 hour and 44 
minutes. The current averaged 18,000 am- 
peres, and the circuit voltage was 11 kv, 
25 cycles. In the remaining 19 tests, three 
interruptions averaged 47,000 amperes at 25 
~ cycles, and the remainder were at currents 
down to 2,700 amperes. At the end of this 
test the breaker was still in operating condi- 
tion. This test represented a phenomenal 
performance at that time and is still con- 
sidered very good. 

Referring to the paper, ““Magnetic De-ion 
Air Breaker for 2,500-5,000 Volts,” by 
L. R. Ludwig and R. H. Nau,! reference is 
made to 27 interruptions at from 22,000 to 
55,000 amperes at 1,900 volts single-phase 
and 76 interruptions at 14,000 amperes and 
below. These tests were made on the same 
are chute and contacts. 
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I would also like to discuss certain other 
statements in this paper which, when read 
superficially, may be misleading. Referring 
to Figure 12 which purports to show the 
closing 115,000 peak amperes by the breaker 
in question, our figures indicate that the 
actual current on this test was approxi- 
mately 57,000 amperes rms which is the 
commonly accepted way of expressing such 
currents. In comparison with this, the 
magnetic De-ion breaker described by 
Ludwig and Nau has closed successfully 
64,000 rms amperes on a close—open inter- 
ruption at 2,000 volts. 

In the fourth paragraph of Taylor and 
Martin’s paper reference is made to “the 
interrupting of currents of the order of 
60,000 rms amperes in the 500,000-kva 
15-kv size.’ From the paper referred to, 
“Circuit Interruption by Air Blast,’ by 
Edsall and Stubbs,? the maximum current 
shown to be interrupted by their 500,000- 
kva 15-kv air-blast breaker is approxi- 
mately 53,000 amperes at 2,300 volts, with 
the assistance of a resistor across the con- 
tacts. 

Referring to remarks by Taylor and Mar- 
tin under ‘‘Conclusions’”’ and reference 14, 
which is a paper entitled ‘“A New 15-kv 
Pneumatic Circuit Interrupter,’’ by Lud- 
wig, Rawlins, and Baker,’ I assume that 
the following statement is the one in ques- 
tion: 

“For the lower ranges of current and at system 
capacities where the voltage-recovery rate after arc 
extinction is not too great, this type of interrupter 
is quite satisfactory. As the current or voltage is 
increased, the air requirements mount, until at 
1,000,000 kva, pressures in excess of 200 pounds 


per square inch are required. The nozzle type 
of interrupter is therefore not appealing.”’ 


First, it is to be noted that the paper from 
which the preceding quotation is taken 
was written for breakers of three times the 
voltage rating and of ten times the kilovolt- 
ampere interrupting capacity as the breaker 
described by Taylor and Martin. Itistobe 
presumed that the high interrupted currents 
given by them were at considerably less 
than the maximum rated voltage of the 
breaker, five kilovolts. The actual voltage 
on these tests is not stated by the authors, 
although numerous other tests are shown in 
the order of 40,000 amperes and 1,800 volts. 

It is to be noted that a resistor is used in 
this breaker to reduce the rate of rise of 
recovery voltage, although the voltage rat- 
ing is very moderate. 

In view of these factors, the statement 
quoted from Ludwig, Rawlins, and Baker 
still appears valid and not at variance with 
the performance of the breaker shown by 
Taylor and Martin. 
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L. J. Linde (General Electric Company, 
Philadelphia, Pa.): This paper presents, 
in a very interesting form, the development 
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of an air-blast breaker for highly repetitive 
duty which can be used with metal-clad 
equipments. The evidence presented to 
demonstrate the abilities of this breaker to 
handle high currents during a large number 
of operations is impressive and to be ex- 
pected for any properly designed air-blast 
breaker. 

In 1940 a paper was presented to the In- 
stitute! in which an air-blast breaker of 
comparable dimensions was described in 
some detail. This circuit breaker was rated 
at 250,000 kva for services up to 15 kv 
(see Figure 1 of this discussion), and test 
data were presented to support this rating 
at voltages of from 4,200 to 14.5 kv. Ap- 
proximately 30 such breakers were installed 
on utility systems during that year, and 
they have established a reputation for re- 
liable service with a minimum of main- 
tenance. 

Those breakers were designed and built 
at a time when there was some question as to 
whether a line of self-contained magnetic- 
type breakers could be built to cover ade- 
quately this moderate capacity field. Since 
that time the Magne-Blast breaker line has 
been extended to include ratings from 50,000 
to 250,000 kva up to 15 kv, and nearly 
3,000 such breakers are now in service on 
a wide range of application duty. Since a 
majority of breakers of these ratings are 
used as removable units with vertical-lift 
metal-clad switchgear, simplicity of control, 
simplicity of provisions for breaker re- 
moval, and freedom from external auxiliary 
operating power supply, if consistent with 
satisfactory operating performance, are 
major considerations. 

One of the principal difficulties en- 
countered in the design of such a self-con- 
tained magnetic breaker is to get efficient 
light-current interrupting performance in a 
breaker which must also handle very heavy 
currents. In the Magne-Blast breaker, 
this is accomplished by providing a small 
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Figure 1. A removable air-blast circuit 
breaker rated at 250,000 kva, 1,200 amperes, 
15,000 volts 


Breakers of this design are being used in 
vertical-lift metal-enclosed gear on 4,200-volt 
service 
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Figure 2. A series of interrup- 


tion tests on a 250,000-kva 


+ Magne-Blast circuit breaker t> 


show the breaker operating time 


in cycles for currents up to 


breaker rating 
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AMPERES INTERRUPTED. 


piston, self-operated as the contacts open, 
which directs a gentle puff of air in such a 
way that it moves a stringy light-current arc 
out into the-are chute where it is cleared 
promptly. Graphic evidence of the effec- 
tiveness of this puff of air is presented in 
Figure 2 of this discussion. 

The air-blast breaker is recognized as 
being admirably suited for high-capacity 
station-type duty, as evidenced by the 
number which have been built and placed 
in service with ratings up to 5,000 amperes, 
2,500,000 kva at 15 kv. From an inter- 
rupting standpoint, the air-blast breaker 
is also well adapted to highly repetitive 
duty, but it should not be inferred that it is 
alone in this field. Ability to handle a 
large number of operations at values of 
current approaching full interrupting rating 
is of scientific interest and, in some degree, 
is required in all circuit breakers. How- 
ever, from an average application stand- 
point, and particularly for these moderate 


These tests were made at from 
4,200 to 7,200 volts three- 
phase 


tions at currents above 10,000 amperes at 
4,200 volts, three-phase, and 50 operations 
at above 20,000 amperes. All of these were 
made with the same set of contacts and arc 
chutes without maintenance of any part 
of this Magne-Blast breaker (Figure 3 of 
this discussion). As evidenced on this pic- 
ture, the contacts were in condition to 
continue operations. 
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J. Elmer Housley (Aluminum Company of 
America, Alcoa, Tenn.): The authors 
have described an improved method of 
interrupting an electric circuit. It is de- 
sirable that we have such information repre- 
senting an advance in the state of the art. 


Figure 3. 
removed from a 150,000-kva 


An unretouched picture comparing a new arcing contact with the three contacts 
Magne-Blast breaker that had interrupted from 10,000 to 


20,000 amperes 100 times and from 20,000 to 30,000 amperes 50 times without maintenance 
or replacement of parts 


These tests were made at from 3,000 to 4,200 volts three-phase 


capacity ratings, it is far more important 
to know how many times a breaker will 
operate under conditions which it will en- 
counter in its everyday service. Since no 
load or light-current operations usually form 
a large part of such service, mechanical 
simplicity, ruggedness, and freedom from 
unnecessary complex accessories are im- 
portant factors. 

Some years ago a Magne-Blast breaker 
was put on a repetitive operation test and 
completed 10,000 operations, interrupting 
between 1,200 and 2,000 amperes at 2,300 
volts three-phase. During this time no 
maintenance work was performed on the 
breaker, and the arc chutes were not re- 
moved to inspect the contacts. Following 
this test and without any changes, the 
breaker successfully passed a number of 
full-capacity interrupting tests in excess of 
its rating and a standard high-potential 
test. 

A breaker withdrawn from stock was 
tested recently for repetitive duty at higher 
currents. These tests included 100 opera- 
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The writer has observed closely the opera- 
tion of a similar air-blast circuit breaker in- 
stalled in a Southern hydroelectric plant in 
1938, followed by the installation of four 
similar breakers of a later design in 1940, 
one of which replaced the original experi- 
mental breaker. Information developed 
in field tests and through field experience 
has, of course, been made available to the 
manufacturer covering such equipment. 

The air-blast breaker is in competition 
with a highly developed line of oil circuit 
breakers and oil-poor type of breaker. In 
general the demand for the development of 
air-blast circuit breakers has been insistent. 
The speed of these breakers is rather high, 
and the reduction of the hazard of oil in 
small indoor rooms and the reduction of 
d-c operating devices have been some of the 
points of interest to operators of the equip- 
ment. 

Interest in the use of air for operation of 
breakers and in the interruption of electric 
circuits has been apparent on the American 
scene for many years. The engineer has a 
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global perspective, however, and he has 
watched with interest the development of all 
types of  circuit-interrupting devices 
throughout the world and has been able 
to evaluate the salient features of these 
devices. From the~ knowledge thus ob- 
tained there have sprung many improve- 
ments, such as accessibility of parts, im- 
provement in the maintenance problem, and 
an increase in the number of operations be- 
tween inspections. 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): This is a discussion 
of Appendix B of the paper, entitled 
“Transient Recovery Voltage Control With 
Axial Air-Blast Breakers,’’ by Karl Ler- 
strup. Doctor Lerstrup invites us to ac- 
cept the first derivative or slope of the re- 
covery voltage as a measure of the stress 
on the arc gap following interruption. 
Even if we make the concession of a single- 
frequency recovery circuit, which is. not 
stated, the slope of the recovery voltage 
is not an acceptable measure of the rate of 
rise of recovery voltage. Doctor Lerstrup 
steps out of this false premise with the 
statement which starts paragraph 5, namely: 
“The rate of rise of electrical stress on the 
gap, immediately after a current-zero value, 
characterized by the derivative de,/dt, 
is a system constant.’ This is effectively 
true only at the point of the maximum rate 
of rise and in 1935! was termed the re- 
covery impedance, Z,, of the circuit and is 
the ohmic contribution of the circuit to the 
simple but generalized expression for the 
rate of rise of the voltage across any circuit, 
that is, 


r-r=k-I-w-Z, volts per microsecond 
w=27 


It was further shown in 1935 that, when a 
resistor shunted the breaker contacts, 
which ohmically was relatively small in 
comparison with the recovery impedance, 
the resistor became the recovery impedance 
in the preceding expression. Making this 
substitution: 


r-r=k-I-w-R volts per microsecond 


But J = E/x; hence the reduction to 
R : 

r-r=k- E-| — }:w volts per microsecond 
x 


This is the conclusion Doctor Lerstrup 
reaches afresh without the qualifying limita- 
tion regarding magnitude of the resistor. 
Although it is stated, if R is small enough 
gap 1 of his Figure 18 will not break down, 
he points out in Figure 20 that the ratio 
R/x used in actual performance is 20 to 30. 
Even if the maximum value of 30 is taken 
for a 2,300-volt breaker as described in the 
paper for 150,000 kva, the resistor will be 
about one ohm and must be able to pass 
a current of about 1,300 amperes and also 
be so designed as to withstand the me- 
chanical stress of this current while heated. 


ve 


When confined to a small space, the insula- _ 


tion clearance becomes a problem. 

From a functional standpoint it ¢an be 
shown that any fixed resistance entering 
the circuit at current zero (and it must 
enter at a current zero) can only approach 
a 90-degree phase-angle displacement with 
the final interruption as the resistor is 
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increased without limit. The Magne-Blast 
breaker of 150,000 kva is a self-contained 
breaker, that is, it requires no compressed 
air. The resistance characteristic devel- 
oped by the arc itself, in the unique inter- 
leaving arc chute, modifies the recovery 
voltage by phase-angle shifts which exceed 
90 degrees by as much as 30 or 40 degrees.? 
No resistors are required. The controlled 
arc is the resistor, a resistor which is never 
seen, and with each interruption it dis- 
appears promptly with no shower of molten 
metal. The Magne-Blast-breaker perfor- 
mance is independent of the severity of the 
recovery circuit. This principle of rapid 
efficient interruption is available for volt- 
ages up to 15 kv. 
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P. L. Taylor, H. W. Martin, and Karl 
Lerstrup: The introduction to this paper 
refers to ‘‘the evident need for breakers 
capable of scores of high-current inter- 
ruptions between maintenance periods, 
which are at the same time easy and eco- 
nomical to maintain.” 

An improved axial air-blast interrupting 
device, which meets those specifications, 
has been presented. This improved device 
was developed initially in the size and ar- 
rangement which impose the most stringent 
design limitations. 

Comprehensive test data support the 
conclusion that this device is capable of 
considerably greater integrated duty be- 
tween maintenance periods than is any 
other device with which we are familiar. 

The presentation of performance data on 
this improved axial air-blast interrupter for 
severe operating duty appears to have stim- 
ulated the interest of other investigators 
in the important breaker characteristic 
which we have called ‘‘the integrated duty 
capacity,” and it has provoked some very 
interesting discussion. Various investiga- 
tors have searched their records and have 
reported some previously unpublished test 
data on the integrated duty capacity of 
other interrupting devices, thus evidencing 
their agreement that greater integrated 
duty capacities in circuit breakers are 
desirable. 

Mr. Dickinson reports in his discussion 
a series of tests on a 12-kv single-pole 
metal-plate De-ion breaker. We under- 
stand that this was a special 1,000,000-kva 
single-pole railway trolley breaker. Un- 
fortunately, he does not state at what volt- 
age the only three high-current tests were 
made. In spite of the fact that this was a 
considerably larger breaker than the one 
described in our paper, the integrated duty 
to which it was subjected on the test re- 
ported seems to be somewhat less than that 
shown in our Table V on a 150,000-kva 
axial air-blast breaker. 

Mr. Dickinson refers to a paper by Lud- 
wig and Nau on the magnetic De-ion breaker 
in which he states ‘‘. . . reference is made 
to 27 interruptions at from 22,000 to 55,000 
amperes at 1,900 volts single-phase and 76 
interruptions at 14,000 amperes and below. 
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These tests were made on the same arc 
chute and contacts.” 

With reference to these tests, the Ludwig 
and Nau paper says: ‘‘Figure 10 shows a 
photograph looking up into an are chamber 
which has been used during 27 interruptions 
at the maximum short-circuit current of 
the laboratory, and in addition 76 interrup- 
tions of currents 14,000 amperes and below 
at 2,300 volts single phase . . . the 76 inter- 
ruptions of currents ranging from 9 to 
14,000 amperes rms were made on an arc 
chamber... .” 

The two statements of currents and duty 
are at variance, and the Ludwig and Nau 
paper does not indicate that the same con- 
tacts were used throughout. Combining 
the two statements as best possible, and 
referring to Figure 11 of the Ludwig and 
Nau paper, we conclude that there were 24 
interruptions at 22,000 to 41,000 amperes, 3 
interruptions at 45,000 to 55,000 amperes, 
and 76 interruptions at 9 to 14,000 amperes. 
No statement is made as to whether the 
contacts were suitable for further use after 
these tests. Arcing times up to 20 cycles 
at low currents were reported on the low- 
current tests. Mr. Dickinson offers this 
test series for comparison with our test 
series consisting of 49 operations at 20,000 
to 41,000 amperes and 51 tests at 10,000 to 
20,000 amperes. Since contact deteriora- 
tion is proportional to a power appreciably 
greater than one of the current interrupted, 
the test series on the axial air-blast breaker 
appears to represent considerably greater 
integrated duty. 

Mr. Dickinson suggests that our indica- 
tion of maximum current closed as 115,000 
peak amperes may be misleading. The 
American Standard Definitions of Electrical 
Terms, C 42, reference 05.05.265, shows 
“peak value” to be an acceptable alternate 
for “crest value,” which latter term was used 
in the Ludwig and Nau paper, to which Mr. 
Dickinson refers, in which they show a 
maximum “crest value” of making current 
on their tests of 89,000 crest amperes. We 
are unable to find any reference in the Lud- 
wig and Nau paper to a making current of 
64,000 rms amperes, but we wish to point 
out that the rms value of the making cur- 
rent on the test shown in our Figure 10 is 
67,000 amperes, not 57,000 amperes as 
calculated by Mr. Dickinson. The oscillo- 
gram to which Mr. Dickinson takes excep- 
tion was only included, because one of the re- 
viewers questioned the ability of the breaker 
to close on fault current. The isolator 
contacts used on this breaker are of the 
same, general design that has been used 
successfully for several years on the breaker 
described in a paper by Edsall and Stubbs. 

Mr. Dickinson refers to a statement in 
our conclusion which reads as follows: 
“This is contrary to the findings published 
by other investigators!)!* who found the 
current-interrupting ‘“‘ceiling’’ of the axial 
(radial- or nozzle-type) air-blast breaker to 
be too low for use on American systems.” 
We had more specific reference to the paper, 
“The Cross-Air-Blast Breaker,” by Prince, 
Henley, and Rankin! than to the Ludwig, 
Rawlins, and Baker paper from which Mr. 
Dickinson quotes. However, we quote 
more completely from Ludwig, Rawlins, 
and Baker. “In Europe variations of the 
nozzle type ... For the lower ranges of 
current and at system capacities where the 
voltage recovery rate after arc extinction is 
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not too great, this type of interrupter is 
quite satisfactory. As the current or volt- 
age is increased, the air requirements 
mount, until at 1,000,000 kva pressures in 
excess of 200 pounds per square inch are 
required. The nozzle type of interrupter is, 
therefore, not appealing.” 

We have shown in our paper that neither 
the axial air-blast nor the cross-blast type 
of air-blast breaker is peculiarly suited or 
limited to European practice. The com- 
pany with which Mr. Dickinson is con- 
nected is using the axial-blast principle in 
certain of their high-interrupting-capacity 
air-blast breakers. They are also using 
air pressures in excess of 200 pounds per 
square inch on breakers using the cross- 
blast principle, which does not in our 
opinion, make them ‘“‘unappealing,’’ as was 
thought by Ludwig, Rawlins, and Baker. 
Whereas a resistor is used on our breaker to 
reduce the rate of rise of recovery voltage, 
this resistor is not required for proper opera- 
tion. * Actually, a number of the high-cur- 
rent tests reported was made without 
benefit of resistor. 


In view of these factors and the evidence 
previously presented, it appears that the 
axial-type air-blast breaker is an American 
device developed to meet American stand- 
ards, and that its performance at least 
equals that of the cross-blast type in all 
respects, and can no longer be indicted by 
the proponents of the cross-blast type as 
being a European device suitable only for 
European application. 


Mr. Linde has made the following very 
interesting statement, which may, how- 
ever, be misleading: ‘‘Ability to handle a 
large number of operations at values of 
current approaching full interrupting rating 
is of scientific interest and, in some degree, 
is required in all circuit breakers. ~ How- 
ever, from an average application stand- 
point, and particularly for these moderate 
capacity ratings, it is far more important to 
know how many times a breaker will oper- 
ate under conditions which it will encounter 
in its everyday service.” 

No one can differ with the statement that 
it is very important to know the capa- 
bilities of a breaker under everyday service 
conditions. We cannot agree, however, 
that the ability of a breaker to handle large 
numbers of operations at high currents is a 
matter of little more than scientific interest. 
If this latter premise were valid, it might be 
permissible, without further tests, to assign 
an interrupting rating of say 80,000 amperes 
to the breaker described in our paper. 


The characteristics of both air-blast and 
air-magnetic breakers are such that a 
breaker capable of large number of interrup- 
tions, at, say, one-half rating is not neces- 
sarily capable of even one interruption at 
or near rating. In breakers of all types 
the relative increase in deterioration of 
contacts with increased current is very 
rapid. Consequently, an interrupting de- 
vice, such as is described in our paper, which 
is capable of interrupting large numbers of 
high-current faults is capable of interrupt- 
ing very much larger numbers of medium- 
current faults and on many thousands of 
load-current operations. The determina- 
tion of integrated duty capacity by means of 
high-current tests is thus very much more 
practical, particularly under present condi- 
tions. At the same time, the demonstration 
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of a high integrated duty capacity on high 
currents insures that, when breakers are 
installed where they will be subjected to 
frequent operation at high currents, they 
will give real performance. 

We appreciate Mr. Linde’s contribution 
to the consideration of the integrated duty 
capacity of breakers by making special tests 
on the Bennett and Wyman breaker. It is 
unfortunate that he was unable to make any 
tests at or near the maximum rated inter- 
rupting current of the breaker. Our ex- 
perience in testing magnetic breakers indi- 
cates that, in general, they are incapable of 
even a moderate number of interruptions at 
currents of the order of 30,000 amperes. 
Perhaps other investigators have had more 
fortunate experience. 

We fully agree with Mr. Boehne’s re- 
marks about the voltage conditions around 
zero current. In order to keep the paper 
within readable length and quickly get to 
the main subject, we used the symbol de,/dt 
as a characteristic representative for the 
rate of rise of recovery voltage. The 
qualifying limitation regarding the magni- 
tude of the resistor is realized and stated, 
although not in Mr. Boehne’s words. 

We are pleased that Mr. Boehne brought 
up the question of the physical limitations 
of the resistor. Size has been an almost 
insurmountable difficulty in all applications 
to resistors to circuit interrupters, with 
the single exception of the axial air-blast 
breaker, which is the subject of this paper. 

It is generally agreed that, in order to be 
effective, switching resistors mast be of 
relatively low ohmic value and thus carry 
relatively high currents, and that the re- 
sistors must be designed to withstand these 
curreats during the normal insertion period 
plus a generous factor of safety. In oil 
breakers these requirements lead either to 
enormous dimensions or to questionable 
safety factors. We recall some breakers 
built in Switzerland which had their re- 
sistors mounted in a separate tank. In 
another case a utility in Sweden elected to 
remove the resistors in their breakers rather 
than risk operation with them. 

In the case of our axial-blast air breaker 
the conditions for the application of re- 
sistors are much more favorable. It must 
be borne in mind that in this breaker the 
arcing time does not exceed one current loop 
and the resistor is not required to carry ap- 
preciable current for more than one-quarter 
cycle. This is the reason why we can con- 
veniently design our resistors at 20 to 30 
times the minimum short-circuit reactance 
(at rated voltage) and why we can provide 
resistors that are at the same time effective 
and entirely safe without great expense in 
space or material. 

Mr. Boehne has used the R/X ratio of 20 
to 30 given in our paper as applying to the 
minimum voltage application and has, 
therefore, arrived at an incorrect value of 
resistance. The resistors in this particular 
case are required only to carry a maximum 
current of up to 700 amperes for periods 
up to one-quarter cycle. Thousands of 
tests on various breakers and several years 
of operating experience on breakers of the 
class described in the Edsall and Stubbs 
paper “‘Circuit Interruption by Air Blast,” 
have proved the adequacy of our resistor 
design. Mr. Boehne’s fears that our re- 
sistors may disappear in ‘‘a shower of molten 
metal’’ seem, therefore, to be unfounded. 
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Further, as mentioned elsewhere in this 
discussion, the breaker described has been 
subjected to numerous tests without benefit 
of resistors. Resistors are not essential to 
the operation of this breaker, but they in- 
crease the efficiency of operation, add to 
the safety factor, and reduce the voltage 
stress on connected apparatus. 

We cannot subscribe to the unqualified 
use of expressions like “‘phase-angle dis- 
placement’’ when transient conditions are 
being considered. We must assume in this 
case that the zero passage of current is 
taken as a criterion. If so, we agree that 
with a fixed resistor we can only approach 
a 90-degree displacement, but who will 
want to obtain more? As soon as we get 
sufficient displacement so that the situation 
is wellin hand, any further displacement is a 
matter of scientific interest only. 

Mr. Boehne refers to the Magne-Blast 
breaker and his paper, ‘‘The Geometry of 
Are Interruption.” This paper is un- 
doubtedly one of the more important papers 
on circuit interruption and offers an ex- 
cellent treatment of a rather difficult sub- 
ject. It shows how, with a variable re- 
sistor, the current can be forced to zero at 
almost any point in the cycle. 

To be practically significant, however, this 
principle should be developed to the point 
where it is possible to force gently the 
current to zero in a time interval less than 
one-half cycle. Interruptions of this type 
have been realized at the lower voltages in 
Denmark and France. If it is necessary to 
use an appreciable time to prepare for the 
forcing of current zero, it would seem far 
better to use a jet of air and blow out the 
are at the first natural current zero instead 
of wasting time in a tedious lengthening of 
the arc. 


CONCLUSION 


While the initial development of our im- 
proved axial air-blast interrupter reported 
was made on a high-interrupting-current 
low-interrupting-kilovolt-ampere step, the 
features of the device can be adapted to the 
complete range of sizes of axial air-blast 
breakers. 

Air-blast breakers differ from other types 
particularly in the actuating means used. 
It requires a little time to get accustomed to 
the idea of pneumatic operation. For the 
usual application it will be found that the 
cost of installation and operation of air- 
blast breakers does not differ appreciably 
from that of other types, when the auxil- 
iaries, including storage batteries, are in- 
cluded in the consideration. 

In this connection it is interesting to note 
that on a recent check, made by the com- 
pany with which the authors are connected, 
it was found that all of the outdoor oil cir- 
cuit breakers in course of manufacture from 
115 ky to161 kv, inclusive, are pneumatically 
operated, each with its own individual com- 
pressed-air system. 

We feel that the improved axial-type air- 
blast interrupting device presented here is 
the answer to the demand for a breaker with 
a much greater integrated duty capacity. 
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A New 50,000-Kva 5-Kv 
Oilless Circuit-Breaker 
and Metal-Clad 
Switchgear Unit 


Discussion and authors’ closure of paper 43-44 
by R. C. Dickinson and B. I. Hayford, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
June section, pages 302-06. 


L. J. Linde and V. L. Cox (General Electric 
Company, Philadelphia, Pa.): The intro- 
duction of this 50,000-kva 5-kv oilless circuit 
breaker is evidence that air breakers for this 
particular service are a permanent addition 
to the field of switching devices. The au- 
thors have described a design that is simple 
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and adapted for use with hcrizontal draw-- 


out metal-clad equipments. 

A 50,000-kva 5-ky Magne-Blast (oilless) 
circuit breaker has been developed, and a 
considerable number of them have been 
produced in vertical-lift-type metal-clad 
equipments. This breaker has the same 
contour, and its dimensions and appear- 
ance are in close agreement with the present 
existing oil circuit breaker, Figure 1. It has 
been considered important to maintain a 
close similarity of design to that of the pres- 
ent oil breaker and metal-clad structures in 
order to use common parts and subassem- 
blies in manufacture, where possible, in the 
interest of aiding production, and to make 
the most efficient use of space in the metal- 
clad unit. Figure 2 illustrates the outline 
of a basic metal-clad unit. 

Figure 3 illustrates a cross section of the 
breaker now in production. The familiar 
Magne-Blast arc chute is mounted on and 
supported by the two insulator bushings. 
As the breaker contacts open, the current 
transfers from the primary contacts to a 
single silver tungsten-surfaced arcing con- 
tact. The resultant arc transfers from this 


Figure 1. A 5,000-volt Magne-Blast breaker 
rated at 50,000 kva 


This breaker is used with vertical-lift metal- 

enclosed switchgear. The insulated box bar- 

rier is withdrawn to the rear to expose the arc 
chutes and contacts 
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Figure 2. An ar- 
rangement drawing 
of the basic metal- 
enclosed switchgear 
unit used with the 
50,000-kva Magne- 
Blast breaker, 


Cable connections 
can be made through 
potheads or insula- 
tors out of the bot- 
tom, back, or top 


Figure 3 (below). A cross-section drawing of 
the 5,000-volt 50,000-kva Magne-Blast 


breaker 


Contacts swing downward and toward the 
mechanism to establish the arc between the 
diverging arc runners. Movement of the con- 
tacts is controlled by the insulated links tied 
to a conventional solenoid mechanism 
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Figure 4. A curve of arcing 
time versus current interrupted 


The dotted line shows the arc- 

ing time measured during tests 

where the ‘booster’ was re- 
moved 
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contact to the arc runner and shunts into 
the circuit a single multiturn blowout coil. 
The arc travels rapidly along the divergent 
runners and is forced by the are chute into 
a serpentine pattern where the increase in 
are resistance forces the current to decay 
and interrupt at an early current zero. 
A simple cup of molded insulation functions 
as an air ‘‘booster”’ and assists in light-cur- 
rent-interruption performance. 

Figure 4 pictures a series of tests made at 
curreits throughout the range of the breaker 
rating. Arcing time in cycles is plotted 
against current interrupted in amperes to 
show the consistent performance of this 
circuit breaker. It 1s apparent that the 
“booster” is successful in supplementing 
the magnetic field during the light-current 
interruptions to hold the arcing time to a 
minimum value. Recent laboratory tests 
have demonstrated that a light-current are 
flows upward by convection currents. 
Similar tests show that this breaker will 
interrupt such currents in approximately 
50 cycles when the are chute is pointed 
directly up and the ‘‘booster’’ is disconnected. 

A careful test program, including inter- 
ruption tests, high-potential tests, operation 
tests, and so forth, has determined that an 
air breaker of this rating may be compar- 
able to the equivalent oil circuit breaker in 
space requirements. This oilless circuit 
breaker should find many applications for 
2,300- and 4,000-volt feeders, motors, 
generators, and general station auxiliary 
power service, 


R. A. Hentz (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The appearance 
of an oilless circuit breaker of the 50,000-kva 
5-kv class is a welcome one. On the Phila- 
delphia Electric Company system there are 
a large number of 2,300- and 4,000-volt 
customers where breakers of this size have 
application. When 100,000 kva was the 
smallest available, the use of oilless breakers 
was discouraged, as the cost and space re- 
quired made the competition too stiff. 
While the number of circuit-breaker oil 
fires in such installations has been small 
(possibly because the breakers operate 
rarely), such fires have occurred. The ad- 
vantage of eliminating any chance of an 
oil fire from the breaker is an important one. 

The subject of cost is mentioned twice in 
the paper, but no comparison with the cost 
of the oil breaker is given. It would be 
interesting to know how the two compare 
on a percentage basis. 

I believe there is an advantage in having 
the finger contacts on the movable element 
as shown in Figure 8 of the paper. The 
simple stationary part shown on the right- 
hand side should have little need of ad- 
justment, compared to movable part on the 
left. The ease and safety of being able to 
work on the finger contacts with the truck 
removed from the cubicle make this de- 
sign attractive. 

Paragraph 11 of the paper refers to the 
interruption of magnetizing currents. Fig- 
ure 4 shows that eventual interruption is 
approximately 25 cycles. Such times are in 
marked contrast with the interruption of 
sunilar currents on an air-blast breaker, and 
this feature of the magnetic-type breaker 
must be listed as one of the unsolved prob- 
lems which must continue to receive the 
attention of designers. 
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R. C. Dickinson and B. I. Hayford: This 
discussion leaves the reader in some doubt 
as to the low-current performance ‘of the 
breaker described by Linde and Cox. The 
text reads as follows, ‘‘. .. Recent laboratory 
tests have demonstrated that a light-current 
are flows upward by convection currents. 
Similar tests show that this breaker will 
interrupt such currents in approximately 50 
cycles when the arc chute is pointed directly 
up and the ‘booster’ is disconnected.” 
Figure 4, which shows curves of arcing 
time versus amperes interrupted, indicates 
80 cycles of arcing without the booster, at 
four to five amperes. 

If the tests for this curve were made with 
the breaker in its normal position, with the 
are chute pointing straight down, then the 
preceding statement by Linde and Cox 
would indicate that the arc would never go 
into the arc chute, and therefore it would 
not be interrupted at all in the low-current 
ranges of perhaps four to five amperes. 


A Vertical-Flow Compressed- 
Air Circuit Breaker and 


Its Application on a 
132-Kv Power System 


Discussion and author's closure of paper 43-51 
by H. A. P. Langstaff and B. P. Baker, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 


published in AIEE TRANSACTIONS, 1943, 
April section, pages 188-92. 


R. A. Hentz (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): Oilless circuit 
breakers may be considered in three classes: 


(a). Indoor, generally rated about 5,000 volts, of 
the magnetic type. 


(6). Indoor, generally rated 15,000 volts of the air- 
blast type. 


(c). Outdoor, rated 34,500 volts and above, also 
of the air-blast type, though not always applying 
to the same form of interrupter as b. 


The advantages of classes a and 0 are well 
known of which the principal one, of 
course, is the elimination of oil with the 
consequent entire avoidance of oil fires. 
These breakers have also other favorable 
features but of a secondary nature, an ex- 
ample being cleanliness. The advantages 
of class ¢ do not appear to be so outstanding. 
When a bad fire is outdoors, the effects 
are not so far-reaching, in that the heat and 
soot are not so confined as in the case of 
indoor installations, and such soot as is 
deposited on adjacent equipment is less 
harmful and more easily removed (stream 
of water). However, outdoor fires can be 
disastrous, and such have occurred, so that 
the elimination of oil is still desirable. 
Perhaps the trend of the industry will be 
toward the use outdoors of oilless breakers 
for most new installations, with relatively 
little replacement of the oil type as com- 
pared to replacement of indoor type, using 
large quantities of oil where the justification 
of such a step is greater. 

In addition to the more obvious advan- 
tages of the air-blast breaker, relative to 
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the oil type, there is the ease with which 
charging currents can be broken. Such 
currents are broken as readily as short 
circuits; this is not the case in oil breakers. 

The installation of the 138-kv air-blast 
breaker described in the paper is to be 
hailed by the industry as a contribution to 
its progress in that it permits the collection 
of valuable field experience to the end that 
all the “‘bugs’”’ will be eliminated the sooner, 
and breakers giving a minimum of trouble 
will be available for the after-the-war ex- 
pansion of our facilities. The air-blast 
breaker is no exception to new developments 
in general; there are “growing pains” 
through which they must pass. 

Experience with all types of air-blast 
breakers points to two conclusions: 


1. High-power laboratory and field operations 
show them to be satisfactory in so far as the design 
of their interrupting elements are concerned. 


2. Field experience shows that much progress is 
yet to be made before they can be mechanically 
satisfactory, particularly in the air system. 


In the case of the outdoor type, freez- 
ing temperatures add to the difficulty 
of making a breaker always available 
to do its duty, irrespective of condi- 
tions. I urge upon all manufacturers care- 
ful consideration of the mechanical de- 
sign and construction. Many will recog- 
nize in the preceding statements a repeti- 
tion of the ground covered some years ago 
by users of oil circuit breakers, when an 
excellent electrical design was offset by some 
mechanical feature not being adequate. 
These mechanical weaknesses, in the oilless 
type no less than oil type, are now, as they 
were then, all the more unfortunate in that 
they involved engineering elements that 
had been used in other fields for many years, 
and consequently there was much valuable 
experience on which to draw. I do not 
wish to imply that the manufacturers have 
ignored such experience in other fields, but 
I am wondering if it has been given due 
weight. 

The greater space required by the air- 
blast breaker, as indicated by Figure 8 of 
the Langstaff-Baker paper, should not be 
disturbing. It must be remembered that 
the high-voltage outdoor air-blast breaker is 
in its infancy and that, as time goes on, 
improvements probably will result in more 
compact designs in the future. This oc- 
curred in the case of oil breakers, and there 
is no reason to believe that history will not 
repeat itself. 

In the paper it is stated: “By compres- 
sing air to 1,000 pounds per square inch, cool- 
ing, and then expanding to 350 pounds per 
square inch, dry air is secured....”’ One of 
the advantages of field experience is to find 
out whether this is always so. Operators 
will be well advised to watch this, along 
with the many other features that will re- 
quire attention. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.): The authors of this 
paper have concluded properly that the most 
satisfactory means of establishing the merits 
of and expediting the progress in design of 
high-voltage air-blast breakers is to acquire 
field experience under actual operating con- 
ditions. It seems certain, based on test data 
presented here and supplemented by work 
along this line previously discussed, that the 
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basic principle of a vertical or axial-flow air- 
blast interrupter is entirely sound for the 
interruption of high-voltage arcs. 

At this stage of the development of these 
new types of breakers it is natural and of 
ultimate benefit to the industry that there 
should be a healthy divergence of opinion 
as to the preferred physical arrangements 
of parts and method of mechanical opera- 
tion. It is to be expected that additional 
field experience will tend to clarify some of 
the points involved. 

In addition to accumulating field experi- 
ence under normal operating conditions, it 
is also of very great benefit in such a de- 
velopment to supplement the necessarily ex- 
tensive factory interrupting test program 
with a series of field interrupting tests. In 
1941 such a series of field tests was con- 
ducted on a triple-pole air-blast 138-kv 
breaker rated 1,500,000 kva. Even on 
superspeed reclosing service over a range of 
duty up to 1,870,000 kva (where therefore 
this fault had to be cleared twice in 20 cycles) 
this breaker showed a range of over-all 
operating time from 3.8 to 5.2 cycles. 

Langstaff and Baker report quite favor- 
able arcing times for the factory tests on 
straight single-operation interrupting duty 
on their breaker, but it appears from the 
oscillograms that the over-all opening time 
is something in the order of 6 to 9.5 cycles. 
Undoubtedly, some simple means will be 
found to reduce the apparently excessive 
dead time. 

Two 138-kv breakers, identical with the 
one submitted for field tests in 1941, are 
now in regular service on superspeed re- 
closing duty on the system of the Appala- 
chian Electric Power Company. In addi- 
tion, seven 34.5-kv and one 69-kv outdoor 
air-blast breakers of similar designs have 
been furnished the Philadelphia Electric 
Company. The former were in service 
during the last lightning season, and some 
of the breakers were subjected to a number 
of operations with results which fully met 
the most optimistic expectations. 


A. N. Shealy (Pennsylvania Water and 
Power Company, Baltimore, Md): The 
paper by Langstaff and Baker covering the 
field service installation and initial three 
month’s performance of a compressed-air 
circuit breaker on a large 132-kv power sys- 
tem is most interesting. The value of such 
installations in the development and proof of 
a device of this type cannot be overempha- 
sized. 

From a comparison with the paper by 
Ludwig and Baker (reference 5 of the paper) 
presented two years ago which covered the 
experimental breaker of this type, it is 
noted that the isolating switch design has 
been changed materially, and a description 
of the isolating switch as installed would be 
of interest, particularly since this switch 
has an important function in the closing 
operation of the breaker. 
that the three isolating switches reach the 
closed position within one cycle of each 
other, and this brings to mind the possibility 
of difficulties with high-speed groundtelays. 
From experience with conventional high- 
voltage air-break switches, it has been 
found that high-speed ground relays must 
be removed from service during the time of 
switching operations which involve the 
paralleling of grounded-neutral transformer 
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banks. It would appear that the same 
difficulty would be experienced during the 
closing operation of the compressed-air 
circuit breaker if current flows in one or two 
phases for approximately a cycle before the 
three-phase circuit is established. This is 
aggravated under certain switching condi- 
tions by one or two poles arcing at a greater 
distance as the switch approaches the closed 
position, and it seems reasonable to expect 
that with this breaker ground currents might 
flow for more than one cycle. If considera- 
tion has been given to this, the authors’ 
comments would be interesting. 

It is not recalled that the continuous 
trickle of dry air through the porcelain 
columns has been reported previously, and 
it would be interesting to know if this is 
merely a precautionary measure or the result 
of difficulties with the inner surfaces of the 
porcelain columns. The small amount of 
air used for this purpose is not objection- 
able. 


H. A. P. Langstaff: 


PERFORMANCE TO DATE 


To date the breaker has had a total of 57 
operations, only five being automatic. All 
were satisfactory. During one very cold 
spell the gradual dropping of pressure in the 
high-pressure system and the continued run- 
ning of compressors resulted in finding the 
two pressure relief diaphragms punctured 
and the two check valves frozen, caused 
mainly by their inherent design. No piping 
nor valves were injured. New relief dia- 
phragms were installed, the ice thawed, and 
the system was returned to normal. 

Heaters have been installed temporarily 
to prevent any additional freezing until 
the piping is rearranged, leaving the cooling 
coils outdoors and locating the check valves 
within the compressor housing. Our most 
recent and coldest weather reaching ap- 
proximately 12 below zero developed no 
trouble. Our operating instructions call 
for all 132-kv breakers to be operated 
manually for test during cold weather. 

A number of air-blast breakers have been 
equipped with air dryers, but as yet we have 
had no indication whatever of the necessity 
of such a unit. 

During a recent one-month period we 
had five manual open and close operations, 
and the compressors have operated an aver- 
age of 1.67 hours out of each 24-hour period. 
We are keeping such records to determine 
inspection schedule for the air compressors. 


DESIGN AND INSTALLATION 


The speed of this breaker meets our 
present system and relaying requirements. 
Had we specified a faster operating unit and 
been willing to pay the extra cost, the 
manufacturer would probably have met our 
requirements. ‘ 

We have no extremely fast-operating 
ground relays on the circuit this breaker 
controls, but I believe it possible that its 
functioning would meet such relay switching 
requirements as shown by factory speed 
tests. 

Space requirements as mentioned by Mr. 
Hentz, it seems to me, should be ample in 
most switching structures. The height 
requirements may be the limiting feature. 

The comment regarding use of bushing- 
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type current transformers is quite justifi- 
able. We would prefer their use, and future 
designers should keep these in mind. 

As stated in the paper, the breaker de- 
sign and assemblies met our specifications, 
however, as we already had installed wave 
trap and capacitor in this particular circuit 
and were able to make a decided improve- 
ment in source of potential supply for all 
present and proposed future relaying, we 
left the existing carrier equipment in place, 
and installed the new capacitors which were 
shipped with the breaker in another loca- 
tion and connected them to the station bus. 
Our accounting was also simplified. 

During the breaker assembly it was 
thought advisable to provide greater flexi- 
bility in the vertical porcelain columns, 
and this was obtained by the use of different 
gaskets, bolts, and three cup washers prop- 
erly compressed with each bolt in the por- 
celain hardware. 

In conclusion, our experience thus far 
would, I believe, direct our decision in favor 
of air-blast design, should our requirements 
call for additional 132-kv breakers. 


The Auto-Blast 
Interrupter Switch 


Discussion of paper 43-52, by E. A. Williams, 
Jr., and W. G. Harlow, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, April sec- 
tion, pages 176-81. 


P. H. Light (General Electric Company, 
Schenectady, N. Y.): It has been shown! 
that there is a definite economic field for 
the application of interrupter switches ap- 
plied to unit substations 15 kv and below. 
On some applications several load-center 
unit substations are connected to a single 
short feeder on which short-circuit protec- 
tion for the feeder and load-center trans- 
formers is obtained by a circuit breaker at 
the feeder source. On these applications 
some means of disconnecting the trans- 
former from the feeder is often desired. 
To make it unnecessary to de-energize the 
feeder when a single transformer is de- 
energized, the disconnecting means should 
be capable of interrupting the magnetizing 
current of the transformer and in some 
cases,, possibly, load current as well. A 
liquid-filled switch has been available for 
interrupting magnetizing current, but the 
liquid-filled switch has some limitations 
that are not present in an air-filled switch. 
In the application of any disconnecting de- 
vice that is not capable of interrupting the 
system short-circuit current, there is always 
a possibility, however remote, that the 
switch may be opened under fault condi- 
tions. Under these conditions the switch 
will probably fail to interrupt the fault 
current, and the are will be maintained 
within the switch enclosing case. If the 
switch is liquid-filled, the arc will cause 
volatilization of the liquid, building up very 
high pressure within the enclosing case, 
possibly rupturing it. If the switch is oil- 
filled, there is also the danger of creating a 
fire. The air-filled switch is not a fire haz- 
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ard, and, inasmuch as air is compressible, 
there is less possibility of injurious effects 
extending beyond the enclosing case. Thus, 
if the disconnecting device is operated 
under fault conditions, the damage resulting 
from failure will probably be less if the 
switch is air filled instead of liquid filled. 

A fundamental feature of an air-filled 
switch is its large size in contrast with a 
liquid-filled switch. In order to maintain 
the standard basic-impulse insulation levels 
corresponding to other switchgear switching 
devices, such as power circuit breakers, 
with air as the insulating medium, large 
clearances are fundamentally necessary, 
resulting unavoidably in dimensions in the 
order of those given in the paper. 

For the application in which the switch is 
mounted on the transformer tank, the use 
of the switch will probably be limited to the 
larger load-center unit substations and 
master unit substations rated 15 kv and 
below, For this application the new switch 
fills a long felt need for a disconnecting de- 
vice of this kind. 
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A Multiorifice Interrupter 
for High-Voltage Oil 


Circuit Breakers 


Discussion of paper 43-53 by L. R. Ludwig 
and W. M. Leeds, presented at the AIEE 
national techi ical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, March sec- 
tion, pages 119-25. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.): It is, no doubt, of con- 
siderable interest to the industry that the 
high-voltage breaker as described by the 
authors utilizes directed oil flow as a means 
of increasing the efficiency of are interrup- 
tion. While the interrupters used differ 
mechanically, it seems quite possible that 
the principle of interruption may be very 
similar to that employed in the oil-blast 
breaker. In both cases it is recognized that 
oil is highly mobile and can be moved 
easily and directed accurately. Both use 
pressure created by action of a primary arc 
to move and direct the oil in such a way 
that it removes the are products, replacing 
them by new fresh oil having high insulation 
strength. 

While it is claimed that the major benefit 
accrues from the lateral flow of oil along the 
path of the arc, yet the construction ap- 
pears such that there is a multiple-orifice 
outlet, providing the means of establishing 
a flow of oil across the path of the are. The 
value of the multiple-orifice outlet was 
established in connection with the first 
287,000-volt three-cycle impulse breakers 
where the flow of oil was caused by a piston, 
and where a double outlet for the cross oil 
flow was found to be more effective than a 
single one. This was discussed fully before 
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this group as early as 1936 and has been 
used extensively since in multibreak inter- 
rupters now in service on many five-cycle 
tank-type breakers from 110 to 230 kv. 

From a standpoint of mechanical con- 
struction, there seems to be some reasonable 
doubt as to whether the complication of the 
extra vertical operating rod within the in- 
terrupter and the rocker shaft with its con- 
tact at the top is necessary, since this func- 
tion can be accomplished so simply by the 
cross-bridging member in the multibreak 
interrupter. 

Undoubtedly, some further refinements 
and improvertients are to be expected in this 
new member of the family, since for corre- 
spondingly rated breakers the operating 
times reported in this paper are consistently 
longer than those previously demonstrated 
by comprehensive field tests on both 230-kv 
and 138-kv five-cycle oil-blast breakers, 
which were both reported in full to this 
group.!? 
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W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): This paper shows charg- 
ing-current tests at 33 kv across one sixth 
of a pole of a 287-kv breaker but makes no 
mention of such tests on any of the units 
expected to withstand a higher voltage per 
grid. I should like to ask the authors if 
any such tests have been made. 


J. T. Logan (Georgia Power Company, 
Atlanta, Ga.); It is significant to note the 
current interest being given circuit breakers. 
Heavy power demands and extended inter- 
connections are beginning to shove the 
stability problem back into limelight. High- 
speed disconnection of faulted transmission 
lines is essential to the promotion of system 
stability, Another justification for faster- 
operating breakers is high-speed switching 
which, in the writer’s opinion, is doing more 
toward improving the quality of electric 
service than any one practice adopted dur- 
ing the past decade, Not only are the effects 
of reflected voltage disturbances minimized, 
but circuit breakers with high-speed operat- 
ing characteristics are reducing the need for 


large expenditures in transmissien lines, 
Present-day conditions do not permit con- 
structing additional lines where existing lines 
can be made to serve adequately through 
modernization of terminal facilities, New 
lines must be deprived of prewar frills, 
consequently, means must be devised for 
offsetting the effects of increased number of 


line flashovers, There appears to be no 
good reason why a transmission line con- 
structed at relatively low cost, equipped 
with high-speed circuit breakers cannot 
render a quality of service equal to that 
rendered over so-called ‘“lightning-proof” 
lines not equipped for high-speed reconnec- 
tion to the system. The authors of this 
paper have done a very commendable job in 


exploring the possibility of minimizing the 
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number of contacts required for interrupting 
the arc, thereby simplifying the operator’s 
upkeep problem. Their test results indicate 
little else to be desired from the standpoint 
of are extinction, and, if I should be per- 
mitted to make one suggestion, it would be in 
connection with lessening the time of circuit- 
breaker closing to a value commensurate 
with speed of opening. 


C. P. Garman (Bureau of Power and Light, 
Los Angeles, Calif.): During the early 
stages of design of the Boulder Dam trans- 
mission lines, it was realized that high-speed 
switching would increase the transmission 
capacity of these lines. The transient- 
stability curves indicated, however, that 
the greatest gains could be made by shorten- 
ing the fault durations to about one tenth 
of a second; anything less than this would 
not give proportionate gains. Therefore, 
oil circuit breakers were purchased for the 
original two circuits with a specified inter- 
rupting capacity of 2,500,000 kva and a 
time of opening not to exceed three cycles 
(0.05 second) from one quarter to full inter- 
rupting capacity. 

At that time, circuit breakers of this 
speed and capacity had not been built, al- 
though information obtained from the test- 
ing laboratories of the large electrical manu- 
facturers indicated that they could be built. 
Time and experience has substantiated this 
belief, and the benefits obtained from the 
use of high-speed switching have mani- 
fested themselves in more ways than in- 
creased transmission-line capacity, The 
knowledge gained during the first year of 
operation of the Boulder Dam transmission 
system, however, indicated that certain 
other characteristics not called for in the 
original Westinghouse breakers at Boulder 
were very desirable: that is, time of in- 
terruption of currents less than 25 per cent 
of rated capacity. 

When sections of line were dropped at 
Boulder Dam power plant, the time of in- 
terrupting the charging current by the 
Westinghouse breakers would, in many 
cases, be in the order of 8 to 12 cycles. Os- 
cillograms, as well as system disturbances, 
indicated that very bad transients were 
present during the last few cycles of are 
interruption. The extent to which this in- 
creased number of cycles required to inter- 
rupt charging current affected transient 
disturbances was not known, but it was be- 
lieved that most of the transients could be 
eliminated if the charging current could be 
interrupted in five cycles or less, and the 
oscillograph records show no tendency for 
the are to restrike after the current wave 
has passed through zero. 

When the third circuit to Boulder Dam 
was under consideration with two additional 
generators included in the high-voltage 
ring bus at the Boulder Dam power plant, 
the interrupting duty requirement was in- 
creased to a point somewhat beyond 
3,000,000 kva. It was, therefore, required 
that the additional circuit breakers to be 
provided at Boulder Dam power plant for 
the third circuit should have an interrupt- 
ing capacity of 3,590,000 kva, from one 
fourth to full interrupting capacity in three 
cycles, and not to exceed five cycles of are 
interruption in any event. 

At that time, the Westinghouse company 
indicated it could build a dead-tank-type 
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breaker that would meet these requirements. 
It also indicated that it could develop an 
interrupting device that would increase the 
interrupting capacity of the original dead- 
tank-type breakers at Boulder Dam power 
plant to 3,500,000 kva, and meet the above 
stated time requirements. Negotiations 
were accordingly started between the 
United States Bureau of Reclamation, City 
of Los Angeles Bureau of Power and Light, 
and the Westinghouse company for the 
development and application of this device 
to the breakers in question. 

The paper by Mr. Ludwig and Mr. Leeds 
entitled “A Multiorifice Interrupter for 
High-Voltage Circuit Breakers’’ describes 
the design and presents an analysis of tests 
made in the company’s new high-power 
laboratory on the device which will be 
installed shortly in the original Westing- 
house 287-kv breakers at Boulder Dam 
power plant. 

The multiple-orifice interrupters de- 
scribed represent a distinct advance in the 
art of interrupting currents at high voltage 
by devices that generate their own forces to 
affect arc interruption. The test results are 
very gratifying. The oscillograms indi- 
cate that the Boulder Dam breakers, when 
rebuilt, will meet all specified requirements 
and interrupt effectively all charging cur- 
rents in the order of those existing on the 
Boulder Dam transmission lines in four 
cycles or less without tendency to restrike. 

Cathode-ray-oscillograph records and 
tests indicate that the resistors selected for 
stress distribution across the device effec- 
tively dampen transient voltages, since no 
overvoltages were recorded exceeding 100 
per cent of normal crest during a series of 
28 laboratory tests interrupting charging 
currents. 


H. V. Nye (Allis-Chalmers Manufacturing 


Company, West Allis, Wis.): The paper by — 


Ludwig and Leeds is an excellent presenta- 
tion of the principal design features and 
performance of the breaker described. 

There appears to be two novel features 
in the design of this interrupter which 
merit separate consideration. The first of 
these is the ingenious method employed 
of getting around one of the inherent dis- 
advantages of previous high-voltage double- 
arc interrupters. I refer to the time ele- 
ment required to draw a pressure-producing 
arc before the main arc can be drawn, upon 
which the oil blast is to operate. In the 
breaker described in this paper, both of 
these arcs are drawn almost simultaneously, 
and a great saving in arcing time results. 
This is clearly shown by a comparison of 
Tables III and IV of the paper where a 
138-kv breaker drawing these arcs in series 
takes about twice the arcing time of the 
230-kv breaker drawing them simultane- 
ously. Of course, the mechanical operat- 
ing times on these breakers were different, 
the 138-kv breaker requiring 3.8 cycles to 
part contacts as against 2'/. cycles on the 
230-kv. Nevertheless, the action is very 
clearly brought out by these data. 

The introduction of multiple orifices 
without multiplying the number of arcing 
contacts, while not entirely novel, is very 
effectively done and, I think, presents a 
notable advance over the multiple contact 
devices previously used for many breakers 
of equivalent ratings. In all, the authors 
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are to be complimented on the excellent 
manner in which they have presented their 
subject and for the test data they have 
given comparing the various constructions. 


Oil-Impregnated-Paper 

3 High-Voltage Condenser 

~ Bushings for Circuit 
Breakers and Transformers 


Discussion and author's closure of paper 43-54 
by H. J. Lingal, H. L. Cole, and T. R. Watts, 
presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, June section, pages 269-75. 


George A. Matthews (The Detroit Edison 
Company, Detroit, Mich.): H. J. Lingal, 
H.S. Cole, and T. R. Watts should be com- 
plimented for their accomplishment that 
they so aptly described in their paper. 

They have described new shop practices 
and a new type of high-voltage condenser 
bushing that has unusually high electrical 
and mechanical strength. The high elec- 
trical strength in this new type of bushing is 
obtained through the use of oil-impregnated 
paper as the insulation in the condenser. 
Uniformity in these bushings will be as- 
sured by the new tools and shop practices. 
Permanency of strength and long life will be 
obtained by the use of an oil-filled, sealed 
porcelain and metal casing if it remains 
tight. I believe that, excepting as prac- 
ticed by The Detroit Edison Company 
since 1936, the condensers in bushings 
have not been wholly encased in porcelain 
and steel. 

In 19386 The Detroit Edison Company 
started to rebuild their Westinghouse 138-kv 
multipiece porcelain compound-filled con- 
denser bushings that had been in service 12 
years. It was necessary to do a major job 
of rebuilding because the gaskets had de- 
cayed so far that they no longer formed a 
weatherproof seal, and the bushings were 
absorbing water, and the oil in the breaker 
or transformer tanks was syphoning through 
the shellacked paper insulation in the con- 
denser with the result that the electrical 
strength of the bushings was very low. Our 
objective in rebuilding was to produce a 
condenser bushing that would be self-pro- 
tecting against impulse voltages perma- 
nently in along life and with greatly reduced 
maintenance. 

After sufficient testing it was found that a 
suitable bushing could be produced by oil 
impregnating the 12-year-old condensers, 
then enclosing them in oil-filled and sealed 
casings of porcelain and steel. In order 
that the internal pressure would always be 
greater than the atmospheric pressure 
compressed nitrogen gas was applied. The 
gas pressure varies throughout the tempera- 
ture range, —15 degrees Fahrenheit to 
130 degrees Fahrenheit, from 1.5 pounds 
gauge to 14 pounds gauge maximum. 

While experimenting, we found that the 
old shellacked condensers, unimpregnated 
encased in oil and porcelain, failed under the 
first application of a steep front wave, al- 
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though a 32-inch rod gap was connected in 
parallel. Whereas these same old shel- 
lacked paper condensers after vacuum treat- 
ment and oil impregnation, encased in the 
same steel and porcelain, oil-filled casings 
were found to be self-protecting against 
front of wave flashover in tests. This in 
our minds definitely proves the value of oil 
impregnation. 

Typical oscillograph data taken from tests 
of oil-impregnated condenser bushings as 
we rebuilt and are now operating them 
follow: 


60-cycle flashover test, before and after impulse 
tests, at 450 kv corrected for standard air conditions 


60-cycle, one-minute holding test at 355 kv 


Impulse Tests: 
Front of wave flashover 


With 431/,-inch rod gap in parallel with the bushing. 
Lower end of bushing immersed in oil as used in 
service 


Wave front rising at approximately 3,000 kv per 
microsecond 


Bushings flashed over 25 times with a negative wave 


Bushing flashed over 100 times with a positive wave 


All flashovers occurred externally, that is, 
above the supporting flanges. 

In the year 1939, after the rebuilt bush- 
ings had been in service three years, a 
number of them were taken out of service 
for a check test. They were given 60- 
cycle holding and flashover tests before and 
after 25 positive and five negative impulse 
tests for front of wave, flashover having an 
average crest of 1,750 actual kilovolts. The 
wave front rising at approximately 2,400 
ky per microsecond. After these tests, the 
bushings were taken apart, and examination 
showed that they were not damaged. They 
were then reassembled and returned to 
service. 

These tests were not so severe as the 
initial tests described hereinbefore that we 
ran on these same bushings. This was due 
to the limited capacity of the laboratory. 
They were sufficiently severe, however, to 
bring out any objectionable weaknesses. 

At this date we have 500 of these rebuilt 
bushings in service. They differ from this 
new Westinghouse bushing as follows: 


1. They operate with compressed nitrogen gas at a 
pressure above the atmospheric pressure. 


2. Our condenser insulation is shellacked paper 
that was oil impregnated after 12 years of usage. 


3. Gaskets are Neoprene instead of Neoprene cork. 


4. Gasket loading stops are lead instead of Neo- 
prene asbestos. 


| 
5. Sliding contact is provided to compensate for 
expansion, whereas the Westinghouse bushing uses 
a diaphragm cap. 


6. We do not have brazed or soldered joints. 


Ca 


7. We use an indicating pressure gauge located 
just above the supporting flange instead of an oil- 
level indicator. . 


Our reasons for operating these rebuilt 
bushings under gas pressure are twofold: 


1. Ifa leak should occur, water will not enter as 
long as there is pressure. 


2. If there should be undue temperature rise 
within the bushing, the pressure would be increased. 
Either of these changes from normal conditions 
would be indicated visibly at the pressure gauge 
and as our operators are furnished with an ambient 
temperature-pressure curve, any abnormal condi- 
tion of the bushing would be detected within a very 
short time after it occurred. We believe this 
pressure-gauge feature is superior, as it gives us a 
daily indication of the condition of the bushing, 
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thereby making periodic inspection umnecessary. 
The oil-level indicator would not indicate leaks that 
might occur above the surface of the oil, nor would 
it as definitely indicate unwanted temperature rise. 


Although the unnecessarily large number 
of brazed and soldered joints, if well made, 
will not adversely affect the life or cost of 
operating the bushing, they do increase 
however the manufacturing costs and con- 
stitute just another thing to watch. It is 
well known that brazed joints are likely 
to be porous unless great care is exercised. 

I suggest that the Neoprene asbestos 
might swell and thereby lift the porcelain 
enough to cause leaks at the gasketed joints. 
We would use lead rings instead of the com- 
pound for the stops. 

In conclusion, I state that the data pre- 
sented by paper 43-54, as well as consider- 
able other data, indicate that oil-impregnated 
paper is the best insulating medium for 
condenser bushings that is known today, 
and that if it is properly protected from 
contamination, it will retain its high elec- 
trical strength for many years. 


A. W. Gothberg (Public Service Electric and 
Gas Company, Newark, N. J.): The au- 
thors are to be complimented on developing 
a high-voltage bushing having a large reserve 
in working insulation strength, well co- 
ordinated insulation, and on establishing the 
impulse flashover and breakdown curves. 
Many mechanical improvements have been 
incorporated to overcome the difficulties and 
defects of earlier types. This bushing is de- 
signed to give an excellent factory-assembled 
job, but it lacks the simplicity of assembly 
for satisfactory field maintenance. 

In order to make even minor replace- 
ments it is necessary to unsolder two seals, 
one of which is around the threaded stud. 
To back off the lifting lug nut past the sol- 
der-coated threads and to remake and test 
properly these solder seals after reassembling 
the bushing is not a very convenient field 
job. 

It may be argued that any replacements 
should be made at the factory because of 
the importance of driving out and eliminat- 
ing moisture and gases during the filling 
process. There are two answers to this: 


1. If operating companies can make successful 
cable splices where the insulation working stresses 
far exceed the working stresses used in the bushing, 
they should be able to do a proper filling job. 


2. If this bushing requires assembling and refilling 
under such carefully controlled conditions, an effort 
should be made to simplify the design so that it can 
be maintained in the field. 


No large user of high-voltage bushings 
wants to ship his bushings to the factory for 
the replacement of a porcelain or some minor 
part, particularly if it is to cure an epidemic 
of trouble. Such a procedure may require 
a large number of spares, and in some cases 
it will increase the outage time of the equip- 
ment on which the bushing is installed. 
In addition, the handling and shipping 
charges may far exceed the cost of the re- 
pairs. 

Although the design of this bushing, both 
from an electrical and mechanical stand- 
point, appears to be far superior to its 
forerunners, it is suggested that more 
thought be given to a simplified assembly 
of a bushing from an operator’s viewpoint. 
No matter how perfect a piece of equipment 
appears on test, troubles are bound to occur, 
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especially if they can be caused by external 
conditions. Unless these troubles are major 
ones, they should be capable of being reme- 
died in the field, and the equipment 
should be designed accordingly. 


J. B. Whitehead (The Johns Hopkins Uni- 
versity, Baltimore, Md.): There are several 
good reasons why the use of oil-impregnated 
paper in condenser bushings and terminals 
should give better performance than those of 
earlier types. In particular, the use of a low 
viscosity oil gives a better degree of satura- 
tion and, as 15 well known, this increases di- 
electric strength and stability. Further, the 
use of continuous sheets of paper is a dis- 
tinct advantage since it is now generally 
understood that failure of impregnated 
paper insulation in cables usually starts in 
the oil channels between successive turns of 
tape. 

It is doubtful, however, whether full ad- 
vantage has as yet been taken of these 
methods for improvement in the bushings 
described by the authors. The methods 
employed here are evidently an approach 
to those used in the assembly of the insula- 
tion of the so-called oil-filled cables. Ex- 
perience with this type of insulation, how- 
ever, has shown that its best properties 
are reached by more careful drying and 
evaporation methods than deseribed by 
these authors. In fact, the length of the 
metal foil layers and the absence of oil 
channels introduce some question as to 
whether complete impregnation may be 
reached even under the programs referred 
to, 

Moreover, it is stated that in the bush- 
ings for the higher ranges of voltage it has 
been necessary to use paper tape assembled 
cable fashion on the inner sections of the 
condenser bushing. This naturally intro- 
duces the vulnerable oil channel. While the 
average operating voltage gradient is 
relatively low as compared with cable prac- 
lice, it is nevertheless desirable that infor- 
mation should be given as to the actual 
values of stress which are reached in these 
oil channels, bearing in mind their relatively 
short radius and the differences in dielectric 
constant between paper and oil, 

As bearing on the question of impregna- 
tion, it would also be helpful if power factor 
stress curves could be given over and above 
the operating range. 

There is one feature of the test results 
which raises a serious question as to whether 
it is possible to compare the performance of 
these bushings with that obtained in the 
best oil-filled cable insulation. Apparently, 
all or most of the failures have taken place 
at the edges of the metal foils forming the 
electrodes of the suecessive steps of capaci- 
tance, This means that there is a weaker 
point in the bushing than the weakest 
point in the impregnated paper insulation 
wall. In my judgment still further per- 
formance and still further utilization of the 
advantages of oil-filled insulation will be 
obtained by further protection or stress 
reduction at the edges of the metal foil 
layers. 


H. J. Lingal: In reference to discussions pre- 
sented by G. A, Matthews and J, B. White- 
head, it is necessary to wind the inner layers 
of the condensers for the higher-voltage 
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bushings from tape or strip applied helically 
around the conductor, since machines are 
not available for winding sheets more than 
100 inches wide. In this type of winding, in 
bushings as in cable, small oil-filled channels 
exist between adjacent turns in a layer of 
paper. Although Dr. Whitehead has shown 
that failure of oil-impregnated paper in 
cables usually starts in these small channels, 
there is no cause for alarm about them in 
the condenser bushings, as the operating 
voltage gradient is only about one third as 
high as in cables where the same type of 
channels are present. Furthermore, in ca- 
bles the voltage gradient inherently increases 
sharply to a maximum at the surface of the 
conductor, while in a condenser bushing 
there are many coaxial cylinders of copper 
foil, dividing the insulation into layers ap- 
proximately 0.1 inch thick, having practi- 
cally equal voltage on each layer. This 
result could be accomplished in cables only 
by using graded insulating materials, hav- 
ing a lower dielectric constant in each suc- 
cessive layer, and obviously, not many such 
layers are feasible. , 

In bushing condensers using the same 
insulating material throughout, the funda- 
mental principle of design provides a volt- 
age divider comprising many coaxial cyl- 
inder capacitors of equal capacitance in 
series. By proper correlation of the in- 
crease in diameter with the uniform de- 
crease in length of the successive copper-foil 
cylinders in the stepped and tapered ends 
of the bushing condenser, the total applied 
voltage is divided equally among the many 
concentric layers. 

Therefore, even though the paper tape, 
admittedly somewhat inferior to the con- 
tinuous sheets of paper, is used for the 
innermost layers of the larger bushing con- 
densers, it is not subjected to a higher- 
voltage gradient. The fact that a large 
margin of safety exists is borne out not only 
by laboratory tests, but also by 1,500 bush- 
ing-years of actual field service as reported 
by Mr: Matthews. 

However, when machines for winding 
paper more than 100 inches wide become 
available, they will probably be adopted 
for winding the larger bushing condensers, 
mainly to reduce time and cost of winding. 

During the testing of the two bushings on 
which test data are given in the paper, 
power-factor measurements were taken at 
voltages up to 200 kv. The values ob- 
tained from these measurements, when 
plotted, form practically a straight line, 
indicating the absence of corona which 
might be expected if impregnation was not 
complete, Radio influence voltage meas- 
urements confirmed this indication. 

The degassed oil for impregnating quickly 
absorbs any residue of air left in the con- 
denser at the end of the evacuating opera- 
tion which removes 99'/,; per cent or more 
of all free air. The completeness has been 
tested by unwinding a number of bushings 
after they had been put through the evacu- 
ating and impregnating treatment, Fur- 
thermore, the routine overvoltage test on 
each bushing is sufficient to puncture any 
layer which is not thoroughly oil-impreg- 
nated. Any such puncture on test is ob- 
served readily on the testing transformer 
instruments at the time and also revealed 
by the subsequent tap voltage test and 
Schering bridge readings. 

The final tests on the 196-kv bushing 
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were made in an oil tank. Before these // 


tests, the condenser was exposed to air for - 


considerable time, During the exposure to 
air, we suspect that some oil near the sur- 
face was drained out and replaced by air, 
and that when the condenser was immersed 
in oil in the test tank, a part of this air was 
trapped in the paper at the ends of the 
condenser steps. The breakdown of this 
entrapped air is believed mainly responsible 
for the breakdowns occurring at the ends 
of the foils. However, there is inherently a 
slight concentration of stress at the ends of 
each foil cylinder because of electrostatic 
flux fringing out to the longer foil cylinder 
of the next layer inside. 

In the discussions some materials and de- 
tails of construction were criticized con- 
structively. In many cases a designer has 
available several suitable materials from 
which a selection can be made. The one he 
uses should have a background or record of 
service that will justify the designer’s 
choice. In selecting Cork Neoprene seal- 
ing gaskets, and Asbestos Neoprene stop 
gaskets, the designers chose materials with 
which we have at least a decade of highly 
satisfactory experience on many thousands 
of bushings built and in service. 

In these bushings the use of castings, 
where oil, air, or moisture tightness is re- 
quired, has been abandoned. Such parts 
are made from sheet or rolled sections or 
tubes. This type of construction, together 
with the need to use the minimum of critical 


materials, has dictated the use of welding — 


and brazing to form many parts for which 
castings were formerly used. 

Rebuilt bushings in which the expansion 
space above the oil is filled with nitrogen 
under pressure are described by Mr. 
Matthews. The tightness of the bushings is 
indicated by pressure gauges installed on 
the flange. Thisisa very reliable means of 
indicating tightness, It has been con- 
sidered in making the design of the oil- 
impregnated bushing and nitrogen under 
pressure with a suitable pressure indicating 
gauge can be added to the present bushing 
when and if required, It is believed, how- 
ever, that the simple magnetic gauge indi- 
cating the oil level is more easily read and 
interpreted by the average maintenance 
man who would have to be trained to inter- 
pret the effects of temperature and gas ab- 
sorption on the readings from the pressure 
gauge. 

In reply to Mr. Gothberg’s discussion, 
the technique required to dismantle and re- 
assemble these bushings is difficult only 
to the extent that different tools and some 
new procedure is required to do the job. 
The first requirement is a knowledge of the 
bushing construction and the procedure to 
be followed in dismantling and reassembling 
so that the quality of the rebuilt or repaired 
bushings will be as nearly as possible that 
of a new bushing. With this knowledge, a 
repair can be made by a competent me- 
chanic in a surprisingly short time. The 
special tools required for dismantling and re- 
assembling the bushing can either be pro- 
cured in advance, or readily made when 
needed, <A repair on this bushing-#will be 
no more difficult than many an operation 
now being performed every day by the oper- 
ating companies’ maintenance departments. 

These organizations have available skilled 
and experienced workmen, They are ex- 


pert in performing many operations re- 
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quiring a high degree of skill with expert 
knowledge of the apparatus. These organi- 
zations would not assign a man to rebuild 
a motor, a transformer, a circuit breaker, or 
any other piece of apparatus on their system 
without seeing first that he had been given 
adequate instructions and providing him 
with information on the construction of the 
apparatus and the functions of its various 
parts. Since high-voltage bushings have 
both high service and money value, we have 
recommended that repair or rebuilding be 
done only by those experts in the work who 
have the proper equipment. Unless such 
men are available in the operating company 
maintenance organizations, we feel that 
the cost of returning a bushing to the factory 
is justified if major repairs are to be made. 

The discussions indicate differences of 
opinion regarding some of the mechanical 
design features and the degree of complete- 
ness of evacuation and impregnation. A 
complete agreement exists between the 
discussers and authors on the conclusion 
that oil-impregnated paper—well processed 
and protected as in the bushings described 
in the paper—will have unusually high 
dielectric strength and long and trouble- 
free life. 


Application of Lightning 
Protective Devices 
in Wartime 


Discussion and author's closure of paper 43-63 
by I. W. Gross, presented at the AIEE na- 
tional technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, April sec- 
tion, pages 173-5. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Everyone is in agreement with the 
purpose of Mr. Gross’ paper. The war ac- 
centuates the importance of the preservation 
of service continuity so that war production 
may be interrupted as little as possible. 
This is the major objective. At the same 
time, more than ordinary emphasis is being 
put upon the need for accomplishing this 
with the minimum amount of time and labor 
devoted to maintenance and repair, and 
with the least amount of material in devices 
whose purpose is to insure continuity of 
power flow. 

The accomplishment of such programs 
will involve, in some cases, saving by spend- 
ing—spending for additional or more effec- 
tive lightning protection, as mentioned in the 
paper. Mr. Gross, however, has put more 
emphasis on the savings that look attractive 
through reduction in arrester ratings and in 
the use of smaller types. The reduction in 
arrester ratings has apparently worked 
out to great advantage on Mr. Gross’ sys- 
tems, and he is to be felicitated on the 
careful and effective engineering that has 
gone into this practice. However, its 
general adoption without careful considera- 
tion may be loaded with troubles, since 
there are systems on which it is likely to re- 
sult in frequent arrester failures causing 
outages thereby interfering with power 
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flow. For the most trouble-free operation, 
it is necessary on some systems to apply 
arresters of higher than normal rating. 

At an earlier session, there was presented 
a report of the protective devices com- 
mittee on ‘‘Correlation of System Over- 
voltages and System Grounding Impedance.” 
A perusal of this report is useful in the prob- 
lems that arise in arrester application. 
General recommendations may be dan- 
gerous, and they carry considerable re- 
sponsibility. It is for this reason, probably, 
that it was not possible to obtain complete 
subcommittee agreement on a few of the 
considerations involved in the endeavor to 
insure the greatest degree of uninterrupted 
power flow by the means most economical 
in maintenance, labor, time, and material. 

Regarding the suggestion that the in- 
ternal mechanism of the sealed gap elements 
in lightning arresters could be made of iron 
in place of brass, it must be recognized that 
there are certain limitations in the use of 
materials in lightning arrester gaps if good 
consistent operation is to be maintained. 
Probably all lightning arrester manufac- 
turers have given serious consideration to 
substitution of materials where possible and 
have put such substitutions into effect 
where it does not interfere with the success- 
ful operation of arresters. 

There is another application, not men- 
tioned in Mr. Gross’ paper, in which ma- 
terial savings may be made. This is in the 
lightning proofing of transmission lines. 
On new construction, overhead ground wires 
and De-ion protector tubes compete for 
this service. For new construction, the 
overhead-ground-wire construction is, in 
general, more economical in dollars. How- 
ever, considering the materials involved, 
protector-tube installation will frequently 
protect a transmission line with less ma- 
terial than that involved in an adequate 
overhead-ground-wire installation. 
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P. L. Bellaschi ( Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Gross outlines the over all economies 
that may be attained from protective de- 
vices applied on a sound engineering basis. 
The application of an 80 per cent arrester 
on grounded neutral systems is a good ex- 
ample of a twofold gain in over all economy; 
first, in the use of a lower rating arrester; 
second, in the greater margins of protection 
obtained. However, we would do well to 
emphasize once again that this application 
requires engineering predetermination or 
check-up in each case to the effect that the 
dynamic voltage at no time shall exceed the 
rating of the arrester. Where an 80 per 
cent arrester is permissible, there is the 
possibility of further economy,—transformer 
insulation one class lower than normally 
would be required may be considered. This 
presupposes that the lightning arrester is 
not called upon to discharge excessive surge 
currents. Such may be the conditions in 
well-shielded stations or where lightning 
severity is low. Many transformers with 
reduced insulation are in service. Their 
good record speaks well for this practice. 


Discussions 


I heartily agree with Mr. Gross that a 
good going over of present installations may 
reveal vulnerable points and that the cor- 
rection may pay dividends. I have ref- 
erence particularly to stations built years 
ago now serving vital zones, to inherently 
low-impulse strength apparatus (such as 
rotating machines, and similar apparatus, 
and so forth) when directly exposed or 
located on low-voltage circuits coupled to 
high-voltage lines through transformers and 
to other cases of the kind. The location of 
the arresters up closer to the transformers 
is one of the usual corrections found. Occa- 
sionally, it is found in addition that the 
remedy is to provide up-to-date and efficient 
protective equipment to the apparatus. 
Unfortunately, some of these vulnerable 
spots often come to light after lightning has 
had the opportunity to do the picking, and 
damage has been done. 

In conclusion, I may point out that the 
report of the transformer subcommittee! 
on the “Protection of Power Transformers 
Against Lightning Surges’ as well as the 
recent report on ‘Correlation of System 
Overvoltages and System-Grounding Im- 
pedance”’ by the working group on correla- 
tion of system-grounding impedance, both 
should be of assistance also in the application 
of lightning protective devices. 
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Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Gross has 
prepared a stimulating paper on which I 
give the following special comments. 

Section III, item 3 of the paper seems to 
advise the protection of cables subject to 
lightning exposure. All cables connected to 
overhead lines do not require protection. 
Depending upon the possible magnitude of 
entering surges, the lengths of cable, and 
the line and terminal surge impedances, such 
cables are often self-protecting by reducing 
the surge voltages to values which they can 
withstand without damage. For example, 
two 132-kv oil-filled underground six-mile 
lines in Chicago are sufficiently long and 
otherwise meet these conditions, so as not 
to require arrester protection. Other cable 
lines operating at 33, 66, and 132 kv, but of 
relatively short length, have lightning ar- 
resters installed at the junction of overhead 
lines and cables. Although some of these 
transmission cables have been in operation 
for as much as 13 to 15 years, no cable, 
pothead, or joint failures have ever resulted 
from lightning on either those cables with 
arresters or the cables that are considered 
self-protecting. 

For the country as a whole, records of 
several years’ operation show that less than 
one per cent of the total failures on cable 
systems are caused by lightning. In 
general, it is necessary to study each indi- 
vidual cable installation in order to deter- 
mine whether supplemental lightning pro- 
tective measures are necessary or justified. 

With reference to item 8 of section III, it 
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should be pointed out that the desirability 
of installing arresters in close circuit prox- 
imity to the station or substation equip- 
ment does not apply quite so rigorously for 
distribution-line equipment. As indicated 
in my previous AIEE articles, we have 
followed for many years the practice of 
having only one arrester per phase in each 
block on our four-kv distribution system, 
even though there may be transformers 
installed at two or three different places on 
that phase in the block. Our statistical 
studies described by E. H. Grosser, Jr., in 
Electrical World for January 27, 1940, 
showed that an arrester installed one, two, 
or in some cases three spans away protected 
the distribution transformer equally as well 
as an arrester at the transformer pole. This 
extent of protection might, of course, be 
lessened for rural systems. It should, in 
any case, be considered as a means of re- 
ducing or avoiding an increase in arrester 
investment to secure a possibly questionable 
gain. 

This suggests an additional point in the 
economics of arrester application, particu- 
larly as applied to distribution systems. 
This is the “‘group’’ protection of equip- 
ment. Where several pieces of electrical 
equipment are in reasonably close proximity, 
they may be adequately protected by a 
single arrester or set of arresters. An ap- 
preciable saving in arresters may result 
from this practice which, as stated above, 
we have found to be practicable and satis- 
factory. 

Under item 8 also properly belongs the 
suggestion to change where possible on dis- 
tribution systems, to the ‘‘interconnection”’ 
method of protection. The tie between 
the lightning arrester ground and the sec- 
ondary neutral of the distribution system 
involves no critical material other than a 
few feet of wire, yet has been found to 
afford a considerable reduction in lightning 
troubles. 

An additional point that appears to 
be of importance is the maintenance of 
lightning arrester grounds. The value of 
low resistance grounds, except for those 
cases where the ground is not directly in- 
volved in the protective scheme cannot be 
too strongly emphasized. Periodic testing of 
grounds is advised with reduction in ground 
resistance being made as appears necessary. 
Even the use of additional ground rods to 
improve grounds of high resistance may 
sometimes be considered justifiable, although 
semicritical materials may be involved. 


W. J. Rudge (General Electric Company, 
Pittsfield, Mass.): Mr. Gross is to be 
complimented on his straightforward treat- 
ment and presentation of a subject contain- 
ing such a diversity of viewpoints. 

As a representative of a manufacturer, 
we wish to emphasize the importance of 
Mr. Gross’ statement that 


“Tt is not the intent of this paper to imply that the 
suggested methods of protection and practices are 
suitable for universal application.’”’ 


We wish to urge that, in each particular 
case where consideration is given to the 
application of the suggested measures, the 
latter be looked at in the light of the follow- 
ing questions. 


1. Will protection to important apparatus be 
improved? 
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2. Will service to important war loads be im- 
proved? 

3. Does the use of the small amount of critical 
materials involved in arrester protection more than 
offset the risk of damage to important apparatus 
which involves many times greater amount of 
critical materials, and which is difficult to replace 
or requires many man-hours to repair the damage? 


The suggestion of using reduced rating of 
arresters has proved satisfactory on a few 
well-regulated and well-grounded systems. 
However, unless the system is well-grounded 
and well-regulated, experience has shown 
that the use of arrester ratings below those 
now listed as standard by the manufacturers 
for grounded neutral systems will result in 
an increase in the number of arresters which 
are damaged by excessive voltage with a 
corresponding increase in service interrup- 
tions, and exposure of apparatus to failure 
while the failed arrester is being replaced. 

Therefore, when contemplating such 
measures, one not only should be familiar 
with system operating practices but also 
should be familiar with the arrester char- 
acteristics and application data published 
both in the AIEE standards and manu- 
facturer’s literature. This is necessary to 
avoid misapplications that would otherwise 
result in destruction of critical materials 
and loss of service to important war loads. 

When considering the possibility of using 
line-type arresters in place of station-type 
arresters, the relative protective levels of 
the two devices should be kept in mind. A 
co-ordination study should be made to 
determine how much encroachment there 
will be on the margin of protection, particu- 
larly when old transformers are involved. 
The protective levels of both line- and sta- 
tion-type arresters have been presented to 
the Institute in the form of lightning ar- 
rester subcommittee reports. These data 
show that the JR discharge voltage of a 
line-type arrester rated 73 kv is approxi- 
mately 25 per cent higher at 5,000-ampere 
or 20,000-ampere discharge currents than for 
the station-type arrester. Also, that the 
discharge voltage (JR drop) of the station- 
type arrester when discharging 20,000 am- 
peres is no higher than that of the line- 
type arresters when discharging only 4,000— 
5,000 amperes. It should be realized that 
the station-type arrester is a more rugged 
device and has higher discharge current- 
carrying capacity. It also should be of 
interest that Thyrite station-type ar- 
resters actually use less copper and copper 
alloy than Thyrite line-type arresters of 
equivalent rating. 

Mr. Gross suggests use of arrester pro- 
tection on machines which are not so pro- 
tected at present. This suggestion war- 
rants serious consideration, particularly 
during the war when replacement of ma- 
chines, or repair parts involving critical 
materials, and man-hours for repairs should 
be kept to a minimum, and when loss of 
service of the machine is so vitally conse- 
quential. The amount of critical materials 
involved in arrester protection is almost 
always extremely small as compared with 
similar or even more critical materials in 
machines or other apparatus to be protected. 

The paper mentions the possibility of 
using other devices such as protector tubes, 
open air gaps, or control gaps. To avoid 
misinterpretation by the user the recog- 
nized limitations of these devices should not 
be overlooked. For example, high-voltage 
protector tubes will not hold the impulse 
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voltage below the transformer BIL value 
but are suitable for protection of line in- 
sulation, disconnecting switches, and so 
forth. The report “Protection of Power 
Transformers Against Lightning Surges’ 
presented by the Institute lightning ar- 
rester transformer subcommittee states: 


“‘The rod gap is not fundamentally a good protective 
device because if selected to protect the apparatus 
at the long times it will not provide protection at 
the short times. On the other hand, if it is set to 
provide adequate protection at the short times, the 
gap will be so short it will be susceptible to frequent 
flashover because of switching transients and minor 
lightning surges.”’ 


If the substitution of plain gaps for ar- 
resters risks a failure of only one medium- 
sized transformer, it is doubtful if their use 
could be justified because the critical ma- 
terials used in the one transformer would 
exceed by far the critical materials used in 
all of the arresters on the entire system to 
say nothing of the labor required to place 
the transformer in service, having it re- 
wound, and the possible loss of load to some 
important industry. For example, one 
average size, single-phase transformer 5,000- 
kva, 66-ky, has approximately 660 times 
as much copper and 120 times as much steel 
as one single-pole station-type Thyrite ar- 
rester rated 73 kv. 

In this connection, it is of interest to note 
that even a small size distribution trans- 
former, say 10-kva 2,400-volt, contains 
47 times as much copper and 200 times as 
much steel as contained on a modern dis- 
tribution arrester used to protect and pre- 
serve the transformer. 

In connection with the rebuilding of old 
arresters, we wish to point out that the old 
arresters of the aluminum-cell type use 
decidedly more critical material per kilovolt 
of rating than modern arresters. The same 
could be said of the oxide-film type. There- 
fore, if the suggestion for rebuilding old ar- 
resters involves materials which the user 
already has on hand, it is reasonable. How- 
ever, if the rebuilding of these older ar- 
resters involves purchase of new supply 
parts, these very likely will require more 
critical materials than if the old arresters 
were retired, and their critical materials 
salvaged and modern arresters using less 
critical materials and giving more reliable 
protection are installed. 

Mr. Gross mentions the critical materials 
used in arrester manufacture. In this con- 
nection, the General Electric Company has 
saved approximately 100,000 pounds of 
aluminum per year by substituting gal- 
vanized, fabricated steel fittings for ar- 
resters. The critical materials in a modern 
station arrester amount to only 20 per cent 
by weight. 

We believe that all manufacturers have 
already complied with the request that the 
use of strategic and critical materials be 
avoided where possible, or kept to a mini- 
mum quantity where it is impracticable to 
make substitutions. Mr. Gross has sug- 
gested that the internal mechanism of the 
sealed gap elements be made of iron instead 
of brass. However, the so-called, ‘“non- 
arcing’ property of brass has been recog- 
nized for many years as essential for proper 
arrester operation, and no practicable sub- 
stitute has been found for this small amount 
of brass used in arresters. 

Mr. Gross mentions testing and the main- 
tenance of arresters, and we concur that 
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regular routine inspection of the equipment 
with carefully planned maintenance should 
be made to keep arresters, as well as all 
electrical apparatus, in the best possible 
condition as a wartime measure. We feel 
that testing of arresters may be advan- 
tageous in some cases, but it should be rec- 
ognized that testing not only uses man- 
hours which might be employed to better 
advantages but also necessitates removal 
f apparatus from service. 


M. C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This is a very timely paper and might well 
be titled, “How Lightning Arrester Appli- 
cation Helps the War Effort’’ since most of 
the items covered represent current prac- 
tice regardless of the war. 

Under “Reduced Rated Arresters’’ the 
application of arresters on a 132-kv system 
is given as an example, intimating that the 
rating of apparatus should be five per cent 
higher. This is not current practice, and 
it is believed that 138 kv is the preferred 
system voltage rating. 

Protection of equipment not already pro- 
tected is rather difficult to justify at this 
time. However, good engineering and 
common sense would indicate that protec- 
tion should be added or improved where 
experience has shown it to be necessary. 
A word of caution would be well to the effect 
that protection should not be neglected on 
new or temporary installations which might 
be somewhat tempting and which might 
later prove to be pennywise and pound- 
foolish. 

The testing of lightning arresters is per- 
haps the most important part of this paper 
as far as the war is concerned. No doubt 
many users have arresters which it might 
be desirable to move or put back in service, 
provided they can be tested to assure satis- 
factory operation. Leakage current, volt- 
age breakdown, and power-factor tests 
have been offered but are not adequate, and 
any contribution which can be made as to 
the best way to field test lightning arresters 
would be very helpful. 


H.C. Louis (Consolidated Gas Electric Light 
and Power Company of Baltimore, Balti- 
more, Md.): I wish to discuss particularly 
that section of the paper relating to possible 
savings from the application of reduced 
rated arresters. Actual experience on the 
Baltimore system with arresters rated below 
the 80 per cent limit has shown some very un- 
satisfactory results on the solidly grounded 
neutral systems of the various voltages used 
by us. These lower rated arresters had 
been applied in order to obtain maximum 
protection of apparatus especially of older 
types. Losses of these arresters were such, 
not only during lightning storms but also at 
times when there were no disturbances, as 
to result in unnecessary service interruptions. 

A lightning arrester should provide maxi- 
mum protection with minimum interruption 
of service. The degree of protection should 
be balanced against service interruptions 
caused by arrester failures. The Baltimore 
experience definitely indicated excessive 
arrester losses with needless service inter- 
ruptions from the application of arresters 
rated below 80 per cent. On the other hand, 
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modern arresters rated at 80 per cent are 
apparently providing the proper degree of 
protection to apparatus, and application of 
these to solidly grounded neutral systems is 
now our standard practice. 

We are, of course, sympathetic to actions 
contributing to conservation of material 
and labor and the war effort, but these 
should include a consideration of all factors. 
The very small original savings of material 
and labor from the use of reduced rated 
arresters may be offset many times by need- 
less arrester losses and service interruptions 
possibly affecting war production. 


E. E. Piepho (The Detroit Edison Company, 
Detroit, Mich.): This paper would have 
been timely before the war; it is doubly so 
now that we must conserve materials needed 
for war production. Such conservation 
should be exercised when devising new instal- 
lations of lightning arresters. It can be 
realized also by providing better lightning 
protection for existing equipment, thus 
prolonging its life and by rebuilding old- 
style lightning arresters to improve their 
effectiveness. 

Since lightning arresters are usually con- 
nected between line and ground, they are 
required to withstand only the system volt- 
ages which may occur between line and 
earth at the point of connection. These 
voltages may be predicted with reasonable 
accuracy for normal conditions and for 
various fault conditions on the system. 
Methods for calculating line-to-ground volt- 
ages during system faults have been ably 
discussed in the technical literature in the 
past few years. Consequently, there should 
be little difficulty in applying arresters to 
withstand maximum system voltage condi- 
tions. 

Early application of arresters was deter- 
mined by the line-to-line voltage. This 
may be correct for systems with ungrounded 
neutrals, or with neutrals purposely 
grounded through reactance or resistance; 
but it is a very inefficient application for 
solidly grounded systems. Realization of 
this fact led to the eighty per cent rule, 
whereby arresters rated only eighty per 
cent of the line-to-line voltage could be used 
on solidly grounded neutral systems. 

If it were possible to stabilize earth poten- 
tial at the system neutral, this could have 
been a sixty per cent rule, since line-to- 
neutral voltage is only fifty-eight per cent 
of line voltage. This may be possible in sta- 
tions) where grounding transformers are lo- 
cated, but calculations usually show more or 
less shift of earth potential from neutral for 
certain fault conditions. Itis not at all un- 
common, however, to find that seventy to 
seventy-five per cent arresters can be used on 


a solidly grounded system with no greater 


risk than using full-rated arresters on an un- 
grounded system. Better protection may 
thus be provided with some saving in arrester 
materials, 

For the past ten years The Detroit Edison 
Company has used arresters on its 120-kv 
and 24-kv solidly grounded systems with 
ratings ranging from sixty-five to eighty 
per cent of line voltage. The failure rate 
of these arresters has averaged approxi- 
mately the same as for the six-kv arresters 
used on our ungrounded five-kv distribution 
system. These latter arresters, you will 
note, are rated 120 per cent of line voltage. 


Discussions 


Two years ago, in order to improve volt- 
age regulation, we changed over a part of the 
24-kv system to 41.6 kv by reconnecting 
substation transformer banks from delta— 
delta to wye-delta. Since the transformers 
were insulated for 24 kv, it was necessary 
to use the lowest rated arresters possible 
in order to provide adequate protection. 
The neutrals of transformer banks were 
grounded at various points on this system 
so that the maximum line-to-ground voltage 
under fault conditions would not exceed 
120 per cent normal, which made it possible 
to use 30-kv arresters. Up to the present 
there have been no transformer or arrester 
failures. 

Considerable saving of arrester materials 
can be realized by salvage of old equipment. 
Older style arresters which have ordinarily 
been discarded because of low insulation as 
shown by Megger test, can be renewed by 
cleaning insulating parts such as the wood 
supports of oxide-film arresters, or in the 
case of autovalve arresters, cleaning gap 
parts, wiping dust off the carborundum 
discs, and replacing mica spacers. Leaky 
hardware seals can also be renewed by 
chipping out cracked cement with an elec- 
tric-driven chipper and replacing the cement 
after applying a sealing coat of asphaltum 
paint. 

When reconditioning old arresters, we 
take the occasion to rebuild them for re- 
duced rating in accordance with present 
practice. For this purpose, the arrester 
rating is calculated by allowing 300 volts 
per cell of the oxide-film arrester and 170 
volts per mica-spaced gap of the autovalve 
arrester. 

Protector tubes which have eroded be- 
yond their current requirements, but not to 
destruction, can be renewed by rémoving 
the hardware, and replacing the inner fiber 
tube and fused electrodes with parts of 
original dimensions. This can be done 
easily with a substantial net saving of 
material. 

Older types of apparatus such as street- 
lighting switches, air-blast regulators and 
transformers, and generators or motors with 
old insulation can be kept in service by 
improved lightning protection. We have 
been able to continue use of an old-style 
street-lighting switch by applying additional 
lightning arresters. Specifically, this re- 
quired a low-cost arrester close to the vul- 
nerable parts. Old air-blast induction regu- 
lators have been kept in reliable service 
by the use of protective condensers and 
arresters on the line side. This is expen- 
sive protection but relatively cheap com- 
pared with repair or replacement cost of 
such regulators. Similar protection has 
been used successfully on old generators 
and motors whose insulation level is too 
low for ordinary arrester protection. 

The methods which have been described 
are only a few of the many ways whereby 
critical materials can be saved. Some of 
these methods can be made available to our 
customers as well. Ordinarily, we can 
afford to follow broad policies in the appli- 
cation of arresters, but these are the times 
when we must consider such applications in 
greater detail, especially as they affect the 
materials now in great demand. 


I. W. Gross: The use of reduced rated ar- 
resters has received considerable comment, 
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some of it critical and some going even fur- 
ther in applying reduced ratings than out- 
lined in the paper. We therefore find our- 
selves faced with the situation where Mr. 
Beck is suggesting applying arresters in 
some cases with a rating higher than normal 
line-to-line voltage of the system; and Mr. 
Rudge seems skeptical about applying re- 
duced rated arresters below the 80 per cent 
level given in manufacturers’ literature. 
Mr. Piepho, with satisfactory experience, 
uses arresters as low as 60 per cent of full 
rating. 

The principle is laid down in the paper 
that for best results arresters should be ap- 
plied on the basis of the maximum 60-cycle 
“voltage expected across their terminals in 
service.”” In our first extensive application 
of arresters on this basis, we disregarded the 
manufacturer’s rating of the arrester and 
got down to the real fundamental, which 
was “What was the safe 60-cycle voltage 
across the arrester?’’ We then selected an 
arrester rated not less than this and, with 
the courage of our convictions, made ex- 
tensive changes on our 132-kv system ac- 
cordingly. While this change was made 
largely on the oxide-film arresters, we also 
started using the newer or modern type on 
the same basis at that time. It is inter- 
esting to note that our experience on our 
extensive 132-kv system has been that where 
these reduced rated arresters were applied 
as above indicated, we have never ex- 
perienced in the last twelve years a failure 
of an arrester or lightning failure of equip- 
ment protected by such arresters. 

The point which it was intended to em- 
phasize in the paper was that, if arresters 
are applied on the basis of voltage expected 
across their terminals in service, consider- 
able savings in arresters, arrester and trans- 
former materials, and equipment failures 
might be possible. That principle it still 
is believed is sound, and the experience of 
others (Piepho, Lewis, and Halperin, and 
our own) seems to bear this point out com- 
pletely. In other words, results of actual 
practice seem far to outweigh the specula- 
tive fears and doubts of Rudge and Beck. 

Mr. Beck apparently has the mistaken 
idea that too much emphasis was given in 
the paper to the savings that look attractive 
through reduction of arrester ratings and the 
use of smaller types. It should be pointed 
out, however, that there was no intent to 
put undue emphasis on any one of the nine 
items presented and discussed in the paper, 
and I am at a loss to understand why he 
feels that emphasis has been placed in 
particular on any one of them. The intent 
was merely to present the different items of 
Possible savings, discuss them, and leave to 
the reader the constructive use of any one 
or more of them as he found it would pro- 
duce material benefits to his system and as 
an aid in saving critical materials. 

On the subject of using line-type distri- 
bution arresters in the place of station-type 
Mr. Bellaschi mentions that the 80 per cent 
arrester is predicated on its not being called 
upon to discharge excessive surge currents. 
This factor of high discharge current capa- 
bilities of arresters seems to the writer to 
be somewhat overdone. Actually, experi- 
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ence, so far as we are aware, indicates that 
the maximum lightning current in distri- 
bution arresters out on lines is something in 
the order of 35,000 amperes. At stations 
where a large amount of equipment is usu- 
ally located, the highest lightning current 
discharged by arresters is in the order of 
15,000 amperes. Both of these currents 
are well within the capabilities of present- 
day distribution line-type and station-type 
arresters. There should be no question, 
therefore, of any serious trouble from fail- 
ures of modern arresters because of exces- 
sive lightning currents. 

Mr. Rudge seems to be averse to using 
line-type arresters in the place of station- 
type and predicates his position on the 
published characteristics of the arresters 
showing that station-type arresters have a 
lower protective level than the line-type and 
also higher capabilities of lightning current 
discharge. As mentioned above, the light- 
ning discharge capabilities of modern ar- 
resters are certainly not important, even if 
they should be considered at all. Regard- 
ing the second point of voltage levels held 
by the two types of arresters, it might be 
well to consider the fact that distribution- 
type equipment in general up to the 15-kv 
class inclusive has a lower impulse strength 
than similar equipment in the so-called 
power class. Yet we find the power equip- 
ment used at stations where Mr. Rudge 
would apparently recommend using a sta- 
tion-type arrester holding the level below 
the distribution arrester. That is, he is 
adding two factors of safety at the station 
where the power class of equipment has an 
impulse level higher than the distribution 
class, and the station-type arrester holds 
the level below that of the line-type. This 
point of view it is hard to reconcile. 

In viewing this condition further, we 
note that lightning conditions of severity are 
apt to be greater at distribution equipment 
on the line than at power equipment in the 
station. A setup such as this seems de- 
cidedly illogical, and we cannot help but 
feel that in the future more consideration 
should be given to applying less expensive 
arresters in a station than is now currently 
recommended by catalog literature. 

We have spent a great deal of time, 
money, and effort in the past in determin- 
ing lightning conditions in the field as they 
actually appear at or on different pieces of 
equipment, and if we are not in a position 
today to do a better job of applying light- 
ning arresters on the basis of their 60-cycle 
rating and their protective characteristics 
and obtaining improved protection of 
equipment, we lay ourselves open to the 
accusation of negligence, at least, in not 
applying the knowledge we have gained 


-from the last fifteen years or so of field re- 


search on natural lightning as it affects the 
transmission system. 

Mr. Halperin’s point that long-cables are 
self-protective is very well taken, and we 
are glad to note that his experience bears 
out the theory on this point. Also, his 
scheme of protecting block areas by one 
arrester is also an ingenious application of 
arrester protection on an economical basis. 
Planned foresight and courage in applica- 
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tions of this kind to determine from experi- 
ence what results may be obtained are 
certainly to be encouraged. In the paper 
the reference to locating arresters one pole 
distance from a transformer perhaps should 
have been amplified to indicate that the 
type of setup in mind was confined to single 
banks of transformers where an arrester 
was applied to supply protection only to 


- such a bank. Where such applications are 


made, it is considered desirable that the 
arrester be placed at the transformer itself 
rather than a pole distance away in accord- 
ance with somewhat ancient practice. 

Mr. Rudge has commented on other pro- 
tective devices such as protector tubes, open 
air gaps, and control gaps tending to indi- 
cate that they do not supply as good pro- 
tection as lightning arresters. The pur- 
pose of the paper was not to discuss the 
relative protective merits of the devices 
themselves, but merely to indicate that 
where protection is required, there are other 
devices that can be used and have been 
used successfully in addition to lightning 
arresters. All of the devices are known to 
have been used in certain cases of applica- 
tion with success. The comparative pro- 
tective features of these devices can be 
found in engineering literature and, if ap- 
plied on a sound basis, should give some de- 
gree of protection. 

Mr. Westrate takes exception to the use 
of the time honored system of voltage rating, 
namely, 132 kv, and says that this is not 
current practice but that “138 kv is the 
‘preferred system voltage rating.’’”’ The 
paper referred to a ‘‘132-kv nominal sys- 
tem.” In our company we have adopted 
the standard of using the 182 kv as the 
nominal system voltage. This practice has 
numerous advantages and is quite in line 
with the National Electric Light Association 
publication 043, April 1930, entitled, “‘Pre- 
ferred Voltage Ratings for A-C Systems and 
Equipment,” as they also define the 
“nominal system voltage is for convenience 
and designations but not as a basis for de- 
sign.’ As a convenience for references on 
drawings, reports, and so forth, this practice 
which is being used by us at the present time 
is much more convenient and less readily 
misunderstood than the 138-kv type of 
designation. 

The point brought out by Mr. Piepho 
that by better application of arresters 
where old equipment is involved, such equip- 
ment can be kept in service longer, is very 
well taken. 

The author is most appreciative to those 
who have offered discussions on this paper 
in bringing out and emphasizing some of the 
points which appeal to them as being im- 
portant either in the way of supplying sup- 
porting data or in emphasizing what pre- 
cautions should be taken in applying some 
of the suggestions covered by the paper. 
As mentioned in the paper itself, it was in- 


tended to have this material published as a — 
committee report, and it may be clear to 


some of the readers of the paper from the 
discussions why it was impossible to get 
agreement among some dozen lightning- 
protection specialists on a subject where 
there are so many various factors involved. 
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The Cathode-Ray Oscillo- 
graph Applied to Long- 
Time Switching Transients 


Discussion and authors’ closure of paper 43-35 
by G. W. Dunlap and N. Rohats, presented at 
the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 


May section, pages 231-4. 


J. H. Hagenguth (General Electric Company, 
Pittsfield, Mass.): The authors have given 
a very thorough description of the cathode- 
tay oscillograph which has been found to be 
very useful in the high-voltage engineering 
laboratory of the General Electric Company, 
both for laboratory and field tests. Its par- 
ticular use, of course, is preferable to the 
magnetic oscillograph wherever transients 
have to be measured at points where only 
high impedances can be connected without 
distorting the phenomena to be measured. 

It would seem of interest to mention that 
the circuit diagram of Figure 4 of the paper 
can be considerably reduced in the number 
of tubes as shown in Figure 1 of this discus- 
sion. As can be seen, two thyratrons have 
been omitted from this circuit. The remain- 
ing thyratron serves both as an initiating 
device for the cathode beam as well as the 
switch for the relay operation to shift the 
film drum. By this means the total power 
required is of the order of 130 watts. Conse- 
quently, this oscillograph can be used as a 
battery-operated device. This also has been 
indicated in Figure 1 of this discussion, the 
conversion from the battery voltage being 
obtained by a dynamotor. This allows the 
oscillograph to be used on isolated circuits, 
measuring line currents directly without use 
of a current transformer. 

The use of one initiation tube only re- 
quires that a unidirectional initiation im- 
pulse is changed to an oscillatory transient 
of relatively high frequency. This has been 
accomplished in some cases by means of cur- 
rent transformers so that the oscillograph 
could be initiated regardless of polarity 
within five microséconds. Since the oscillo- 
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graph is intended to measure long-time 
transients only, the loss of the first few 
microseconds is unimportant. 

In the laboratory the instrument has been 
found useful in the measurement of voltage 
distribution on capacitance devices during 
flashover, sixty-cycle flashover, and hold 
tests. Other uses for that kind of instrument 
would be to evaluate the voltage distribu- 
tions within the windings on certain types of 
transformers during switching disturbances 
which may have’ a frequency of several 
thousand cycles. 

This instrument has become a very neces- 
sary and useful complimentary tool to the 
magnetic oscillograph. 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): The authors are to be 
congratulated upon developing a conven- 
iently portable tool for measuring switching 
transients of relatively low frequencies. The 
oscillograph has proved convenient to 
work with, while at the same time giving 
very satisfactory results. 

It has for some time been appreciated that 
the cathode ray oscillograph together with a 
potentiometer could be expected to perform 
more accurately on high frequency tran- 
sients than the magnetic oscillograph in com- 
bination with a potential transformer. The 
lower curve of Figure 6 serves as an indica- 
tion that the same thing is true for very low 
frequency transients. It will be noticed that 
at the time of interruption a unidirectional 
voltage of about twice normal crest value re- 
mained on the line for a period of several 
cycles. This could not have been recorded 
with any degree of accuracy with a potential 
transformer, but it was recorded with negli- 
gible error by the potentiometer oscillograph 
combination which was employed. 


G. W. Dunlap and N. Rohats: The authors 
wish to thank the discussers, W. F. Skeats 
and J. H. Hagenguth, for their contribu- 
tions. The oscillograph described was origi- 
nally designed for operation without attend- 
ance. Therefore, if built for ordinary use, 
some further simplification in addition to 
that mentioned by Mr. Hagenguth would be 
possible. The automatic film drum shifting 


Figure 1. Oscillograph con- 
nection for battery operation 
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devices could be eliminated in favor of hand 
shifting or a lighter and smaller single 
record film holder. Also a third tube could 
be added, if there were no objection to a 
fixed displacement along the time axis of 
this third tube record. 


Cooling Power Transformers 


by Forced Circulation 
of Cooling Medium 


Discussion and authors’ closure of paper 43-56 
by K. K. Paluev and L. H. Burnham, pre- 
sented at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943, and 
published in AIEE TRANSACTIONS, 1943, 


May section, pages 215-21. 


W. C. Sealey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): The 
use of forced-oil cooling of transformers is 
old, but in order to save critical material 
it has been adopted for cooling a large 
number of transformers built recently. 
This increased use has stimulated develop- 
ment, so that modern forced-oil cooling 
overcomes many of the objectionable fea- 
tures of former systems. The most modern 
of these developments consists of a totally 
enclosed motor and pump in one housing 
to circulate the oil through an_ oil-to-air 
heat exchanger. This modern cooling unit 
is entirely self-contained and self-supporting 
by its piping, eliminating the usual plumbing 
and auxiliary fastening of the unit to the 
tank or separate supports. 

The authors’ attention is called to the 
fact that the advantages which they claim 
or infer as applying only to core-type trans- 
formers apply equally well to shell-type 
transformers, so that it is practicable te 
build transformers either with directed or 
nondirected flow core type or shell type. 
As a matter of fact, such transformers 
have been built and are being built both 
core type and shell type. 


Henry M. Hobart (consulting engineer, 
Schenectady, N. Y.): Several trans- 
former manufacturers at present are ad- 
vocating a metal-sealed type of power 
transformer and forced circulation of the 
cooling medium and are supplying excellent 
power transformers whose designs embody 
the required features. A principal object 
is stated to be the assisting of the war effort 
by decreasing the amount of critical metal 
required. The precise arrangements em- 
ployed by the different manufacturers differ 
from one another in some respects, such as 
in the extent to which the forced flow of the 
medium is directed. In all cases, however, 
the circulated medium is either a mineral 
oil or some synthetic liquid which is con- 
sidered better than mineral oil, particu- 
larly with respect to being noninflammable 
and nonsludging. Several such synthetic 
liquids have been developed for power- 
transformer use. Among these may be 
mentioned: Asbestol, Chlorextol, Inerteen, 
and Pyranol. 

The authors of the paper under discussion, 
Paluev and Burnham, do not even mention 
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the use of compressed gas as the circulating 
medium. It must be presumed that they 
do not regard compressed gas as being a 
practical alternative. For many years, 
the writer has found it difficult to account 
for the extraordinary devotion displayed 
by experienced transformer specialists for 
mineral transformer oil and the synthetic 
noninflammable nonsludging alternatives. 
The ordinary, and widely employed mineral 
transformer oil requires that the tempera- 
ture of the oil shall, in service, never be al- 
lowed to exceed 90 degrees centigrade at 
any part. Higher temperatures will occa- 
sion sludge formation, impairing the heat 
transfer, clogging the ducts, with consequent 
further temperature increase and accentu- 
ated sludging. The noninflammable syn- 
thetic liquids are rather expensive and they 
leave much to be desired in several impor- 
tant respects. They are solvents of some 
of the gums, binders, and other materials 
which it has been customary to use in trans- 
formers intended for immersion in mineral 
oil. Consequently, transformers destined 
for use with these synthetic liquids must be 
specially built with more suitable insulating 
ingredients. There is, however, one very 
important advantage, namely, that the 
use of a noninflammable synthetic liquid 
permits load-center location of the trans- 
formers, close to the load, in industrial 
premises, because the fire hazard is de- 
creased greatly. Although sludging is ab- 
sent in these synthetic liquids, higher tem- 
peratures than are permitted with mineral 
transformer oils are not recommended. 

The pumps, fans, and heat-exchanger 
materials required for the forced-oil forced- 
air functions described by the authors re- 
quire a greater capital outlay and also a 
greater outlay for the power consumed in 
the performance of these functions than 
would be the case were compressed gas the 
circulated medium. The total losses in the 
transformers are materially increased, witha 
consequent impairment of the efficiency. 
The noninflammable synthetic liquids, 
which have been mentioned previously, 
have about twice the specific gravity of 
mineral transformer oil, and about twice 
the dielectric constant. This much higher 
dielectric constant decreases the resistance 
to withstand impulse voltages in designs 
built with a given amount of shielding pro- 
vision for lightning protection 

But in a compressed gas transformer we 
are dealing with a circulating medium whose 
dielectric constant is unity, so that in re- 
spect to the shielding provided, we obtain, 
with a gaseous medium, a maximum of im- 
munity from lightning damage, so far as 
such immunity can be provided by de- 
signs with electrostatic shielding. 

The use of gas instead of oil removes the 
need that, in service, a low operating tem- 
perature shall be maintained. Indeed, 
if, by employing suitable thermal barriers 
or screens, we arrange to maintain the trans- 
former core at a temperature very much 
higher than the temperature of the wind- 
ings, the core loss will be decreased by an 
important amount. This feature provides 
an extraordinary structural harmony if we 
employ certain gases which, when main- 
tained at the high compressions corre- 
sponding to great dielectric strength, would 
condense, if the temperature were not 
maintained above their liquefaction point 
for that compression. SO, is an example of 
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such a gas. At a compression of 25 abso- 
lute atmospheres, the condensation tempera- 
ture of SO, is 98 degrees centigrade. As- 
suming a directed and upward flow of 25 
absolute atmospheres SO», through the 
winding ducts and over the winding sur- 
faces, it may, in a suitable location above 
the hot portions of the transformer, be 
condensed in the presence of a decreased 
temperature and then, by gravity, may 
be returned to join the reserves of 98-de- 
gree-centigrade liquid SO, in a low-level 
compartment, ready for its next round-trip 
journey, during which it will be again suc- 
cessively vaporized and condensed. 

In the performance of these functions, 
pumps, fans, heat exchangers and directing 
and baffling elements may be employed to 
any required extent, in a manner similar to 
that described by the authors in their 
paper. But, as already stated, the cost of 
these materials and the amount of power in- 
volved in their functioning will, with the 
compressed gas, be far less than the amount 
required for the oil (or synthetic liquid) 
designs described by the authors. 

For the air-blast type of power trans- 
former (which was widely and successfully 
employed throughout a long term of years), 
some designers used the rough rule that 
there was required a flow, through the core 
ducts and winding spaces, of 1,000 cubic feet 
of air per minute, per 1,000 kva of the 
transformer’s rated output. Correspond- 
ing to these conditions, the air rise between 
inlet and outlet was about 20 degrees centi- 
grade. The corresponding temperature rise 
of the windings, as determined by resist- 
ance measurements, was some 55 degrees 
centigrade. If the circulated medium had 
been SO, at a pressure of 25 absolute at- 
mospheres, instead of air at atmospheric 
pressure then, since SO, has 2.2 times air’s 
density and a specific heat which is 0.64 
times the specific heat of air, the SO, 
would have been (2.2*250.64=) 35.5 
times more effective for heat transfer per 
unit of volume than was air. Instead of 
requiring a volume of 1,000 cubic feet per 
minute per 1,000 kva of rating, only 28 
cubic feet per minute would have sufficed, 
for the same temperature rise. But since, 
in this compressed-gas design, we are free 
from any consideration for the temperature 
limitation imposed by the necessity of 
avoiding oil deterioration, we may operate 
the transformer at a much higher temperature, 
if all our solid insulating supports and spac- 
ers are of heat-resistant materials. For 
these purposes, plenty of excellent heat- 
resistant materials are nowadays available, 
such as asbestos, glass tapes and sheets, 
Mycalex, Micanite, and lava compositions. 
If, instead of circulating 28 cubic feet of 
compressed SO, per minute per 1,000 kva 
of rating, we reduce the amount to only 
one third as much (say, nine cubic feet per 
minute per 1,000 kva of rating), then the 
increase in the temperature of the SO, on its 
arrival at the outlet will be about 60 degrees 
centigrade, thus bringing the final tempera- 
ture of the SO, up to (98 plus 60 = )158 de- 
grees centigrade. 

The dielectric strength of atmospheric- 
pressure air is only 79 crest volts per mil. 
This was so low that, in these air-blast 
transformers, the air could not be used as 
insulation, It served simply as a heat- 
transfer medium. Hence, it was neces- 
sary to provide solid insulation between the 
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component windings and between windings 
and ground. That accounts for the inade- 
quacy of these otherwise excellent power- 
transformers for use at voltages of more 
than some 20,000 to 30,000 volts. In other 
respects, such as light weight, economy of 
floor space, and low cost (during that 
period), they outclassed the oil type.. Asa 
fire hazard their status was low, but that 
was at least equally true of the oil type. 
Neither type was suitable for use at load- 
center interior locations in industrial prem- 
ises, unless they were enclosed in expen- 
sive fireproof vaults or compartments. 

But a compressed-gas power transformer 
should be an ideal type for interior load- 
center location in industrial plants. 

SO,, compressed to 25 absolute atmos- 
pheres, not only is a heat-transfer medium 
many times more effective than air, per 
unit. of volume, but it has a 60-cycle dielec- 
tric strength seven times greater than that 
of transformer oil, and a 11/,-40 impulse 
strength 3.5 times that of transformer oil. 
If it is desired to provide a still greater de- 
gree of superiority over transformer oil, we 
can increase the compression to 50 absolute 
atmospheres or more, instead of using a 
compression of only 25 absolute atmos- 
pheres. 

Paluey. and Burnham include in their in- 
teresting paper, a number of curves which 
provide qualitative indications of trends 
which will be encountered if their recom- 
mendations are followed. But no quantita- 
tive information applicable for compari- 
son purposes is made available as regards 
the net effects of their recommendations 


Losses. 
Efficiencies. 
Weights. 
Costs. 
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Fortunately, however, a limited amount of 
such information has been made available 
in the technical press, from time to time, 
by several of the manufacturers of the types 
of transformers with which the paper is 
concerned. Whereas this published  in- 
formation is rather obscure as_ regards 
losses and efficiencies, thoroughly worth- 
while savings in critical metals are defi- 
nitely announced. Considerable and im- 
portant as are these savings, they fall seri- 
ously short of the corresponding savings 
which could have been effected by em- 
ploying suitable compressed-gas designs 
along the lines advocated by the writer, and 
there would not be incurred any sacrifice 
by any increased losses or decreased ef- 
ficiency, While the writer has not yet 
been successful in interesting any manu- 
facturer in undertaking the development of 
large high-voltage compressed-gas power 
transformers, he has made a good many 
study designs with various fundamental 
types. His experience, up to this time, has 
been that (with compressed gas) the best 
results are attained with the shell type. 

As an example, it is of interest to cite an 


exploratory compressed-gas design for a shell-_ 


type 60-cycle 20,000-kva, 80,000 (phase) 
volts 138,000 (system) volts single-phase 
power transformer for use in groups of three, 
on a_ three-phase transmission system. 
Because of the predominating importance 
of the war effort, particular attention was 
given to the maximum conservation of that 
critical metal which is stated to be of the 
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greatest military importance, namely copper. 
The amount of copper was reduced to only 
one-third of the amount heretofore usual 
in oil-type transformers of this rating. 
The result was accomplished with no in- 
crease in the customary lamination weight. 
If desired, and employing the same stacking 
height, and with not more than 5 per cent 
increase in the gross cross section of the 

\\winding window, the copper windings could 
have been replaced by aluminum windings. 
The heat transfer from the numerous verti- 
cal thin pancake coils is effected by the cir- 
culation of the compressed gas over the en- 
tire extent of both flat sides of each pancake 
component. 

The exploratory design already briefly 
eviewed is simply one example of many 
attractive approaches to the subject. 
When the inertia of present accepted de- 
sign conventions is overcome, many skilled 
designers and constructors (among whom 
the writer expressly includes the able au- 
thors of the present paper) will conceive and 
embody in their compressed-gas power 
transformers their own ingenious and ex- 
cellent ideas. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): The authors have 
done an excellent job in showing how it is 
possible to increase greatly the output of 
transformers as well as in showing how to 
conserve critical materials by forced circu- 
lation of cooling mediums. In fact, there 
are so many ways whereby the rating of 
transformers can be increased that there is 
likely to be considerable confusion as to 
which of the available methods of cooling is 
best suited for obtaining maximum output 
under the various conditions. 

The purpose of this discussion is to out- 
line the conditions for which each method of 
cooling appears to be best suited. There 
will, of course, be exceptions to the condi- 
tions outlined. Each application should 
receive careful consideration before the 
method of cooling to be used is selected. 

Various methods of cooling conditions for 
which they are suitable are: 

1. External water coolers with nondirected oil flow 
through windings 
(a). Use limited to attended stations. 


(b). Can be used for both new and old transform- 
ers. 

The output can be increased to 125 up to 167 
per cent of the rating, depending on design of old 
transformers and on size of cooler provided for new 
transformers. 


(c). It should be used only where the cost of water 
is low. 

2. External air coolers with nondirected oil flow 
through windings 

(a). Use limited to attended stations. 

(b). Use limited to large-size units. 

(c). 167 per cent of rating for new units. 

(d). 125 to 167 per cent of rating for old units 
depending on design. 

3. Directed oil flow with external air or water coolers 
(a). Use limited to attended stations. 


(b). Used for locomotive liquid-filled transformers 
and suitable for mobile units (with air coolers). 

(c). Best suited where critical materials must be 
conserved in new units. 


(d). Best suited where desirable to ship large units 
assembled in own tank ready for immediate in- 
stallation. 


(e). Cannot conveniently be applied to old units. 
4. Cooling with large high-air-velocity fans (non- 
directed oil flow) 


(a). Only means available for outlying unattended 
stations. Can be used at attended stations. 
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(b). Best suited for obtaining maximum contin- 
uous output for small and medium-size units on ac- 
count of low cost. 


(c). Suitable and sometimes preferred for large 
units on account of flexibility in ratings ranging 
from 100 up to 167 per cent of the self-cooled rating 
depending on the number of fans in use. 


(d). Suitable for both new and old units. 
5. Water-spray cooling (nondirected oil flow). 


(a). Lowest costs for obtaining maximum output 
(of old units). 

(b). Best suited for old transformers where rare 
high emergency overloads are likely to come on. 


(c). Not suitable for continuous use on account 
of rusting of tank, stoppage of nozzles, and sloppy 
conditions around transformer, floor, and so forth. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
In discussing this paper, I would like to give 
the history of the first oil-circulation-cooled 
transformer, as far as I know it. Forced 
cooling has been used in Europe and in 
other countries, but no data were available 
as to its value, and it was considered gener- 
ally that little benefit was gained from it. 
This was before 1929. Along about that 
time, railway-locomotive transformers had 
occasional insulation troubles. These trans- 
formers were mostly dry type with air-blast 
cooling. They were built shell type by most 
all manufacturers. 

Oil-insulated transformers were thought 
to have several advantages. Moisture and 
dirt would be excluded from the windings, 
and the service records should be improved. 
However, oil-insulated transformers that 
had been designed previously were heavy 
and larger than could be permitted. These 
previous oil-insulated transformers had 
thermosyphon cooling within the windings. 
Data which were available, as for example, 
that in a paper, ‘“‘The Cooling of Electric 
Machines,’’ by George E. Luke, presented 
to the Institute in June 1923,! showed that a 
considerable gain in heat omission from 
coil surfaces was possible by torced cooling. 
For this purpose, the shell-type transformer 
was considered ideal. The transformer 
would than be similar to the air-blast trans- 
former previously supplied except that it 
would be in oil. It was found that this 
transformer could be designed to be about as 
small and light as the previous air-blast 
transformer with the advantage of eliminat- 
ing the dirt and moisture trouble previously 
experienced. As stated in the paper, these 
locomotive transformers were required to 
be of a design suitable to be built by both the 
General Electric and Westinghouse com- 
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Figure 1. First port- 
able forced-cooled 
transformer mounted 
on a truck as a com- 
plete substation 
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panies, but the design was initiated by the 
Westinghouse company. These transform- 
ers provided additional design data which 
could be useful for other applications. 

For many years no application of these 
data was seen for other types of transform- 
ers. In the first place, operators thought 
that the reliability would be less. Several 
times the proposition was made to use 
modified forms of forced cooling, and they 
were always objected to. Another ob- 
stacle to their use was the fact that the 
benefit from forced cooling decreased size, 
increased the! osses, and decreased short- 
time overload capacities. The first applica 
tion of forced cooling other than for loco- 
motive use was for portable substations 
mounted on trailers which could be moved 
from place to place. The first applications 
of this were by the company with which I am 
associated. 

Times change, and in war materials may 
be Of more importance relatively than 
other considerations. The forced-cooled 
transformer does use less material for a 
given rating, and this has stimulated its use. 

In June 1941 a paper was presented to 
the AIEE in Toronto, by Philip Sporn and 
H. V. Putman,? describing a transformer 
very similar in design to the original loco- 
motive transformers. A comparison of 
this paper with the paper by Paluev and 
Burnham shows many of the design fea- 
tures described, although the paper does 
not go into technical details. A discussion 
of this paper by myself at the meeting 
brought out the point that hot-spot tem- 
peratures are greatly reduced in transform- 
ers with forced circulation and could permit 
a higher temperature rise for this reason. 
Most of the technical points which are 
covered in the paper by Paluev and Burn- 
ham are obvious and were recognized at the 
time the first locomotive transformers were 
built. The principal contribution of this 
new paper is to call attention to the fact 
that core-type transformers as well as 
shell-type transformers can be forced-cooled. 
It is evident that changes in design of the 
core-type-transformer windings are being 
made to gain both better insulation proper- 
ties and better cooling. These changes re- 
sult in arrangements giving results more 
similar to those obtained naturally in shell 
type transformers. It is not conceded 
that zigzag oil flow through concentric wind- 
ings, as shown in Fig. 15 of the paper, is a 
natural arrangement for forced-oil cooling. 

Figure 4 and Figure 7 of the paper show 
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some of the original designs used for the 
locomotive transformers. The success of 
this design was greatly contributed to by 
Mr. Brockman, of the Westinghouse com- 
pany, for the transformer, and Mr. Jungk, 
also of the Westinghouse company, for the 
design of the pump and motor. Figure 1 
in this discussion shows what I believe was 
the first portable forced-cooled transtormer 
mounted on a truck as a complete substa- 
tion. 
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W. G. James (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
I have read this paper with considerable 
interest and wish to compliment the au- 
thors on their treatment, clarity, and com- 
plete handling of this subject which, indeed, 
is very timely because of the present-day 
necessity for conserving critical materials. 


As a designer of power transformers for 
many years with the Westinghouse Electric 
and Manufacturing Company, my interest 
in this paper is twofold: 


1. I wish to learn how other specialists in the field 
approach and solve such a design problem. 


2. My interest has been heightened by the fact 
that the Westinghouse company has approached 
and solved this same problem for more than two 
decades in essentially the same manner, In fact, 
one of the main reasons why we selected the shell 
form of construction for large power transformers 
was that, in our opinion, thermal problems, both 
thermosiphon and forced-oil flow, could be treated 
more simply with this form of construction than 
with other forms of construction, such as described 
by the authors of this paper. 


Thermal problems of this kind, although 
complicated, as is obvious from this paper, 
are well understood by the manufacturers 
of such equipment. The general design 
problem is one of evaluating and co-ordi- 
nating properly thermal problems with those 
of equal importance, namely, dielectric and 
mechanical features. A chain is no stronger 
than its weakest link. As a general rule, 
the less complicated the mechanical de- 
sign, the simpler the solution of the thermal 
and dielectric problems. 


In this connection I believe it should be 
permissible to point out that the transformer 
shown in Figure 4 of this paper is such a de- 
sign and is of the shell-form construction. 
The oil ducts between coils are large, short, 
relatively straight, and oil flow is well bal- 
anced in parallel ducts. This assured ade- 
quate oil velocity parallel to both sides of 
each coil for a minimum pump capacity. 
Other forms of construction, I believe it will 
be conceded, were found to be thermally 
inadequate for this application, because of 
imposed space and weight limitations. 

Also, I wish to point out that the oil- 
cooled glandless pumps shown in the two 
top views of Figure 7 of the paper were de- 
veloped by the Westinghouse company for 
railway applications such as shown in Figure 
4. These motor-pump assemblies have 
been so successful that, even though they 
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were initially developed and applied many 
years ago, they are being applied exten- 
sively today by Westinghouse where forced- 
oil circulation is required for cooling trans- 
formers. 

It should be pointed out also that as 
early as 1923 the Westinghouse company 
promoted the idea of forced-air forced-oil 
cooling and has steadfastly promoted it 
down through the years since 1923. The 
fact that the trade generally did not accept 
such cooling until the present emergency 
does not mean that the idea is a new one. 
As evidence of this fact I wish to refer toa 
paper entitled ““The Cooling of Electrical 
Machines’’ as presented at the annual AIEE 
convention at Swampscott, Mass., June 26- 
29, 1923, by George E Luke. The material 
contained in this article serves equally well 
today in solving the intricate problems in- 
volved in forced-air forced-oil cooling such as 
outlined in the paper by Paluev and Burn- 
ham. 

Briefly stated, the greatest saving of 
critical material can be obtained by the use 
of a structure in which the thermal drop 
through the conductor insulation, coil sur- 
face drop to oil, hottest-spot margin, and 
oil rise do not jointly exceed a hottest- 
spot copper rise of 65 degrees centigrade for 
the maximum watts per unit area of coil 
surface. Or, stating it another way, the 
faster the heat is carried away from the 
coils, the greater the kilovolt-amperes for 
given physical parts and copper rise. 

I believe the so-called ‘““Modern Concen- 
tric Winding”’ (reference 2 in this paper) 
described by the authors was proposed and 
used many years ago by C. L. Fortescue and 
J. F. Peters for dielectric rather than ther- 
mal reasons. 

The last statement in this paper to the ef- 
fect that ‘The core and coils of a typical 
self-cooled high-voltage 10,000-kva trans- 
former, with 55 degrees centigrade aver- 
age winding rise and 65 degrees centigrade 
hot-spot rise, when arranged for directed 
forced-oil flow, will carry continuously 16,- 
667 kva and meet the same temperature 
limits’ is of particular interest. This im- 
plies that the ratio of losses at the self- 
cooled rating must be very low—the ther- 
mal drop (7S): through conductor insula- 
tion will, for directed forced flow, be 1.667 
times that for thermosiphon cooling, and the 
coil surface drop (TO) will go up by the 
same amount reduced by the average ratio 
given in Figure 13 of the paper. We agree 
with this idea except, that, from our experi- 
ence, the curve in Figure 13 appears to us 
to be quite optimistic as regards the ad- 
vantage to be gained from relative oil flow— 
thermosiphon to forced circulation. An- 
other feature which has not been discussed 
in this article is the effect of oil turbulence 
as well as direct flow. Oil turbulence is very 
effective in leveling off hottest spots due to 
reduced oil flow for the various reasons sug- 
gested in this paper. 

I believe the data in Table I of the paper 
are misleading, because obviously the total 
losses and ratio of losses are not the same. 


K. K. Paluev and L. H. Burnham: With 
reference to Sealey, Vogel, and James’s 
discussions, it was not the intent of the 
authors to convey or leave the impression 
that forced cooling could be applied only to 
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core-type transformers. Rather, the intent 
of the paper was not only to show how 
forced cooling could be applied successfully 
to the core-type transformer, but also to 
indicate some of the general problems in- 
volved in cooling the various kinds of trans- 
formers by this method. Forced cooling 
is not confined to core-type construction 
but is applied also to shell-type designs, as 
found in Figure 4 of the paper, which illus- 
trates an electric-locomotive shell-type 
transformer. Shell-type construction will 
be used whenever that particular type is 


- most applicable. 


It is obvious that many methods of cool- 
ing transformers are now available and that 
each one has advantages under certain 
conditions of application and operation, 
but that the greatest economy in space and 
materials will be found in the forced-cooling 
method of directed flow of the cooling and 
insulating mediums over the windings and 
cooler surfaces. 

After this war undoubtedly some of these 
various methods of cooling power transform- 
ers may be discarded. Simplicity of design, 
application, and economics will be the de- 
ciding factors. 

Because of the war, the maximum saving 
in critical materials, such as copper and iron, 
became of paramount importance, and this 
very efficient method of cooling power 
transformers was quickly adopted. It is 
here to stay, especially in large capacity 
units, where the benefits to the user are 
great, as enumerated in the paper. 

Mr. Luke’s paper, referred to both by Mr. 
Vogel and Mr. James, is an excellent paper, 
but in general covers the application of 
forced cooling to rotating apparatus. 

However, Luke himself made no original 
tests with oil but prepared his curve from 
results of tests made by S. E. Derby as re- 
ported in ‘Recooling of Lubricating Oil 
From Turbine Bearings and Gears.’ 
Upon examination of this source, it is found 
that Derby’s tests were made on “an oil 
cooler in which the hot oil is circulated 
around straight tubes through which cold 
water flows.’’ Therefore, Luke’s curve did 
not apply directly, since his data and calcu- 
lations were obtained from an irregular 
flow around pipes, and not through them. 

Prior to Luke, the best source of informa- 
tion which did apply directly to the subject 
of surface-heat-transfer coefficient for oil 
flowing in pipes, is ‘“Heat Transfer by Con- 
duction and Convection—II. Liquids Flow- 
ing Through Pipes,” by W. H. McAdams 
and T. H. Frost, published in February 1923, 
by Massachusetts Institute of Technology. 

More recent data were secured by our 
laboratory and in part, has been published 
by R. H. Norris. 

In regard to priority in actual design and 
application of oil-air coolers to cooling of 
transformer oil, as pointed out by the au- 
thors, one of the first, if not the first installa- 
tion for forced cooling of transformer oil by 
forced flow through tubular finned-tube 
oil-air radiators, is shown in Figure 3 of this 
paper. These oil-air coolers were designed 
and built by the General Electric Company 
in 1925. They were installed in 1926 and 
were used to cool the oil, by forced circula- 
tion, in several 25,000-kva transformers 
built by another manufacturer. 

The heat-transfer data on which this 
particular cooler design was based, were ob- 
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tained by test in 1924 and 1925, using 
finned-tube radiators as the oil cooler. 

This efficient method of cooling was not 
accepted at that time, nor to any great ex- 
tent in the years following, until the start 
of World War II, when the demand for great 
savings in the active material, copper and 
iron, became imperative. During the in- 
tervening years from 1924 and 1942, much 
developmental work was carried on and fur- 

\‘ther heat-transfer data obtained on various 
kinds of cooler tubes and cooler and wind- 
ing designs. 

In answer to Mr. Vogel’s discussion, the 
pumps shown in Figure 7 of the paper illus- 
trate the various designs used to eliminate 
the standard stuffing box which always 
has been a source of trouble with either oil 
leakage or suction of air into the cooling 
‘system. Immersion of the motors in the 
cooling and insulating liquid is not a new 
idea, but the practical application of the 
various pump designs shown did solve 
several very troublesome problems. 

Simplification of the pump design, service 
records, and economics finally will be the 
deciding factors in the choice of the most 
suitable pump design. 

With reference to Mr. Hobart’s discus- 
sion, the authors congratulate him on the 
thorough manner in which he treated the 
subject of compressed-gas-filled transform- 
ers. However, it should be pointed out 
that the scope of our paper was purposely 
limited to transformer construction already 
reduced to practice. On another hand, it 
appears that the problem of applying com- 
pressed gas in a practical way is far from 
being solved. It is of such proportions 
that much additional developmental work 
is required before an economical and prac- 
tical solution is found which is the equal 
or superior to the liquid-filled transformer. 
The use of transformers insulated and cooled 
by compressed gas has been under consider- 
eration for many years, and undoubtedly 
this subject has a very wide and fertile field 
for future development. 

Some of the problems to be solved are: 


The high cost of the tank to withstand continuous 
high internal pressure, satisfactory forced cooling 
of windings with elimination of local hot spots, 
control of the cooling equipment, prevention of 
total gas condensation, inferior dielectric strength 
of compressed gas under impulse voltage stress, 
ability of the windings to withstand impulse test, 
switching and lightning surges, satisfactory electro- 
static shielding of the windings in compressed gas, 
and, finally, the ability to meet present-day re- 
quirements of practically ‘‘trouble-free’’ service. 


We do not believe that Mr. Hobart’s 
concern over the effective shielding of Py- 
tranol transformers is justified. We have 
built shielded Pyranol-filled transformers 
and secured the same impulse voltage dis- 
tribution as in shielded transformers filled 
with transformer oil. 

The fact that the dielectric constant of 
Pyranol is approximately twice that of 
transformer oil simply caused the shape 
and the position of the shield to be modi- 
fied accordingly. The effect of the dielec- 
tric constant of the insulating medium on 
the choice of shape and spacing of the 
shield is governed by the same simple law 
that governs the change in shape and 
dimensions of conductors designed to give 
the same total resistance when formed from 
materials of different resistivity. 

In light of the preceding facts, the shape 
and proportion of the shield in three trans- 
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formers of the same voltage, but filled with 
three different insulating mediums, like 
transformer oil, Pyranol, and gas, will have 
different shapes but will be equally effective, 
as far as impulse voltage distribution is 
concerned. 
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C. E. Baugh (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): Some con- 
cern has been expressed as to the applica- 
bility of the rules for overloading trans- 
formers on the basis of load factor and am- 
bient temperatures to transformers in- 
stalled in the interior valleys of California 
and in climatically similar locations under 
loading conditions such that maximum 
loadings are coincident with maximum 
temperatures. 

Data are available in detail covering tem- 
peratures at Fresno, a city in the San 
Joaquin Valley, where climatic conditions 
in the summer are representative of the 
California valleys. The maximum tempera- 
ture ever recorded at Fresno is 115 degrees 
Fahrenheit (46 degrees centigrade); the 
mean maximum for 53 years is 99.1 degrees 
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Figure 1. Normal daily load curve of a valley 
substation for a midsummer day: 
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Fahrenheit (37.2 degrees centigrade). In 
1940 there were 34 days with maximum tem- 
peratures of 100 degrees Fahrenheit or 
higher; in 1911 there were 20 consecutive 
days with a maximum temperature of 100 
degrees Fahrenheit or higher. The diurnal 
range of temperature in summer is high; 
while the average maximum in midsummer 
is about 100 degrees Fahrenheit, the aver- 
age minimum is about 62 degrees, which is 
considerably lower than the average mini- 
mum of midwestern cities at the same time 
of year. Many substations in this area 
supply loads consisting largely of irrigation 
pumps, and peak demands are almost in- 
variably coincident with the hottest days. 

To check the application of the rules just 
mentioned, transformer temperatures were 
calculated for a bank of transformers carry- 
ing a peak load of 111 per cent of rating, 
with a daily load factor of 63 per cent, on a 
day having an average temperature of 30 
degrees centigrade. The step-by-step 
method of calculating rises was used, based 
on the load curve in Figure 1, of this discus- 
sion, which is an actual load curve of a valley 
substation. These calculations showed a 
top-oil rise of 38.5 degrees centigrade and a 
hot-spot rise of 59.5 degrees centigrade 
above ambient. The top-oil rise deter- 
mined by the factory test of these trans- 
formers was 39.1 degrees centigrade for full 
load continuous. 

The air-temperature curve in Figure 2 of 
this discussion is drawn from United States 
Weather Bureau data and is representative 
of a midsummer day with a 24-hour average 
temperature of 30 degrees centigrade. The 
maximum temperature on such a day would 
be 41.1 degrees centigrade (106 degrees 
Fahrenheit), only five degrees centigrade 
under the maximum recorded temperature, 
and four degrees centigrade higher than 
the 53-year mean maximum. If the as- 
sumption is made that the top oil follows 
changes in ambient temperature exactly, 
the maximum temperature of the top oil 
will be only 78.4 degrees centigrade and 
that of the hottest spot only 99.5 degrees 
centigrade, with air temperatures as shown. 
Even with the highest air temperature ever 
recorded at Fresno, the top-oil and hottest- 
spot temperatures would be only 83.4 de- 
grees and 104.5 degrees centigrade, respec- 
tively. The American Standards Associa- 
tion guide for loading transformers by tem- 
perature sets 105 degrees centigrade as the 
hottest-spot temperature for transformers 
carrying recurrent overloads for eight hours 
out of 24. 

A maximum hot-spot temperature of 
99.5 degrees centigrade is enough under the 
105 degrees centigrade permissible tempera- 
ture to conclude that the rules for overload- 
ing on a basis of load factor and average 
ambient temperature are conservative for 
transformers of modern design. Ordinarily, 
of course, there will be few days in any one 
year when the maximum temperatures 
shown will occur, and no noticeable reduc- 
tion of expected transformer life should be 
expected. 

The validity of the assumption that trans- 
former temperatures will follow ambient 
temperatures exactly is questionable, of 
course. In the shade, even if protected 
from the wind, there will probably be con- 
siderable lag, and actual temperatures will 
be lower than those mentioned. In the sun, 
where considerable heat will be communi- 
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Figure 2. Transformer temperatures on a 
normal midsummer day having an average 
temperature of 50 degrees centigrade 


Transformers loaded to 111 per cent of rating 
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Average air temperature—30 degrees centi- 
grade 
Equivalent ambient temperature—32.3 degrees 
centigrade 


cated by radiation, the lag will be less, and 
it would not be impossible for these tem- 
peratures to be exceeded. However, there 
is ordinarily some wind where transformers 
are exposed to the sun, and the effects of 
direct radiation will be offset to some extent. 

Attention should be directed to the fact 
that many older transformers were not 
built with temperature rises as much below 
guaranteed rises as are modern transformers, 
and care should be exercised if these older 
transformers are to be overloaded. 

Another feature that cannot be neglected 
is that the rules cannot be applied to small 
transformers exposed to the sun and to high 
air temperatures. Measurements made 
on the oil in small unenergized pole-top trans- 
formers in the San Joaquin Valley show an 
oil temperature of 58 degrees centigrade 
(186 degrees Fahrenheit) with an air tem- 
perature of 45.5 degrees centigrade (114 
degrees Fahrenheit). In such a case the 
ambient temperature used in calculating 
transformer temperatures should be taken 
as the higher figure and will result in con- 
siderably lower permissible loadings. 

A careful study of the proposed American 
Standards Association guide and the interim 
report should convince uulity engineers 
that power transformers can be operated 
at the correct maximum loading with assur- 
ance that their normal life will not be unduly 
impaired, only if they are equipped with 
devices for reading hottest-spot tempera- 
tures directly. Such devices are available 
at moderate cost, and their proper use will 
facilitate the full utilization of capital in- 
vestment in transformers. 

Operating engineers can gain much from 
a careful study of the many papers and 
reports on the subject at transformer load- 
ing. The benefits to be gained are.of particu- 
lar value during the war emergency, but 
operators should not forget that many of the 
principles set forth will have considerable 
economic value under normal conditions. 
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F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Sealey’s paper shows a method of cal- 
culating an equivalent ambient temperature 
to allow for yearly variations and for dif- 
ferent types of load. His work appears 
logical and well worked out, if the assump- 
tion “that the rate of aging of insulation 
doubles per each increase in temperature of 
eight degrees centigrade’’ is correct. Some 
data have been presented which are not in 
agreement with this and they particularly 
apply to some types of transformer con- 
struction. 

As evidence of this statement, I would 
like to refer to Figure 1 in the paper, ‘‘Emer- 
gency Overloads for Oil-Insulated Trans- 
formers,” by T. K. Sloat and F. J. Vogel, 
presented to the Institute in June 1942.1 
These data are also confirmed by Charles 
F. Hill’s paper, ‘‘Temperature Limits Set 
by Oil and Cellulose Insulation.’”’? Figure 
1 would thus indicate that insulation could 
be operated at 105 degrees centigrade al- 
most indefinitely without a decrease in 
mechanical strength below 70 per cent. If 
this statement is correct and the assump- 
tions made in Mr. Sealey’s paper are in- 
correct, some of the conclusions reached by 
his reasoning cannot be correct. 

When Figure 1 and similar curves were 
submitted previously, they were criticized 
by some on the basis that the tests were not 
of sufficient duration. This duration was 
not thought to be long enough to indicate 
that further deterioration would not occur 
if the test had been continued longer. A 
difference in opinion is, of course, always 
possible, but Doctor Hill’s data covered a 
period of over 22 months. I therefore feel 
that there is decidedly more than a reason- 
able chance that the conclusions reached 
from Doctor Hill’s paper and from Figure 
1 are correct. It is appreciated that, when 
previous opinion has been influenced in 
one direction, it is difficult to have newer 
data accepted and a new opinion sub- 
stituted. 

If the months of July and August alone 
are considered, the range in temperatures is 
not too great, as shown by reference to 
Table 2 of the paper. For example, take 
Boston. The average temperature of July 
and August is around 27 degrees, whereas 
the yearly equivalent is 20 degrees. On the 
other hand, Miami with an annual equiva- 
lent temperature of 28 degrees has an aver- 
age temperature during July and August 
of 80 degrees. The annual figures tend to 
indicate that a given rating of transformer 
could carry considerably more load all 
year round in Boston than in Miami. This 
is not believed true, because there is only 
two degrees difference in July and August. 
Perhaps it would be well to consider Phila- 
delphia, since this is the location used as an 
example in the paper. Figure 11 in the 
paper indicates that a transformer in Phila- 
delphia could be operated at 108 per cent 
of its name-plate rating all year round. The 
months of June, July, and August are 
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Figure 3. Decrease in tensile strength of Manila 
paper in oxygen-free oil protected by a 
nitrogen atmosphere 


roughly 12 weeks. I estimate this would be 
equivalent to operating some transformers 
at about 105 degrees hot spot for a period of 
12 weeks. Doctor Hill’s paper indicated 
very little if any deterioration of insulation 
in an Inertaire atmosphere after 100 days, 
at temperatures over 100 degrees centigrade, 
and hence it may be assumed that Figure 3 
of this discussion is indicative of the amount 
of insulation deterioration in a year and 
probably in an indefinite period of time. 
With this reasoning, it is quite probable that 
the ultimate insulation deterioration will be 
reached in one year, if the transformers are 
operated at 105 degrees centigrade hot- 
spot temperature for 12 weeks. 

I agree that it appears safe to operate 
modern transformers at higher than their 
name-plate rating under wartime condi- 
tions. I think that this is particularly true 
of transformers protected with inert-gas 
blankets over the oil. Most such trans- 
formers, where necessary, could carry eight 
to ten per cent overload continuously with- 
out damage, where the ambient is not over 
30 degrees centigrade. This also, of course, 
should be limited to either oil-insulated self- 
cooled transformers or transformers of 
self-cooled type with auxiliary air-blast 
cooling. 

I think that the method used in Appendix 
I of the paper to determine the effect of the 
variation in daily ambient temperature is 
very effective and will be found useful. 
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P. H. McAuley (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The author has developed a short-cut 
method for determining equivalent ambient 
temperatures from available Weather 
Bureau data. However, in the calculations 
he departs from his own definition of equiva- 


lent ambient temperature and thereby ar- — 


rives at rather pessimistic values. Similar 
data were presented in a MHellmund- 
McAuley paper ‘‘Application of Apparatus 
and Conductors under Various Ambient 
Temperature Conditions.”’ Our equivalent 
temperatures were obtained by analyzing 
the daily graphic thermograph records of 
the Weather Bureau for a period of years 
and applying the eight-degree-centigrade 
rule to the resulting curve of ‘‘temperature’” 
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versus “‘per cent of the time at or above.’”’ 
Comparing Table II of the present paper 
with Figure 2 of our paper, the present 
author obtains equivalent temperatures 
five to seven degrees centigrade higher for 
the five locations given in both papers. It 
appears that this approximate method gives 
too much weight to the maximum tempera- 
ture values. The thermograph records show 
that temperatures within five degrees centi- 
grade of the maximum at any given location 
persist for only a fraction of one per cent of 
the time, and the curve departs considerably 
from a sine-wave variation. Accordingly, 
because the time involved is so short, these 
higher values have a rather small influence 
on true equivalent aging temperatures. 

It is agreed that use of equivalent tem- 
peratures permits the load capacity of appa- 
ratus to be utilized more fully under many 
conditions of application. There is con- 
siderable evidence, however, that the 
eight-degree-centigrade rule is conservative, 
and it does not appear desirable to add fur- 
ther safety factors in applying this rule to 
Weather Bureau data and thereby limit the 
usefulness of the procedure. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Sealey has 
done a very thorough job in working up 
tules for using equivalent ambients. 

While the method of deriving the equiva- 
lent ambient, by assuming that the tempera- 
ture versus time follows a sinusoidal curve, 
is not rigorously correct, it is I feel accurate 
enough for all practical purposes. There is 
generally a small factor of safety in the 
one per cent rule which was first proposed 
in my 1939 (reference 4) paper. That is, if 
the hot spot is 95 degrees centigrade at 
100 per cent self-cooled load in a 30 degrees 
centigrade ambient, it will generally be 
slightly under 95 degrees centigrade at 130 
per cent load in zero degrees centigrade 
ambient. 


On several occasions I have plotted both _ 


daily and annual ambients, and have found 
that they generally follow fairly closely a 
sinusoidal curve as shown in Figures 6 and 
7 of Mr. Sealey’s paper. 

The question arises as to when should 
daily average ambients and when should 
annual equivalent ambients be used. Ob- 
viously both cannot be used. 

The following procedure is suggested as 
a guide: 

The conditions under which the daily 
average ambient and the annual equivalent 
ambient should be used to determine the 
overload capability, are: 


1. For one day emergency overloads, use the daily 
average ambient. 


2. When the load is constant throughout the year, 
or when the greater capacity requirements are in the 
summer months, use the equivalent annual ambient. 


8. When the greater capacity requirements are in 
the winter months, determine the equivalent am- 
bient for the heavy-load months and for the light- 
load months, and check the load capability for both 
periods. This permits loading up to normal trans- 
former temperature in winter whenever the reduced 
summer load keeps the transformer temperatures 
to normal or lower on hot days. 


Paul M. Lincoln (Therm-Electric Meters 
Company, Inc., Ithaca, N. Y.): Iam nota 
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transformer designer or operator as 1 as- 
sume the gentlemen presenting this series of 
papers to be. I do not pretend to know the 
details of the problems confronting these 
gentlemen. - However, in listening to the 
discussion that has taken place, an idea has 
occurred to me that may be worth-while 
following up. 

In going over these papers somewhat 
hastily, the only reference I can find to the 
type of insulation used is to Manila paper. 
I also know—as is general knowledge—that 
the usual insulations used in transformers 
are papers, cottons, silks, linens, and so 
forth. Now, it is well known that all of 
these materials are subject to being car- 
borized. That is, if they are subjected to 
temperatures high enough and long enough, 
they eventually will be reduced to almost pure 
carbon. The limiting temperatures and 
times that these insulations can withstand 
without becoming conductors are given 
quite accurately in the papers presented this 
morning. 

Now, why is not the best line of attack on 
this problem to look for an insulation which, 
instead of being limited to a maximum hot- 
spot temperature of somewhere around 200 
to 250 degrees, can safely go up to 500 or 
600 degrees, or perhaps even higher? It is 
quite true that the copper losses will in- 
crease at these higher temperatures, because 
of the positive temperature coefficient of 
copper, but the saving in transformer 
weights and costs will vastly more than off- 
set this increase. So far as I know, the 
only increase in loss that will occur is due 
to the increased temperature rise in the 
copper loss. So far as I know, iron losses 
do not increase at these higher tempera- 
tures. If, for instance, a transformer, 
designed as a 10,000-kw unit when using the 
usual papers, cotton, linens, silks, and so 
forth, can have its rating increased to per- 
haps 25,000 kw or 30,000 kw when using a 
special heat-resisting insulation, the saving 
in cost is obvious. 

So far as I know, no such special insula- 
tions exist today. Also the problem of 
cooling oils or other cooling and insulating 
mediums must be attacked. But is not the 
best line of attack on this problem to start 
some research work to see whether or not 
insulations suitable for withstanding much 
higher temperatures cannot be developed? 


W. C. Sealey: The procedure outlined in 
C. E. Baugh’s discussion is a method of com- 
bining the effect of load variation with 
variations in daily temperature. This pro- 
cedure is more accurate than approximate 
methods of correcting for load factor, since 
it more closely represents existing condi- 
tions. Whenever information on the load 
variation is available, together with informa- 
tion on the change in air temperature, a pro- 
cedure such as outlined is desirable. 

In reference to Mr. Vogel’s discussion, the 
assumption that the tensile strength of the 
insulation reaches a constant value below 
which it does not decrease when subjected 
to constant temperature conditions is based 
on what appears to be insufficient data. 
The length of time for the test of Figure 1 is 
only 18 weeks. Even the points shown on 
these curves are such that curves showing 
continuing decreases can be drawn through 
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them if less weight is given to the points at 
18 weeks. In view of the fact that several 
other investigators have found a continuing 
decrease over longer periods, it seems evi- 
dent that the curves of Figure 1 are drawn 
incorrectly for the points represented. For 
example, all the points up to 14 weeks have 
shown a continuing decrease in tensile 
strength without exception, and it is only 
the three points for the 18 weeks time which 
are level or above those of the 14 weeks. 
Considering these facts and experience with 
cellulose materials, it would appear that 
the curves of Figure 1 of the discussion 
should have been drawn with continuing 
decrease in strength. 

With reference to the discussion on 
Table II, this table indicates that it should 
be possible to carry two per cent overload 
continuously during the year in Miami and 
ten per cent overload during the year in 
Boston, or eight per cent more load in 
Boston than in Miami. As given in the 
paper* the eight-degree rule is an approxima- 
tion which provides a convenient basis for 
estimating insulation deterioration for com- 
parative purposes. From a comparison of 
the climate of Boston and Miami the eight- 
degree difference in their equivalent tem- 
peratures as determined by this method ap- 
pears reasonable, as does the result that a 
transformer should be able to carry eight 
per cent more load in Boston than in Miami. 


With reference to Mr. McAuley’s dis- 
cussion, the objection to the lower values of 
equivalent temperature as given in the 
Hellmund—McAuley paper mentioned are 
that they are based on average values for 
a limited number of years, and that it is 
easily possible to have in one particular 
year or in a succession of years equivalent 
temperatures greater than those occurring 
in the particular years analyzed. The 
values obtained from averages are liable to 
be exceeded in some particular year, and 
unsafe conclusions would be drawn regard- 
ing permissible overloads. In dealing with 
any problem where maximum values have 
such a large effect, as in aging of insulation, 
they must be given proper weight. The 
method developed in the present paper is 
demonstrably conservative as amy over- 
load recommendations should be. 


The rules given in Mr. Montsinger’s 
discussion are convenient as a guide for 
determining the periods for the calculation 
of the equivalent ambient temperature for 
the loads to be carried, and they should be 
helpful when used for this purpose. 


One of the objects of the paper was to 
develop a method for calculation of equiva- 
lent ambient temperatures which was de- 
monstrably conservative. Even the dis- 
cussions which do not agree with the method 
used admit that the values obtained are 
conservative (some say too conservative) 
and that transformers can be loaded safely 
in accordance with them. 


With reference to Mr. Lincoln’s discus- 
sion, the method which he proposes of in- 
creasing transformer overloads with a 
given amount of material is entirely logical. 
Various research laboratories, including 
our own, have been working on this prob- 
lem for a considerable period of time, and 
we all feel that the final answer has not yet 
been obtained. 
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The Rating of Power 
Transformers as 
Determined by the 
War Emergency 


Discussion and authors' closure of paper 43-36 
by R. J. Salsbury and A. F. Phillips, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 


lished in AIEE TRANSACTIONS, 1943, 
June section, pages 255-60. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by R. J. Salsbury and A. F. 
Phillips shows in order the steps which 
should be taken where loads have grown 
beyond their previous values and the trans- 
former capacity is getting close to the load. 

Obviously, the first step is to take ad- 
vantage of the increase in rating permitted 
by American Standards Association recom- 
mendations for ambient temperatures below 
380 degrees. 

The second step is also logical, since many 
times transformers as supplied by the manu- 
facturer have a temperature rise less than 
55 degrees. Also, if the transformer is 
operated on some taps, it may have a higher 
capacity than it would have when operated 
on the lowest voltage taps. I think that the 
method used in the paper is unduly conserva- 
tive, since it has been shown that the dif- 
ference between the hot spot and the top oil 
does not increase so rapidly as shown in 
Figure 5. Confirmation of this is given in 
the paper,“ Hot-Spot Winding Temperatures 
in Self-Cooled Oil-Insulated Transformers,” 
by Paul Narbutovskih and F. J. Vogel, pre- 
sented to the AIEE in January 1942.1 

The third step of using increased ratings 
because of thermal capacity is logical, A 
method allowing for short-time overloads 
was outlined in the paper, ‘Emergency 
Overloads for Oil-Insulated Transformers,” 
by Sloat and Vogel,? which is simple and is 
not so conservative as the method outlined 
by Salsbury and Phillips. It is necessary, 
in that case, to assume that the hottest spot 
is at the operators’ discretion, This will 
vary, depending upon the use of inert gas pro- 
tection, conservators, or no protection at all. 

I would like to refer to my discussion of 
the paper by Mr. Sealey. This discussion 
applies equally well to the method of “‘life 
units’? used by Salsbury and Phillips. It is 
realized that the eight-degree rule has been 
in use for a relatively long time, The fact 
that deterioration becomes extremely slow 
in some cases after a certain period of time 
has passed was found out comparatively 
recently, This applies, of course, to trans- 
formers protected with inert gas. There- 
fore, it is natural, perhaps, that the eight- 
degree rule is used in most calculations. 

I would like to call attention to the fact 
that transformers can be supplied with de- 
vices which permit loading by copper tem- 
perature. Where this is done, many of the 
calculations given before become unneces- 
sary. Furthermore, these devices give suit- 
able warnings and will save the transformer 
in case of excessive emergency overloading. 
This device is described in a paper by Put- 
man and Dann in the AIEE Transac- 
TION of 1939.8 
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W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
In considering the ratings of power trans- 
formers as influenced by the war emergency, 
the authors have mentioned that operating 
voltage sometimes limits the capacity of 
transformers on account of overexcitation. 
In order to develop maximum over-all 
system capacity, it may be necessary to 
operate transmission and subtransmission 
systems at voltages which would result in 
serious overexcitation of one or more trans- 
former banks (usually older units). 

Such a situation arose some seven years 
ago on a system with which the writer was 
associated. The maximum use of existing 
equipment required raising the voltage on 
portions of the transmission system. Al- 
though materials were not scarce then, the 
situation surrounding operations made it 
highly undesirable to rewind or replace the 
transformers which would be most seriously 
affected by the required operating voltage. 
On the other hand, the age of the units was 
such that it might be necessary to replace 
them within a few years. The situation was 
solved by the purchase of new booster trans- 
formers with windings designed to operate in 
parallel with one winding of a main unit 
and in series with its other winding. At 
slight extra cost, the boosters were pur- 
chased with series parallel connections of one 
winding, so that, whenever it should be 
found necessary to replace the main trans- 
former units, the booster transformers would 
be used readily at one of various distribution 
substations by a simple rearrangement of 
terminal-board connections. 

Recently the need of developing maximum 
over-all system capacity together with the 
necessity of making available all of the kilo- 
var capacity of an older generating station 
has introduced the problem of overexcita- 
tion, and consideration is being given to the 
use of booster units. Forced cooling is not 
particularly applicable, since the total trans- 
former losses would not be excessive, but 
the temperature rise at the surface of the 
iron at the higher excitation voltage would 
produce excessive oil sludging. If the au- 
thors have analyzed specific cases of over- 
excitation, the method used to determine the 
temperature rise of the iron would be of 
interest, 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): The authors have 
given some very useful data based on operat- 
ing experience for the overloading of trans- 
formers for the war emergency. 

It will be noted that I did not say ‘“‘rating”’ 
but rather ‘overloading.’ The authors 
speak all through their paper of giving 
transformers extra ratings. For standardi- 
zation purposes a transformer should have 
only one rating. This does not mean that its 
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output is limited to its rating. 
new American standards are set up on the 
basis of each transformer having a single 
rating, or a double rating if of the self- 
cooled and air-pressure type, but with guides 
giving recommendations for obtaining in- 
creased output under different operating 
conditions. I believe the authors had in 
mind increased outputs rather than ratings. 

With reference to setting up different 
limits for oil temperature, the authors are 
well justified in setting up a lower limit for 
free-breathing transformers than for trans- 
formers that are not free breathing. There 
is a question, however, whether there should 
be a difference of five degrees centigrade in 
the limit for conservator-type and inert-gas- 
type units. The General Electric Company 
has built many millions of kilovolt-amperes 
of both types of transformers, and, based on 
experience ranging over a period of 20 to 25 
years, the same oil temperature limit can be 
used for both types of units. 


R. J. Salsbury and A. F. Phillips: V. M. 
Montsinger questioned the use of the word 
rating and suggested that ‘‘overloading”’ 
was the proper term. The use of the latter 
term for a normal everyday rating is ques- 
tionable from an operating standpoint, as 
it implies that the transformers are being 
stressed beyond a desirable value, whereas 
the ratings which are assigned do not permit 
abnormal rates of deterioration. It is 
agreed that only one name-plate rating is 
desirable for standardization purposes, but 
it is believed that the use of the word “‘rat- 
ing’? as applied to operating ratings con- 
forms to the definition of the word as given 
in the American Standard Definitions of 
Electrical Terms (05.50.040). 

Mr. Montsinger agrees with the setting up 
of different oil limits for free-breathing and 
nonfree-breathing transformer but questions 
the use of different limits for conservator- 
type and inert-gas-type units. In the con- 
servator-type transformer there is a limited 
contact between air and oil, whereas in the 
inert-gas type of unit no air-oil contact is 
possible. It may be desirable to refer to an 
article by L. M. Limpus! on the experience 
of the Oklahoma Gas and Electric Company 
with these three types of units: ‘Based on 
the experience of our company an average 
annual increase in neutralization numbers of © 
0.1 mg. KOH for open type transformer, 
0.05 mg. KOH for conservator type, and 
0.01 mg. KOH for inert-gas-type equipment 
may be expected.’ Since the increase in 
the neutralization number is an indication 
of oil sludging, this experience indicates that 
inert gas transformers warrant preferential 
treatment. 

W. K. Brownlee has asked what methods 
if any have been used to determine the tem- 
perature rise of the iron due to overexcita- 
tion. Noattempt has been made to measure 
this temperature. In extreme cases of over- 
excitation, standard distribution trans- 
formers have been used as boosters in the 
neutral of star-connected banks, and in less 
severe cases the oil temperatures and oil- 
neutralization numbers are watched. 

F. J. Vogel, in commenting on the second 
step in rating power transformers, stated 
that the results appeared to be unduly con- 
servative, because of the method used in cal- 
culating the difference between the hot-spot 
and top-oil temperatures. The method used 
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is supported by the conclusions drawn by 
V. M. Montsinger and P. M. Ketchum in 
their recent paper? on transformer overload- 
ing. This paper which discusses the results 
of about 50 heat runs on typical transformers 
indicated that the hot-spot over top-oil 
temperature varies as the 0.8 power of the 
load losses, and that the difference between 
the hot-spot and top-oil temperature at full 
load is about six degrees centigrade for the 
small transformers tested. The paper, how- 
ever, recommends the use of ten degrees 
centigrade for larger and higher-voltage 
transformers where greater temperature dif- 
ferences would naturally be expected. Con- 
sequently, there is a possibility of some 
slight conservatism for this reason in the 
smaller sizes, but not necessarily in the 
larger units. 

In regard to Mr. Vogel’s reference to the 
eight-degree rule, it should be mentioned 
that this rule was not used as a basis for the 
life-unit method of rating. Test data? by 
F. M. Clark, which revealed that the rate of 
insulation deterioration doubles for a 4- 
degree increase in temperature at 70 degrees 
centigrade, doubles for a 5.5-degree increase 
at 100 degrees centigrade, and doubles for a 
nine-degree increase at 120 degrees centi- 
grade, for 50 per cent insulation strength, 
and so forth, was used as a basis of the life- 
unit method. 
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Substation- Transformer 
Emergency Overloading 
Practice 


Discussion and author's closure of paper 43-24 
by L. W. Clark, presented at the AIEE na- 
tional technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, March section, 
pages 126-32. 


H. B. Wolf (Duke Power Company, Char- 
lotte, N. C.): This timely paper covers 
comprehensively and clearly the subject of 
emergency overloading of transformers. 
It appears that, in evaluating the increased 
output of a transformer as a result of fan cool- 
ing, the author has been too conservative. 

Figure 10 of this paper shows increased 
output of a self-cooled transformer by 
addition of supplementary cooling in form 
of fans, the increase in this case being quite 
small. Tests over many years and with 
various types of self-cooled transformers 
indicate an average increase in output of 
approximately 30 per cent. 

Tests of output of three transformers of 
different manufacture are given in Table I 
of this discussion, All temperatures are 
on a basis of 35 degrees ambient. 
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Table 
Hot-Spot 
Trans- Per Cent Tempera- 
former Load Cooling ture 
A { LOOM cckesteree Self-cooled....... 77 
a 130.........Fan-cooled.......67 
B { LOO cate cccerens Self-cooled....... 78 
OE 131..........Fan-cooled....>..72 
C { LOO vcmuues Self-cooled....... 76.5 
ma eae 127) cancer as Fan-cooled.,.....62.5 


This increase in output is also recognized 
in the transformer subcommittee interim 
report of June 22, 1942,! in which it is stated 
that an increase from 25 to 33 per cent is to 
be expected by addition of fans. 

It is quite possible in many cases to have 
transformers out of service for several 
weeks or more, while repairs are being made, 
without increasing copper or oil tempera- 
tures on the transformers remaining in serv- 
ice to the point where rapid deterioration 
begins, and without tying up emergency 
spare transformers, if advantage is taken of 
supplementary cooling in the form of spray 
or fans and of reduction of load by means of 
mobile capacitors. 
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F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by Mr. Clark shows the method 
used by one operating company to deter- 
mine safe loads for transformers during 
emergency conditions. The methods used 
are based on the so-called eight-degree rule 
for insulation deterioration and upon a con- 
ventional method of calculating the hottest 
spot. 

I would like to refer to papers showing 
different points of view, as follows: 

“Temperature Limits Set By Oil and 
Cellulose Insulation,’”’ by Charles F. Hill. 

“Emergency Overloads for Oil-Insulated 
Transformers,” by Sloat and Vogel.” 

“Hot-Spot Winding Temperatures in Self- 
Cooled Oil-Insulated Transformers,” by 
Narbutovskih and Vogel.? 

These papers indicate that using the 
same methods for all types of transfo1mers 
may involve undue risk for some types of 
transformers and be too conservative for 
others; These other references show meth- 
ods which can be used for transformers hav- 
ing inert gas protection and for transformers 
of modern construction. 

I would like to refer to my discussions of 
papers by Sealey and Salsbury and Phillips, 
at this same meeting. 
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V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Clark’s 
paper gives a very useful and _ practical 
method of overloading transformers, for the 
guidance of operators. 

I note that Mr. Clark has used 120 de- 
grees centigrade for 24 hours, to take out ap- 
proximately one per cent of the life of the 
insulation, which he states was based on Mr. 
Nichols’ (reference 2) paper. While this 
figure is ten degrees higher than the tem- 
perature limit of 110 degrees centigrade 
recommended in AIEE interim report, the 
author has added sufficient safety factors 
which in most cases will result in a hot-spot 
temperature nearer 110 degrees and certainly 
not over 115 degrees for a 24-hour period. 

One factor of safety that the author in- 
troduced was in assuming that the hot- 
spot rise over top oil varies as the square 
of the load current, whereas under most 
conditions it varies as the load current 
raised=to approximately the 1.6 power. 
The other factor of safety was in assuming 
that the hot-spot rise over average winding 
is always ten degrees at 100 per cent load. 
As pointed out in AIEE technical paper 
42-115, entitled ‘““Emergency Overloading 
of Air-Cooled Oil-Immersed Transformers 
by Hot-Spot Temperatures,” by V. M. 
Montsinger and P. M. Ketchum,! and pre- 
sented at the AIEE convention last summer, 
the hot-spot temperature will range from 
five to ten degrees, depending on the design, 
the usual value being somewhere around six 
to seven degrees. 

Furthermore, within the last year F. M. 
Clark in his AIEE technical paper 42-98, en- 
titled ‘Factors Affecting the Mechanical 
Deterioration of Cellulose Insulation,’’? pre- 
sented at the summer convention in June 
1942, has shown that the rate of aging 
varies over a wide range, depending on the 
degree of dryness. For example: insula- 
tion having one per cent moisture will de- 
teriorate from five to ten times as fast as 
insulation having 0.05 per cent moisture, 
It can be seen readily, therefore, that there 
is no definite rate of aging except under 
specified moisture conditions. 

I was very much interested in the nomo- 
graphs (shown in Figures 2 and 3 of the 
paper) for determining allowable summer 
and winter emergency overload capacity of 
self-cooled transformers. I am sorry that 
the author did not explain just how he lo- 
cated the two sets of top-oil rises on the 
top and bottom lines, to make them give 
the correct loads. I have not integrated 
any of his load curves to see how well they 
agree with his nomograph curves. I as- 
sume that his calculations are correct. 

My experience in increasing the capacity 
of large transformers with fans does not 
bear out the rather low overload values 
given in the paper. The 10 to 15 per cent 
increased rating apparently refers to ulti- 
mate conditions, since the author couples 
it with 120 degrees hot spot which he pre- 
viously stated is for a 24-hour period. 

We can usually obtain from 25 to 33 
per cent overload with standard small fans. 
Recent tests have shown that by using high- 
air-velocity fans we sometimes can obtain 
as much as 150 to 167 per cent of the self- 
cooled rating with the same hot-spot tem- 
perature. The increased rating with fans, 
when based on 120 degrees centigrade hot 
spot, will of course be slightly less than 
when based on a 95 degrees or 105 degrees 
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hot spot, although the difference is small. 
Perhaps the reason Mr. Clark did not ob- 
tain more than 10 to 15 per cent extra 
rating was that the tests were made out- 
doors with a breeze blowing. A very small 
breeze will reduce the oil rise sufficiently to 
obtain 10 to 15 per cent extra rating under 
self-cooled conditions. 

Mr. Clark has given some very useful 
information on the time required to replace 
a defective transformer with a _ spare, 
namely, about 24 hours, and that it can be 
expected that a failure will occur once in 
approximately 16 years operation. He also 
gives some very useful information on 
potential difficulties to be avoided. It is 
data of this kind that are useful in setting 
up rules for overloading transformers under 
rare emergency conditions, similar to the 
AIEE interim report previously referred to. 

I would like to see more papers presented 
along this line giving results of operating ex- 
perience. 
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L. W. Clark: Mr. Montsinger points out 
that, although a hot-spot temperature limit 
of 120 degrees for a 24-hour overload has 
been used, there are certain safety factors 
in the author’s calculations which will re- 
duce the actual hot-spot temperature to 
something in the order of 110 or 115 de- 
grees, which is nearer the recommendation 
given in the AIEE interim report. One 
safety factor mentioned is that of assuming 
that the hot-spot copper rise over top oil 
varies as the square of the load instead of 
the 1.6 power. The square rather than 1.6 
power was used because of the difficulty 
in determining with which transformers it is 
safe to use the 1.6 power. The choice of 
exponent does not greatly affect the results. 
In the 120-degree range, there is only a 
difference of one or two degrees in hot-spot 
temperature as calculated with the two 
different exponents. Furthermore, the test 
data given in Table II of the paper indicate 
that, at least for these particular cases, the 
use of the square exponent does not give too 
high a copper-rise value as compared with 
the test results. 

The other factor of safety mentioned is 
very real and accounts for the major part of 
the difference beween 110- and 120-degree 
hot spot. If, as Mr. Montsinger suggests, 
a hot-spot differential above average copper 
rise of six or seven degrees instead of ten 
degrees were used, considerably higher over- 
loads for the same calculated hot-spot tem- 
perature would result. However, until the 
various manufacturers agree to change the 
American standards which permit a ten- 
degree differential, it would seem unwise to 
use the lower value. The. author would 
assume from Mr. Montsinger’s comments 
that the tables and curves for allowable 
overloads given in the AIEE interim report 
are based on either six- or seven-degree hot- 
spot differential instead of the full ten de- 
grees as specified in the American standards. 
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Mr. Montsinger asks how the two top-oil 
rise scales were selected for the nomographs 
of Figures 2 and 3 of the paper, in order to 
give the correct loads. For each nomograph 
the lower scale of top-oil rise was selected 
arbitrarily, so as to result in a good workable 
nomograph. The upper scale of top-oil 
rise in each case was then calculated for the 
140 per cent load ordinate with N=1. This 
was calculated, using the first part of for- 
mula 1 given in the paper. For example, 
substituting in that formula for a top-oil 
rise at full load of 30 degrees, N=1 and 
R=14, the corresponding top-oil reading 
for the top scale is 41. On this basis, the 
30 value of the top scale is located directly 
above the 41 value of the bottom scale. 
In the same manner, for instance, the 36 
value of the top scale is plotted directly 
above the 49.3 value of the bottom scale. 

Both Montsinger and Wolf suggest that 
an increase in allowable emergency loading 
of 10 to 15 per cent through the addition of 
fan cooling is too conservative. This low 
value of increased loading is based upon only 
one company’s experience and tests on 
transformers equipped with fans, and it is 
entirely possible that other companies 
have had more favorable experiences with 
the fan cooling. Mr. Wolf cites three cases 
in which increased loadings of something in 
the order of 30 per cent are permitted 
through the addition of the fans. There is 
one essential difference between the figures 
cited by Mr. Wolf and those given in the 
paper; the former are at about name-plate 
rating of the transformers, and the latter 
are in the overload range of 125 to 150 per 
cent of name-plate rating. 

With a standard transformer having 55- 
degree average copper rise, the usual in- 
crease in rating given by the manufactur- 
ers when fans are added is 331/; per cent 
for the same average copper rise. Con- 
verting this to the overload level corre- 
sponding with 120-degree hot-spot tempera- 
ture, and assuming in both cases that the 
performance just meets guarantee, the 33!/3 
per cent increase at name-plate level drops 
down to about 23 per cent at the overload 
level. In addition, this margin due to 
fans has shrunk still further in the case of 
installations tested by the author’s com- 
pany, because of the fact that there was a 
generous design margin over and above 
guaranteed values on the self-cooled basis, 
but practically no margin at the fan-cooled 
rating, with the result that the actual in- 
crease in the overload rating through the 
addition of fans was only 10 to 15 per cent 
as cited. 


Insulation Testing of 


Electric Windings | 


Discussion and authors’ closure of paper 43-59 
by C. M. Foust and N. Rohats, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
April section, pages 203-06. 


L. J. Berberich (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Foust and Rohats have described a 
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new method of testing the insulation of ma- 
chines which appears to have considerable 
merit in production line testing particularly 
of the smaller machines. Large and impor- 
tant machines, however, will probably con- 
tinue to be tested at the factory by the older 
methods. In the large machines the turn- 
to-turn insulation is tested by applying high 
frequency (about 30,000 cycles) to each coil 
before it is wound into the machine. The 
ground insulation is similarly tested by 
applying 60-cycle overvoltage. This is 
done, not only on every coil before winding, 
but also on groups of coils during various 
stages of the winding procedure. Such care- 
ful testing is necessary, not only to insure 
that no defective coil is wound into the ma- 
chine, but also to uncover any damage that 
may be inflicted during the winding process. 
Even though this new method does not ap- 
pear very attractive for testing large ma- 
chines at the factory, it should have applica- 
tion for testing such machines in the field. 
This would probably require a test set hav- 
ing higher voltage rating and capacity than 
the one described in the paper. 

In the paper the statement is made that 
the new method can be applied with par- 
ticular advantage in testing of completed 
windings of three-phase low-voltage ma- 
chines. Since nothing more specific was 
said regarding the range of application, I 
would like to ask the following questions: 


1. To what voltage and kilovolt-ampere ratings 
has the test so far been applied? 


2. What is the capacity and voltage range of the 
present test equipment? 


3. Can the test be applied to single-phase windings, 
or is it limited to multiphase windings? 


4. Can the location of a turn-to-turn fault be de- 
termined in a winding with any degree of accuracy? 


5. What are the possibilities of modifying the test 
equipment for testing large 13.8-kv generators in 
the field? 


6. What turn-to-turn voltage can be obtained, and 
how uniform is this throughout the whole winding? 


John L. Fuller (Reliance Electric and Engi- 
neering Company, Cleveland, Ohio): The 
paper indicates that a fault consisting of a 
grounded neutral will not be disclosed by the 
repeated surge tester because of the sym- 
metry of the circuit. - This would seem to in- 
dicate that the test cannot take the place of 
the standard 60-cycle high-potential test in 
its entirety. In comparison with a dummy 
rotor test, we note that the dummy rotor 
test can be applied to a stator prior to 
varnish impregnation, thereby simplifying 
corrections of any errors in connections. 
This test will also disclose a symmetrical 
misconnection which the repeated surge 
tester cannot find. On the other hand, the 
repeated surge tester will apparently dis- 
close a shorted turn which would have a 
fine chance of being missed on the dummy 
rotor test. It will also stress turn-to-turn 
insulation and is presumably quicker to 
operate. \ 

It will be interesting to see how usage of 


this apparatus may be adapted to testing of — 


d-c armatures, field coils, and intercoils. 
Field coils and intercoils should be an easy 
test by comparing with a standard or coil 
known to be satisfactory. 


a) 


| 
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In conclusion it appears that the repeated 


surge tester is a valuable addition to motor 
testing equipment, although it apparently 
cannot supplant the standard 60-cycle high- 
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potential test and although it has not yet 
been adapted to d-c work. Its greatest 
usefulness, apparently, is in disclosing latent 
troubles which might not be disclosed other- 
wise prior to shipment of the a-c motor. 


F. L. Lawton (Aluminum Company of 
Canada Limited, Montreal, Que., Canada): 
The authors are to be congratulated on their 
paper which describes a new method for test- 
ing the insulation of windings of electrical 
equipment. The new test equipment would 
appear to be the first forward move in the 
last ten years or so. 

I would like to ask the authors what ratio 
of impulse peak voltages to normal or rated 
60-cycle voltage is required for satisfactory 
indication by the new device? Also it would 
be interesting to have their advice as to the 
size of machine for which windings have 
been tested by this device. For instance, 
have they tested windings for generators of, 
say, 10,000- to 15,000-kva capacity, and for 
13,200-volt service? 


C. M. Foust and N. Rohats: Taking up the 
three discussions one at a time, we will first 


answer the questions asked by L. J. Ber- 
berich. ; 


1. So far, the tester, as described, has been ap- 
plied to motors in the 110- to 550-volt class up to 
about 100 horsepower and a larger unit is being used 
on high-voltage motors of several thousand horse- 
power, 


2. The maximum voltage in the small tester of 
Figure 3 of the paper is 10 kv with a surge-genera- 
tor capacitance of 0.05 microfarad. The large 
tester now in daily use has 0.25 microfarad and 
15 kv. 


3. Single-phase windings may be tested, if two ata 
time are available for comparing one with another. 


4, Exact location of turn-to-turn faults from wave 
shapes on the oscilloscope screen involves compari- 
sons of wave details which are somewhat impractical 
from a routine test standpoint. However, if tie 
fault is outside of the slots and several kilovolts are 
being applied, sparking will be seen at the fault. 


5. Test equipment has been considered for ma- 
chines of higher kilovolt-amperes and voltage rat- 
ings with multiturn coils. 


6. Maximum coil voltage ranges from 25 to 50 
per cent of applied voltage and tapers off to about a 
ten per cent minimum as the surge travels through 
the winding. Assuming three kilovolts applied 
voltage, this means 750 volts to 1,500 volts on the 
first coil and 300 volts minimum further along in the 
winding. 


Regarding J. L. Fuller’s discussion, oscil- 
logram 12 in Figure 4 of the paper shows 
how the wave is inverted by a ground at the 
neutral. A misconnection which occurs 
symmetrically in all phases is a rather re- 
mote possibility but would be indicated by 
some change in wave shape if not by wave 
divergence. 

The tester already has been applied to 
individual coils of various kinds with some 
success. However, with coils or windings 
having high impedance because of a large 
number of turns of small wire, the stray 
capacitance network becomes a factor in 
determining wave shape, and this may vary 
from coil to coil so that some divergence may 
be found with coils having no insulation 
faults. This normal divergence will tend to 
obscure the indication of a single shorted 
turn and will require a minimum of four or 
five shorted turns to produce good indica- 
tion. 

We are glad to note, and we share Mr. 
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Fuller’s interest, in the use of this type of 
testing equipment for d-c armatures. While 
the winding insulation tester is designed par- 
ticularly to stress turn insulation, it also 
stresses the major insulation between con- 
ductor and ground and really constitutes, 
therefore, a comprehensive high-potential 
test. However, this test is at present addi- 
tional to other tests and it is not proposed to 
discontinue the normal high-potential test 
to ground. 

In reply to F. L, Lawton’s question, the 
test voltages for low-voltage equipments 
have ranged from 2,500- to 5,000-volt crest. 
Of course, where a positive fault is already 
present in a winding, a voltage as low as 500 
volts is enough for its indication. 

The winding insulation tester has been 
used for machine voltages ranging up to 
3,000 volts rating and of several thousand 
kilovolt-ampere capacity. For large ma- 
chines which may vary considerably as to 
circuit constants and insulation, test volt- 
ages must be selected in view of normal surge 
voltage distributions and to provide insula- 
tion stresses adequate to reveal weaknesses 
which might cause or contribute to service 
failures. 

In closing the authors wish to thank the 
discussers for the interest they have shown 
in the paper and to declare their readiness 
to answer any further questions which may 
come up. 


Measurements Pertaining to 
the Co-ordination of Radio 
Reception With Power 
Apparatus and Systems 


Discussion and authors’ closure of paper 43-57 
by C. M. Foust and C. W. Frick, presented at 
the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
June section, pages 284-91. 


Arthur Bessey Smith (Associated Electric 
Laboratories, Inc., Chicago, Ill.): We are 
very glad for the work which the authors 
have done in the measurement and suppres- 
sion of radio interference from electrical 
apparatus and in making public these data. 

Lord Kelvin stated that we have no true 
scientific knowledge until we can express 
what we know by means of numbers. By 
means of numbers George Stephenson con- 
founded the rule-of-thumb ‘“‘engineers”’ of 
his day and won the battle for the level rail- 
road track, on which the steam locomotive 
proved its ability to give the cheapest haul- 
ing cost on land. 

The expression of our knowledge by 
means of numbers is today the ardent desire 
of all engineers. Yet those who do venture 
to publish their numerical results are sure 
to receive comment and even criticism. 
This is especially true in the measurement 
of radio noise, which has proved to be ap- 
parently the most erratic quantity to 
measure. Yet a start must be made, and 
data must be published. We recognize the 
service which the authors have performed. 

The relation between two sources of 
radio interference operating at the same time 
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has long been observed by those working in 
this field. At first it was thought that the 
amount of reduction of interference was 
our objective. But it was soon discovered 
that this had little value to the public. 
That which seems most important in the 
public ear is the remaining interference, 
after the application of suppression devices. 
Perhaps this is the reason why so many years 
have passed before the publication of data 
on differing numbers of disturbers in paral- 
lel. 

From the standpoint of residual noise, one 
offender was about as bad as two. For in- 
stance, while working on small automatic 
telephone exchanges, we found that to 
suppress either the calling device or the 
switch in the central office did not clear 
the complaint. Both had to be suppressed 
at the same time. 

My attention has been attracted to the 
authors’ Table X. Visual inspection shows 
that two insulators give not much more 
Radio-Influence Voltage than one. This 
agrees with past experience. 

As to the mathematical expression which 
most closely represents the results of tests, 
I have applied variations of the root-sum- 
square expression proposed by the authors. 
The results are at least interesting. 

First, I averaged the eight values of RIV 
for one insulator and regarded it as the true 
value for one insulator. The eight samples 
ought to come nearer the truth than two or 
three. Then I put this into the root-sum- 
square expression, causing it to become 


V=Vav?=0Vn 
in which 


n=number of insulators operated at the 
same time 

v=average RIV for one insulator 

V=total RIV when m are operating 


Then it occurred to me to question the 
index 0.5 applied to n. Might some other 
value be closer to the truth? Assuming that 
the values of V for » = 1 and n=4 are 
correct, I calculated the index which will 
pass a curve through those points. There 
came out a different index for each test 
voltage applied to the insulators. 

There result four expressions: 


Y V= vn 


V=yn* V=wnn’ V=v3n* 
These indexes are 


a=0.41478 and y= 4,276 


b=0.38310 v2 = 15,875 
c=0.35169 3 = 28,250 
d=0.37759 vy = 43,250 


' 2 3 4 3} 6 ts € 
1 —NUMBER OF INSULATORS 


Figure 1 


455 


Table |. 


Radio-Influence Voltage of Insulators 


Comparison of Test Data and Formulas 


= oe 


2 5) 4 
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Test Data Root-Sum- Per Cent Root-Sum- Per Cent Root-Sum- Per Cent 
Square Error Square Error Square Error 
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It will be observed that except for the 10-kv data the expressions which result in the figures in columns 


3 and 4 agree fairly well with the test data. 


As to shape (curvature) the agreement is not as good. 


Each of the test data curves looks more like a straight line. 


It will be observed that the value of the 
index tends to go down as the operating 
voltage rises. This makes it appear that 
different values of operating electromotive 
force on the insulator produce differing 
rates of increase as the number of insulators 
is increased. 

These four expressions seem to agree fairly 
well with the test data, but not uniformly 
so. 

Then I averaged these indexes, obtaining 
a value which I hoped might be valid for 
all electromotive forces. This average is 
0.388179. 

It will be observed that 1“ is the ratio of 
any V value to the V for one insulator. This 
led to the comparison of the several ex- 
pressions by means of their ratios to the 
RIV for one insulator. The complete com- 
parison is given in the Table I of this dis- 
cussion. No attempt was made to smooth 
out the curves of the test data, though for 
the 10-kv data, the RIV for eight insulators 
seems to be out of line. The per cent col- 
umns give the per cent which the calculated 
value is above or below the test data. 

It is to be hoped that future work will 
clear away present uncertainties and reveal 
with clearness the essential relation between 
radio interference and the number of offend- 
ing devices. The authors have done us a 
good turn by starting us on the way. 


F. O. Stebbins (General Electric Company, 
Schenectady, N. Y.): This paper covers in 
an excellent manner the radio-noise problem 
as it applies to present day radio-noise 
measuring instruments and to the establish- 
ment of satisfactory radio-noise levels. The 
data show that radio noise is exceedingly 
complex, and the determination of a basis on 
which radio-noise measuring instruments 
should be designed requires considerably 
more research. 

Radio-noise problems on aircraft, though 
not specifically mentioned in this paper, are, 
nevertheless, of considerable importance. 
In general there are two types of aircraft, 
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the all-metal aircraft in which the body of 
the plane effectively shields the radio 
antenna (except for the antenna lead-in 
wire) from radio noise developed in the 
body of the plane, and the nonmetallic air- 
plane body in which the radio antenna is 
not shielded from radio noise in the air- 
plane. 

Many aircraft today operate with d-c 
power systems. Sources of radio noise 
which are connected directly to the power 
systems may be aircraft generators, motors, 
and other commutating machines, con- 
tactors and relays, vacuum tube devices, 
and so forth. The most commonly used 
methods for minimizing the effects of this 
noise on the airplane radio receiver are: 


1. The use of well-shielded and well-filtered radio 
receivers with shielding on the antenna lead-in wire. 


2. The use of well-grounded shielding on the wiring 
in the airplane. 


3. The use of radio-noise suppression filters on the 
devices in the airplane which develop radio noise. 


4. Combinations of the above three methods. 


A second source of radio noise on air- 
craft is the aircraft engine ignition system. 
The magneto and spark plugs develop high 
radio-noise levels and require shielding. 
The ignition wiring between the magneto 
and the spark plugs may develop radio 
noise because of the formation of corona at 
high altitudes where the atmospheric pres- 
sure is low. Since corona is harmful to the 
insulation on these wires, methods for sup- 
pressing this type of noise require that the 
corona formation be prevented. This can 
be accomplished by enclosing the ignition 
wires ina properly grounded radio shield and 
maintaining approximate atmospheric pres- 
sure inside the shield by supercharging, by 
completely impregnating the shield with 
gel, or by other means. 

Other sources of radio noise on aircraft 
may be the arcs that result from static 
charges built up on different parts of the 
airplane during flight. In general these 
types of radio noise can be suppressed by 
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properly grounding the parts in which these 
charges develop. 

The radio-noisé problem on each differ- 
ent design of airplane is different, because 
the electrical systems on any two designs 
are not the same. The most economical 
solution to this problem is obtained when 
radio-noise measurements are made on the 
airplane after the electrical installation is 
complete. 


S. W. Zimmerman (General Electric Com- 
pany, Pittsfield, Mass.): The authors of 
this paper have gone a long way in presenting 
a clear-cut story on the status and limita- 
tions of present standard noise-measure- 
ment technique and the relationship be- 
tween noise generated and noise received. 

Of particular interest is their study of 
noise meter operation over a period of time. 
The variations experienced in the calibra- 
tion of the different meters occasionally 
leads to embarrassment where different 
individuals or organizations are called upon 
to check each other, unless fairly wide 
tolerances are allowed. From data which 
the authors present at least 20 per cent 
deviation should be allowed at 10 micro- 
volts and as much as 80 per cent deviation 
at 10,000:-microvolts. 

In connection with the calibration of 
these noise meters, it has also come within 
my experience that there is a variation in 
calibration with frequency which of course 
is a function of the alignment of the tuned 
amplifiers of the measuring system and the 
method of internal calibration which causes 
a variation throughout the frequency range 
of the instrument. Such data have been 
obtained for three different noise meters 
(not those used by the authors). 

I should like to point out then that our 
present standard equipments to make 
measurements have associated with their 
use three inherent sources of error, scale 
form, frequency, and wave form. For cer- 
tain more or less precision work these fac- 
tors must be taken into consideration. One 
method is to refer all calibrations to a de- 
pendable accurate signal generator. 

The relation between constant output 
voltages obtained with a reliable signal 
generator producing a sine wave over a 
wide range of frequencies and corresponding 
radio-noise meter readings is plotted in 
Figure 2 of this discussion with frequency 
as abcissa and radio-noise meter readings 
as ordinate. It should be noted that for 
perfect agreement these ‘‘isovoltage’’ curves 
(constant input voltages) should be straight 
lines which join up at ends of the frequency 
ranges and have an ordinate value equal to 
the calibrating voltage. However, because 
of the three factors mentioned above, we 
expect to experience a deviation from this 
condition. Position and shape of the curves 
give some idea of what variation might be 


expected between signal generator calibra-_ 
Note particu- — 


tion and internal calibration. 
larly the position of the broken line curves 
which are upper scale readings obtained 
from a two range instrument and should 
check the solid line immediately adjacent, or 
lower, which ‘was obtained on the lower 
scale. 

In radio-noise filter work a sine wave 
source of voltage has been a helpful basis 
for development and test work. Data ob- 
tained in this manner agree very well with 
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Figure 2. Meter readings for constant input to radio-noise meter 


operation experience where the source of 
noise is due to brush sparking, and so forth, 
providing proper care is taken with meas- 
urements technique and proper correction 
factors applied. 

The square wave generator has some pos- 
sible advantages as a means of standardiz- 
ing noise meters in that it approximates 
actual noise source conditions measured on 
equipment, but this type of standardization 
does open up another question, that of 
standardizing the square wave generator. 
Present oscillographic technique makes 
this possible but somewhat more compli- 
cated than sine wave testing and in my way 
of thinking perhaps is less desirable. We 
have trouble getting good signal generators 
to agree at 20 megacycles sine wave. Are 
we not asking for more trouble when we 
expect square wave generators to do this? 

I believe that present noise-meter per- 
formance may be considered satisfactory in 
view of the complexity of the problem, but 
we must not lose sight of the fact that 
teasonable interpretations of radio-noise 
data must be made. If asked to produce 
electrical apparatus guaranteed to meet a 
certain specified limit of radio-noise per- 
formance, as expressed in microvolts, I 
believe that even our best radio-noise 
meters should be used only as transfer 
standards and should be referred to some 
type of reliable standard signal generator 
immediately upon making measurements if 
this limit of radiotnoise performance is to 
be considered definite. 


A. E. Anderson (General Electric Company, 
Philadelphia, Pa.): The paper by Foust 
and Frick indicates that considerable prog- 
ress has been made in standardizing proce- 
dure and obtaining data. They have also 
indicated the desirability of obtaining addi- 
tional data which will serve to confirm the 
original conclusions or suggest some modi- 
fication. 

Numerous measurements have been made 
on various types of circuit breakers, 
switches, insulators, and other apparatus 
found in switchgear, from which it has been 
possible to determine certain limits of 
radio-influence voltage that could be met 
in the course of manufacture. This part 
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METER NO.2 


(Log Scale) 


of the program has been facilitated chiefly 
by the relative simplicity of the insulating 
or insulated parts used in such apparatus. 

When some of these devices are arranged 
in assemblies, the problem becomes some- 
what more complex. First, there is the 
matter of several devices in parallel, in so 
far as testing is concerned, which may raise 
the level perceptibly. Secondly, the many 
and various items used in such assemblies 
make it difficult, at present, to establish a 
workable level. Not only may each item 
contribute appreciable amounts of RIV but 
the problem of determining their relative 
contributions, particularly if the measured 
RIVis high, may be exceedingly complicated. 
However, such (over-all) measurements 
have been made and will be continued as 
far as the present emergency permits, with 
the ultimate objective of establishing levels 
that can be applied to switchgear assemblies. 

As a matter of some assurance, but not 
necessarily to show that the investigations 
have reached a final or semi-final stage, it 
may be said that a large majority of switch- 
gear apparatus and switchgear assemblies 
have so far fallen in the classification of 
“No Complaints” as indicated in Figure 
2 of the paper. In those few cases where 
difficulty was experienced in the field, it 
was found that the corrections were of a 
simple nature. 

These remarks are given chiefly to indi- 
cate to the users of switchgear that while 
limits|are not given for switchgear assem- 
blies, Ga there have been no reported com- 
plaints, the subject is not resting here, but 
will be investigated further so that limits 
may be adopted ultimately for this type of 
equipment, 


R. S. Tucker (Bell Telephone Laboratories, 
Inc., New York, N. Y.): The Foust and 
Frick paper is called herein the ‘‘Co-ordina- 
tion paper” and the Aggers, Pakala, and 
Stickel paper the ‘“‘Coupling paper.” 

I agree with the Co-ordination paper 
that it is desirable to improve the accuracy 
of radio-noise meters, and that the relatively 
small errors quoted in this paper are only 
attainable by experienced technical person- 
nel carefully following the detailed direc- 
tions in the manufacturers’ information on 
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these meters. In our experience the devia- 
tions will be considerably greater than these 
with ordinary use of such radio-noise meters. 
This situation is largely due to the relatively 
strict requirements on weight and cost of 
these meters. After the war it may well 
prove advisable to have a so-called ‘“‘pre- 
cision radio-noise meter’? which could be 
used in development work by the various 
organizations and would be larger and more 
expensive than the maintenance-type me- 
ters which are at present available. In 
addition, developments in the art would 
very likely improve this latter type of 
meter. However, the accuracy required 
is by no means as great as that required for 
such instruments as ammeters; this is be- 
cause of the variability in several of the 
factors governing radio interference. 

In regard to these factors, two other 
sources of information will be of interest to 
people studying this subject: a British 
report on “Electrical Interference with 
Radio Reception” by A. J. Gill and S. 
Whitehead in the Institution of Electrical 
Engineers Journal 1988, pages 345 to 394 
and an article in the Bell Laboratories Rec- 
ord for June 1942 entitled “Factors Con- 
trolling Man-Made Radio Interference’’ 
by R. A. Shetzline. Some of the material 
in the latter article bears directly on the 
work presented today. This material is 
given below in a form adapted to the 
present discussion. 

First compute the signal-to-noise ratio— 
or better, the carrier-to-noise ratio—at the 
input of the listener’s radio receiver. In 
order to do this, find the carrier voltage 
across the receiver input and the noise 
voltage at the same point. The carrier 
voltage is HH, where E is the free-field 
carrier field intensity in the neighborhood of 
the antenna and H is the ratio of the carrier 
voltage across the receiver input to this 
field intensity. (H has the dimension of 
height but is not the effective height of the 
antenna, which is the ratio of the open- 
circuit voltage to the field intensity.) The 
noise voltage across the receiver input is 
VAC, where V is the ‘‘on-line’’ radio-in- 
fluence voltage at the source, A is the at- 
tenuation ratio from this point to a point 
on the line near the radio antenna, and C is 
the coupling ratio between the voltage at 
the second point and the voltage across the 
receiver input. The carrier-to-noise ratio 
is then the quotient of these two quantities, 
or R = EH/VAC. Hence V = EH/RAC. 
Now both H and C involve the voltage 
across the receiver input, which depends on 
the receiver input impedance; but the 
quotient H/C is independent of this im- 
pedance and is a convenient number to use 
to characterize the relative coupling to the 
radiated program field as compared to the 
coupling to the radio noise. This ratio 
H/Cis called U. It can be described as the 
radio-influence voltage on the line near the 
antenna which would give a carrier-to- 
noise ratio of unity for a program field of 
one volt per meter. It is a property of the 


effectiveness of the antenna installation and 


the coupling to the disturbing system and is 
susceptible of ‘statistical study. Thus 
V=EU/RA, from which the permissible 
“on-line” radio-influence voltage can be 
calculated. A limited number of measure- 
ments of U, for exchange-area telephone 
plant as the system carrying disturbance, 
gave a median value of about 30, and a 
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value of about three which was exceeded in 
90 per cent of the instances. 

In the two papers under discussion, there 
appears to be included in limiting values for 
V no specific allowance for attenuation of 
the radio disturbance from its source to a 
point on the power system near the antenna, 
though certain particular cases of such 
attenuation are noted. This attenuation 
may be due to propagation down the line 
to which the interfering source is con- 
nected or due to coupling between this line 
and some other part of the power system 
which is closer to the antenna. 

In the aboye formula the signal carrier 
and the noise were obtained by measure- 
ments across the radio receiver input and 
not by measurements of the field intensity 
underneath the antenna or of the voltage 
induced in a one-meter antenna at this 
‘point. This is a material distinction. The 
noise voltage at the receiver input often 
may be due chiefly not to direct radiation 
or induction into the antenna itself, but to 
coupling from the low-voltage circuits into 
the connection from the antenna to the 
radio set or the connection from the radio 
set to ground. This was the British ex- 
perience, as stated in the report referred to 
above. Furthermore, the effectiveness of 
the antenna and lead-in in collecting radio 
program is measured by the ratio of the 
carrier input to the radio receiver com- 
pared to the field intensity of the radio 
carrier in relatively free space in the general 
neighborhood of the antenna. The field 
underneath the listener’s antenna may be 
materially greater or less than this free- 
field intensity, depending on the effects 
of nearby wires and other metallic objects; 
and such local aberrations in the field 
necessarily are not included in the usual 
information on fields from broadcast stations. 

The Canadian information on coupling 
and effective heights given in Part 4 of the 
Co-ordination paper is not presented in 
great enough detail to be sure whether it 
conforms to the above principles. It is 
understood that the data presented in the 
Coupling paper took into account noise in- 
duction into lead-in and ground connection, 
in a manner which is not clearly indicated 
in the preprint; and it seems that some 
further details along the lines of the above 
principles would be of value. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.); Solution of co-ordination problems 
involving radio-receiving systems and power- 
supply systems has been undertaken by the 
Joint Co-ordination Committee on Radio 
Reception of the Edison Electric Institute, 
National Electrical Manufacturers Associa- 
tion, and the Radio Manufacturers Associa- 
tion. Progress to date has included 

1, The development and adoption of instruments 


and methods of measurement for appliances and 
for high-voltage apparatus 


2. The establishment of radio-influence voltage 
levels for appliances and small motors. 

The corresponding characteristics for high- 
voltage apparatus have been discussed, but 
no levels have been adopted. To meet the 
commercial needs of this situation NEMA, 
after divergent discussions, adopted prac- 
tices which set test voltages for radio-in- 
fluence-voltage measurements and which 
define radio-influence-voltage levels for 
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certain types of high-voltage apparatus. 
These practices have been reproduced in 
Tables III, VI, and VIII of the paper by 
Foust and Frick. The levels for high-volt- 
age apparatus have, however, received some 
discussion in the industry, and views have 
been expressed that lower values were de- 
sirable. The NEMA practices are being 
submitted to the Joint Co-ordination Com- 
mittee for consideration in adopting an 
industry-wide standard. Aggers, Pakala, 
and Stickel have not included levels in their 
paper on the basis that they should be con- 
sidered first by the Joint Co-ordination 
Committee. However, under the circum- 
stances, it is undoubtedly desirable that the 
subject should receive full discussion at this 
time. 

Determination of radio-influence-voltage 
levels of apparatus, as pointed out by 
Foust and Frick, may be based on experience 
and on theoretical analysis. Experience is 
of limited value for such purpose, although 
it provides a valuable check on the other 
method. Presentation of the theoretical 
method was made by Mr. Aggers, and a 
statement of it is incorporated in the paper 
of which he is a joint author. Briefly, the 
method relates _radio-influence-voltage 
(RIV) levels of apparatus and the field 
strength of satisfactorily received signals 
by means of the following factors: 


1. Ratio of ‘‘on-line’’ RIV totest RIV. 

2. Ratio of ‘‘under-line’’ RIV to ‘“‘on-line’’ RIV. 
3. Ratio of field strengths at antenna and at 
“under-line’’ locations. 


4. Signal to noise ratio required for satisfactory 
radio reception. 


Foust and Frick also present a similar 
analysis. The two presentations give closely 
the same result, except for the ratios of 
items 2 and 3. For the ratio of ‘‘on-line”’ 
RIV to test RIV, Aggers, Pakala, and 
Stickel give a ratio of 1 to 2.4, whereas 
Foust and Frick give a ratio of 1 to 1.5. 
A more important difference appears in the 
use of the coupling factor that gives the ratio 
of the field strengths at antenna and at 
“under-line”’ locations. Aggers, Pakala, 
and Stickel present coupling data from a 
survey in an urban area, while Foust and 
Frick present data taken in Canada by the 
radio division of the Department of Air 
Transport under the direction of Mr. H. O. 
Merriman. Both sets of data give closely 
the same percentage of antennas tested for 
coupling factors exceeding a given value. 
In the use of the Canadian data it is sug- 
gested that for 90 per cent of all antennas, 
a coupling factor of 1 to 3.2, corresponding 
to 30 per cent of antennas tested, should be 
used. Aggers, Pakala, and Stickel, how- 
ever, found for the area surveyed that an 
average coupling-factor ratio of unity ap- 
plied when distribution circuits were in- 
volved. The preceding discussion may be 
modified somewhat by a susceptiveness fac- 
tor for antenna and receiving systems. This 
factor is listed in both papers, but the as- 
sumptions and manner of use are not clearly 
stated and should well be clarified. 

The determination of the proper relative 
values for radio-influence-voltage levels of 
power apparatus, the broadcast signal 
strength to be considered, the percentage 
of listeners to be affected, and the areas in 
relation to the power line to be protected 
are complex questions which can be an- 
swered only by co-operative consideration 


Discussions 


by all the parties concerned. No standard 
can be set for any one factor in the problem 
without balanced consideration of all the 
other relevant factors in the problem. 


C. M. Foust and C. W. Frick: The authors 
appreciate the attention given to this paper 
in written discussions and wish to thank 
those who have contributed for their helpful 
interest. 

On the subject of radio-influence voltages 
for a number of pieces of apparatus con- 
nected in parallel, A. B. Smith has con- 
tributed a further and important analysis. 
of the data given in Table X of the paper. 
The practical method of estimating the 
increase in radio-influence voltage for added 
units by the root-sum-square method as 
outlined in the paper has been found quite 
useful on a number of occasions. This 
method accepts the relation that the radio- 
influence voltage is proportional to the 
square root of the number of units in paral- 
lel, or in other words to the 0.5 power of n. 
Dr. Smith has shown by direct analysis of 
the measurements of Table X of the paper 
that even at the different voltage levels the 
exponent of » is nearer 0.38 for these in- 
sulators. The authors believe that this. 
method of analysis should be extended to 
the other test samples. : 

The same question of radio-influence 
voltage of paralleled apparatus is men- 
tioned in the discussion by A. E. Anderson, 
who calls attention to the difficulty of 
establishing over-all workable limits for 
switchgear assemblies. The authors ap- 
preciate this problem and recognize that 
where paralleled units are of different types. 
and in addition affect each other, it is not 
possible to use a simple mathematical rela- 
tion for combined radio-influence voltage. 
Further data, such as Mr. Anderson indi- 
cates, are now being collected and will 
clarify this situation. 

F. O. Stebbins’ comments on radio noise 
on aircraft constitute an interesting general 
view of a field of work which is particularly 
important at this time. The experiences of 
the authors in connection with aircraft 
apparatus measurements in both laboratory 
and field have been that, while helpful data 
can be gathered in the laboratory, as Mr. 
Stebbins points out, final performance 
checks are necessary on the airplane after 
the electrical installations are complete. 

S. W. Zimmerman calls attention to a very 
important problem, that of the need for a 
basic standard of radio-influence voltage 
which would establish definite frequency 
and wave form characteristics. As he 
points out, the need for this is very urgent, 
particularly because of difficulties attendant 
to radio-influence-voltage checks in different 
laboratories and at different times. It is 
hoped that this problem will be given forth- 
right attention because progress in radio- 
noise-meter improvements is closely re- 
lated to such standardization. 

In Mr. Evans’ discussion of the general 
situation he agrees with the statements in 


our paper to the effect that the limits of 
radio-influence voltage for high-voltage 


apparatus as given in Table III and the 
test voltagesias given in Table VI have been 
adopted by the National Electrical Manu- 
facturers Association. It is hoped that the 
adoption of values by other committees will 
come in the course of time. 
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With regard to the determination of 
radio-influence-voltage limits of apparatus 
as based on experience and _ theoretical 
analysis, it seems to the authors that ex- 
perience is always the final criterion. How- 
ever, since we had data on both apparatus 
experience and circuit measurements in the 
field available for analysis, we included both 
in the paper. It is interesting to note that 
the limits derived from these two differing 
methods are in good agreement. 

The discussion presented by R. S. Tucker 
is very helpful, and his suggestion as to the 
advisability of a “precision radio-noise 
meter” is worthy of consideration. However, 
it is important to bear in mind that even 
with such a noise meter at hand the question 
of its calibration on a wide range of types 
of noise voltage would still be present. 

Mr. Tucker’s analysis while not greatly 
different from the one given in our paper 
does seem to take attenuation, along lines, 
into consideration. Questions of wave 
shape and reflection possibly make this sub- 
ject a difficult one to handle. Such meas- 
urements as we have made on field circuits 
show considerable complication and are, 
therefore, difficult to be used in a practical 
way. 

With regard to the Canadian data, we did 
not reproduce this in detail, having in mind 
it was covered by items 11 and 12 in the 
bibliography. 


Effect of Radio Frequencies 
of a Power System on 
Radio-Receiving Systems 


Discussion of paper 43-58 by C. V. Aggers, 
W.E. Pakala, and W. A. Stickel, presented 
at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
April section, pages 169-72. 


R. S. Tucker: For discussion, see page 457 


R. D. Evans: For discussion, see page 458. 


Ann Instrument for the 
Determination of Contact 


Making and Breaking Time 


Discussion and author's closure of paper 43-1 
by Walther Richter and William H. Elliot, 
presented at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, January section, pages 14-16. 


H. L. Clark (General Electric Company, 
Schenectady, N. Y.): The ‘‘electronic 
time gauge’”’ described is similar in many re- 
spects to another recently designed instru- 
ment which we have found useful for ap- 
plications requiring a direct indication of 
time. This time-interval meter reads di- 
rectly on a 0-10/100/1,000/10,000-milli- 
second scale with +1'/; per cent accuracy. 


1943, VOLUME 62 


The indication is maintained with a drift 
of 0.2 per cent per minute or less. This 
accuracy and stability is obtained by an 
inverse feedback scheme which serves to 
hold the capacitor charging rate constant 
to within 0.01 per cent and at the same time 
corrects for leakage from the charged capaci- 
tor. Normal variation in the vacuum-tube 
characteristics does not affect the accuracy. 
Coincidentally, the full scale indication of 
this instrument is determined for a change 
of 25 volts in the capacitor charge compared 
to 20-volt change required in Richter and 
Elliot’s time gauge. 

The original application of the time- 
interval meter was in measuring the timing 
of camera shutters. A phototube and am- 
plifier operate an electronic trip circuit to 
allow the capacitor to charge during the 
time the shutter is open and passing light 
onto the phototube. For another measure- 
ment the timing is started by an electrical 
contact and stopped by light on the photo- 
tube. The circuit also has been adapted for 
many other measurements by arranging it to 
measure between almost any sequence of 
rise or fall of light or making or breaking of 
an electrical circuit. 


Walther Richter: The essential difference 
between the ‘‘electronic time gauge’’ de- 
scribed by H. L. Clark probably is that he 
had to measure the duration of the presence 
of one quantity, such as light, or current, or 
voltage, while in our case the duration of the 
simultaneous presence of two quantities, 
that is, voltage and current, had to be de- 
termined. We believe that the circuit ele- 
ment accomplishing this is the distinguish- 
ing novel feature of the instrument. As to 
the accuracy mentioned by Mr. Clark, there 
are undoubtedly many cases where this 
high degree of accuracy is desirable and 
necessary; in our case, however, a portable, 
direct reading instrument was desired, and, 
since the small switchboard instruments 
available for this purpose have an accuracy 
of about two per cent of full scale deflection, 
nothing would have been gained by refining 
the electronic part of the circuit. 


Rural Electrification 
Engineering and Electro- 
agricultural Engineering 


Discussion and author's closure of paper 43-61 
by M. M. Samuels, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in AIEE 
TRANSACTIONS, 1943, April section, 
pages 193-7. 


Donald A. Henry (nonmember; Stone and 
Webster Service Corporation, New York, 
N. Y.): The matter of rural electrification 
is one which is very near to my heart, as all 
of my ancestors were farmers. I want to 
compliment the Rural Electrification Ad- 
ministration on having done a good job. It 
is stated that at the end of 1942 it has been 
responsible for extending rural electrical 
service to about 1,000,000 customers, of 
whom about 800,000 actually are farmers. 
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Of course, this has been done through a 
considerable expenditure of funds of the 
Federal Government of which, through 
taxes, the electrical utilities contributed 
their part. 

Rural electrification is not a new thing 
and did not begin in 1935. In 1920 I was 
the chief electrical engineer on the staff of 
the Illinois Commerce Commission, and as 
such I spent a great deal of time in investi- 
gation and study of the matter of rural elec- 
trification. On June 20, 1923, that Commis- 
sion approved its general order 100 entitled 
“Rules and Regulations for Rural Electrical 
Service’’—mind you, not rural line exten- 
sions, but rural electrical service. 

IT am sure that all of you have heard of the 
Committee on the Relation of Electricity to 
Agriculture of which my good friend, E. A. 
White, was the chairman for many years. 
This committee and the staff of the Illinois 
commission worked together with electrical 
utilities in Illinois for the promotion of rural 
electrification in Illinois for many years be- 
fore 1935. Many electrical utilities had 
graduate agricultural engineers on their ad- 
visory staffs whose sole business it was to 
promote rural electrification. 

A glance at statistics may be useful. In 
1932 there were 700,000 farmers served with 
electricity; in 1935, 790,000; in 1941, 
2,353,000 of which the REA had, by that 
time, attached 725,000. In 1942 the REA 
claims 1,000,000 customers, of whom prob- 
ably 800,000 actually are farmers. These 
figures do not look as though rural electri- 
fication began in 1935 nor do they indicate 
that even in 1942:the REA was the only one 
in the field. In 1927 practically every elec- 
trical utility in Illinois had on file with the 
Illinois Commerce Commission special plans 
under which rural electrification was to be 
extended in the territories served by them. 

The electrical utilities early found that it 
was not sufficient to have a plan of service 
and invite the farmers to come and take it. 
As is the case with every other compara- 
tively new thing, it had to be sold. The 
electrical utilities spent large sums in selling 
electrical service and electric appliances for 
using the service to the farmers. 

The early pronouncements in connection 
with REA were that, if the lines just could 
be brought to the farmer’s door, he would 
do all the rest, and these large expenditures 
for popularizing the service were superfluous. 
I see frequently a small publication entitled 
REA News. Later copies of this publication 
state that the national organization of REA 
is sponsoring traveling circuses in order to 
popularize the service in rural areas and sell 
electrical appliances to the farmer. This 
does not seem to indicate that the farmers 
fall over themselves to use the service as 
soon as it comes to their door. 

True, I think that the REA is doing a 
good job in selling electrical service to the 
farmer, but the utilities also did a good job, 
and they did the pioneer work which is the 
hardest job to do. We all remember when 
electric refrigerators sold at $500 apiece, 
and the manufacturer was lucky if he could 
sell a few hundred a year. Now, over a mil- 
lion are sold each year at $100 or less apiece. 
The fellows who did the pioneer work took 
the bumps, and, if they made any money 
after their development and promotion ex- 
penses were paid, it was a very small amount. 
Later on, after the pioneering was done, 
other manufacturers came in and reaped a 
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share of the business in much easier fashion, 
Yes, the REA has inereased to a consider- 
able extent the rural areas served with elec- 
tricity, but it has had the advantage of the 
pioneering work done by the electrical utili- 
ties, Blectrical utilities found that they had 
to sell the service even after the lines were in, 
The REA has found it has to do the same 
thing, but together the REA and the elec- 
trical utilities are undoubtedly doing a better 
job than either could accomplish separately, 


Hamilton Treadway (Rural Electrification 
Administration, St. Louis, Mo.): The au- 
thor’s point that before 1935 there was no 
rural electrification engineering needs em- 
phasis, Table I summarizes consumer use of 
electricity on one of the rural electric co- 
operatives financed by RIA, 


Table | 


Average 

Kilowatt- 
No, Hours Per 
of User Per 


Group Appliances Users Month 
A Lights, refrigerators, 
smallappliances, , Pott ie , 91 
B,,. Vights, refrigerators, 
range, small appli 
ONCOV sc heute uuinig 126 , 149 
C,,, Aghts, refrigerators, 


water heaters, amall 

BPPHANCEB, .1 55556225912 80rr»s 1008 
D,, lights, refrigerators, 

range, water heater, 

smallapplianees,.... 102,,,.,.,606 

Average all users,,,,.,,,299,,,,,268 


By our urban standards the users in 
Group D would be considered fully electri- 
fied, But actually only a small part of the 
total farm unit has been touched, Obviously 
a new standard for rural consumers is neces= 
sary. The farm must be considered as a pro- 
duction unit to whieh electricity can be 
adapted in every phase of the production 
process, This view must give rise to new 
concepts of service standards, Tor one 
thing greater continuity of service is re- 
quired than was ever thought necessary a 
decade ago, An example will suffice to 
illustrate, Assume service is supplied to 
500 chicken brooders, each handling 200 
clicks, Under extreme conditions a power 
failure of any duration would result in the 
loss of 100,000 chieks which would mean a 
loss to the farmers of $25,000 in a few hours, 

Considering the farm asa production unit, 
demanding a high standard of service will 
bring with it new methods of operation, as 
well as new tools and work equipment, The 
sale of energy will give way to supplying 
service, followed by new methods of meter- 
ing and charging for the serviee performed 
by electricity, Vurthermore, a closer rela- 
lionship between the development engineers 
of the manufacturers and the distribution 
and operation engineers will be necessary, 

That rural electrification before 1085 was 
thought of only ag rural line extensions must 
be obvious to all who have been conneeted 
with the industry, In Illinois prior to this 
time all rural extension policies filed with the 
Ilinois Commerce Commission contemplated 
construetion of extensions to serve individual 
consumers with feasibility in each ease eon- 
sidered separately, In faet it was not until 
1937 that the first application by a private 
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utility was filed with the Commission, cover- 
ing an entire area and providing service to 
hundreds of farmers with the feasibility of 
the entire project considered as a whole. As 
late as 1940 only one other such application 
had been filed with the commission by a 
private utility in that state. None will 
argue that electrical service was not brought 
into the rural area prior to 1935, On the 
other hand, everyone will agree that nothing 
more than an extension policy existed. It 
was an extension policy, not only from the 
view of feasibility but also as to engineering. 
The primary distribution system of the 
urban community was extended into the 
outlying rural areas, There was no real 
rural distribution engineering as such. 

As the author has pointed out, only the 
surface has been scratched in rural electri- 
fication engineering. Much new thinking 
needs to be done by the manufacturers of 
both utilization and distribution equipment. 
In this new thinking the distribution and 
operation engineers must lead. 


H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Mr, Samuels has presented a very interesting 
paper in which he has listed many possible 
and desirable developments of electrified 
equipment which may be of considerable 
value to farmers. None of these items, how- 
ever, is new or revolutionary, but Mr. 
Samuels does stress the fact that equipment 
developed for these purposes should be low 
in price, rugged, and simple in operation, 
He points out quite properly that only 
quantity production can bring about such 
devices, A few of the items mentioned by 
Mr. Samuels have been investigated in the 
past and found to be not technically nor 
economically feasible, That does not mean 
they should not be re-examined from time to 
time, 

Mr, Samuels devotes considerable space 
in his paper to the discussion of distribution 
engineering, both in general, and with re- 
spect to that phase of distribution engineer- 
ing concerned with rural distribution lines. 
But Mr, Samuels, unintentionally perhaps, 
has made quite a few statements with regard 
to various aspects of this subject which may 
be misleading to engineers and others who 
are not fully familiar with distribution engi- 
neering and its history, 

Mr, Samuels states that distribution engi- 
neering is a very young branch of engineer- 
ing, Naturally, it cannot be any older than 
eleetric distribution itself which began with 
Ndison's first central station in New York 
City in 1882, Edison had to do some real 
pioneering in distribution engineering in 
order to put his first distribution system into 
operation, Very soon he made further steps 
in engineering his distribution system when 
he changed from two-wire to three-wire, 
and again when he instituted the low-voltage 
network, From that time until the present, 
distribution engineering has been continu- 
ously in existence, bringing about the slow, 
it is true, but nevertheless continuous im- 
provements in distribution which is proving 
itself today a vital factor in the successful 
prosecution of our war effort. 

Mr, Samuels quotes a paragraph from his 
article included in the 1987 report of the 
National Resources Committee, indicating 
an alleged almost total lack of distribution 
engineering previously, But I doubt if the 
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record bears this out. It is quite true that / 


most engineers solely concerned with genera- 
tion and transmission ignored distribution 
engineering. It is hardly true, however, 
that distribution engineering was ignored 
by distribution engineers, of whom there 
have been a great many throughout the his- 
tory of the central-station industry. In 
1909 H. B. Gear and P. F. Williams pub- 
lished a notable book on distribution sys- 
tems and distribution engineering which 
they state was prepared because of many 
requests from engineers engaged in distribu- 
tion work for information bearing on the de- 
tails of their work. This book was quite a 
thorough treatise on the subject of distri- 
bution engineering for the time when it was 
published. I myself started the practice of 
distribution engineering in 1915, following 
in the footsteps of such men as B. L. Huff 
and Paul Reyneau, and I know first hand 
that we were doing real distribution engi- 
neering at that time. I also know first hand 
that well-engineered large-scale rural dis- 
tribution systems were operating in Indiana 
in 1922. It is true that some small power 
companies dispensed with the services of 
distribution engineers, not because distri- 
bution engineering did not exist, but because 
the managers of those properties mistakenly 
felt that they could get along without the 
assistance of distribution engineers. The 
result of that situation was that, when those 
small companies were incorporated into 
large integrated systems, the distribution 
engineers had to clean up the mess, which, 
they certainly knew how to do, and in so 
doing they produced the well-designed dis- 
tribution systems which are giving such a 
good account of themselves today, 

Mr. Samuels also states that distribution 
engineering really started with the introduc- 
tion of the a-c network. He does not give the 
date but implies that it was very recently. 
He may be referring to the introduction in 
1922 of the automatic-network protector 
which in itself is only an auxiliary device 
and is not essential to the operation of a net- 
work. As a matter of fact, a-c secondary 
networks have been in successful operation 
for at least 40 years in various forms, in- 
cluding some three-phase four-wire wye 
networks, 

Mr. Samuels relates at length the diffi- 
culties he and his engineers have been having 
in learning how to engineer rural lines but 
admits that they already have learned a lot 
they did not know before. The trial-and- 
error method had its advantages, but the 
distribution engineers of the country already 
by the time the REA came along had de- 
veloped rural distribution designs that were 
technically and economically highly ad- 
vanced and of which they might have taken 
advantage. Perhaps they did. 


A. B. Campbell (Edison Electric Institute, 
New York, N. Y.): A review of the litera- 
ture pertaining to the furnishing of electrical 
service to rural customers does not appear to 


bear out the author’s statement that very — 
few had spoken of rural electrification. This — 


term appears frequently prior to 1930 in the 
literature pertaining to this subject. : 
It is not clear what significance the quoted 
statement on the first page bears to the pur- 
pose and intent of this paper, but it is in 
error in so far as it concerns urban distri- 
bution generally throughout the country. 
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Since urban distribution involves considera- 
tion of a wide range of load densities, it may 
be said fairly that the basic engineering and 
economic features of all distribution to con- 
sumers were developed in the course of these 
studies. Some of the most important fea- 
tures in modern distribution systems were 
developed prior to 1930 and are still con- 
sidered good practice in the engineering of 
urban distribution systems. I refer par- 
ticularly to such features as higher primary 

oltages, common primary and secondary 
neutral, interconnection of lightning arrester 
and secondary neutral, rapid feeder reclo- 
sure, joint use of poles by supply and com- 
munication companies. 

Those interested in the attention that 
was given to distribution engineering prior 
to 1930 are referred to the references follow- 
ing this discussion. Furthermore a review 
of the reports of the overhead systems and 
underground systems committees of the 
former National Electric Light Association 
and other similar literature issued prior to 
1930 shows that much consideration was 
given to the engineering and economic as- 
pects of urban distribution systems, even 
long prior to that date. 

During the years 1921 to 1934, inclusive, 
construction expenditures for generation, 
transmission, and distribution in the electric 
light and power industry were approxi- 
mately: 


MOSER SREREL ON Ue cae on tsar says is w)oleisi i'w vues $2,655,342,000 
GOS CUSSGS S $1,807 ,394,000 
PBSPSENIOPIE ROR cc) 6c: fig) dias 00 eis ele wince es $3,139,812,000 


With construction expenditures for distri- 
bution during this period totaling more than 
either of the other two items, does it seem 
likely that engineering in distribution would 
have been neglected to the extent mentioned 
in the quoted paragraph of this paper? 

With regard to rural distribution, this too 
has been given thorough consideration in 
both the engineering and economic aspects 
for at least the past 18 to 20 years. These 
phases of rural electrification were studied 
by many engineers years ago, and one needs 
only to review the technical literature on this 
subject to realize the extent to which engi- 
neering thought had been given to the de- 
velopment of electrical service in rural areas. 
In the late ’20’s, rural lines were being built 
with longer spans and vertical-type con- 
struction, particularly in the light-loading 
(climatic) territory. 

An interesting history of rural electrjfica- 
tion is given in three articles by Royden 
Stewart, published in the Edison Electric 
Institute Bulletin for September, October, 
and November of 1941. Also, ““Some Prob- 
lems and Opportunities in Rural Electrifi- 
cation” by Grover C. Neff, in the April 
1939 issue of the Edison Electric Institute 
Bulletin, shows that the problems in rural 
electrification of major importance have 
been under consideration for many years. 

Joint studies on inductive co-ordination 
of supply and communication circuits began 
in the early ’20’s, and, while these studies 
and investigations involved primarily urban 
distribution systems and transmission lines, 
most of the underlying principles and prac- 
tices which apply today had been developed 
by 1926. The reports of the Joint General 
Committee of the NELA and Bell Telephone 
System of December 9, 1922, contains prin- 
ciples and practices for the co-ordination of 
electric supply and communication systems 
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which still form the basis for studies on this 
subject. 

Concerning the economics involved in 
giving rural service, a review of the litera- 
ture of 12 to 15 years ago shows that in many 
areas of the country intensive studies were 
made and resulted in what probably forms 
the foundation of many present-day ideas 
on this subject. What is probably the great- 
est advantage to these early studies is that 
they resulted in the development of many 
sound ideas and good practices upon which 
to build. By the time the author became 
actively engaged in rural electrification, a 
good foundation existed on which develop- 
ment could go forward. 

I have no desire to minimize the progress 
that has been made in rural electrification 
during the past few years. Much progress 
has been made, but, under the conditions 
and circumstances that existed, much prog- 
ress should have been made. It might be 
pointed out that of the approximately 
2,000,000 farms now receiving electrical 
service, nearly one half were receiving serv- 
ice prior to 1935. 
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E. E. George (Ebasco Services, Inc., New 
York, N. Y.): This paper apparently at- 
tempts to portray the development and 
prospects of rural electrification but omits 
entirely any reference to the development 
work done by private utilities, particularly 
during the period from 1925 to 1935, 
Even a casual reference to the publications 
of the National Electric Light Association 
or of the Edison Electric Institute during 
this period will show that a large amount of 
development work was being carried out by 
utilities all over the country. For instance, 
the Alabama Power Company had a rural 
electrification engineer and a large staff 
engaged in this work many years before 
1930. 

In addition to the material omitted from 
this paper, there are quite a few state- 
ments in the paper which give an incorrect 
impression of what actually occurred. 

Many readers will not be misled, but 
AIEBE papers represent the state of the art 
to students, young engineers, engineers in 
foreign countries, legislators, and others not 
familiar with the electrical industry and its 
history. 

The picture of inadequate distribution 
planning and construction as outlined by the 
quotation given on the first page of Mr. 
Samuels’ paper really applies more closely 
to the small isolated municipally owned 
system than to those built by private utili- 
ties. 

Even as early as 1927 there was much 
study given by relay engineers of the private 
utilities to oil circuit breakers for rural lines 
and to the development of more accurate 
fuses with better time characteristics. 

To evaluate the possibilities of constant 
current transmission with constant potential 
load as proposed by P. H. Thomas, one 
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need only look at the costs of rectifying and 
regulating equipment. Even the most 
optimistic prophecy as to future reductions 
in the cost of such equipment would not per- 
mit its application competitively with 
present equipment, especially for rural loads. 

It is very difficult for an engineer familiar 
with general utility operation to see how 
rural distribution engineering has any rela- 
tion to the engineering of a-c networks. 

Mr. Samuels suggests that a small, cheap, 
and reliable motor-driven water pump 
should be developed. As long ago as 1915 
such a pump was being produced in quan- 
tity by a specialty manufacturer in Day- 
ton, Ohio. 

Mr. Samuels refers to the present practice 
of the REA co-operatives in promoting 
sales and purchasing merchandise for their 
customers. It will be recalled that the 
private utilities were very successful in 
merchandising until their efforts in many 
states were stopped by legislation on behalf 
of the small electrical dealers. Mr. Samuels 
likewise refers to the savings possible under 
the ‘‘group purchase plan,’’ a method long 
used by utility holding companies. 


W. R. Bullard (Ebasco Services, Inc., 
New York, N. Y.): In this paper Mr. 
Samuels has called attention to a number of 
current engineering problems concerned with 
distribution of electric service to the farmer 
and the full utilization by the farmer of such 
service. He has pointed out that the solving 
of these problems requires extensive and 
competent engineering attention. I heartily 
agree. 

Some of the problems mentioned in the 
paper are old problems modified by condi- 
tions specific to rural electric service. 
Others have claimed attention only within 
recent years. The term, rural electrification 
engineering, quite properly implies a specific 
branch of engineering which, however, as 
mentioned in the paper, is embraced in the 
more general distribution engineering. The 
underlying fundamentals of the latter are 
the same as those of the former and have 
been studied and utilized since the early be- 
ginnings of the electric-power industry but, 
of course, with increasing knowledge and 
technique as the industry developed. I can- 
not wholly agree with the statement in the 
paper that distribution engineering started 
with the introduction of the a-c network. 
True, that was an outstanding development 
and was largely coincident with a particular 
period of advances in the art. But the 
practice of distribution engineering is, at 
least, as old as Edison’s first sizable string of 
incandescent lamps and the accompanying 
problems of making them burn at satisfac- 
tory brilliancy. Also outstanding develop- 
ments were observable even in the very early 
days of electric distribution—including such 
as the introduction of the a-c transformer 
and the transition from d-c to a-c distri- 
bution, utilizing primary voltages in the 
latter; also the development of switching 
equipment of a great variety; the introduc- 
tion of circuit voltage regulators; and the 
development of insulated cables, both high- 
and low-voltage, for underground distribu- 
tion involving a very comprehensive tech- 
nique of design and application. While 
sympathizing with the point of view that 
distribution engineering has not always kept 
abreast of its growing importance, I believe 
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undue emphasis on this should not cause to 
be overlooked the very extensive develop- 
mental work of the past that forms the basis 
for present-day distribution engineering in- 
cluding that branch specific to rural service. 

The specific problems mentioned in the 
paper are timely and well stated. I will 
comment on only one item, that of ground- 
ing. Mr. Samuels calls attention quite 
properly to the importance of this feature. 
He also stresses the need for adequate testing 
to insure its quality. Basically I do not 
disagree as to the value of and need for 
testing. However, under some conditions, 
I believe periodical testing can be over- 
emphasized. Where the grounds are few 
in number, certainly their resistance should 
be checked as experience requires. But in 
the case of multigrounded neutrals with 
large numbers of ground connections, it 
frequently may be found difficult to justify 
periodical testing of individual grounds ex- 
cept at very infrequent intervals. This leads 
me to remark on a very interesting sidelight 
of design. Calculations of grounding im- 
pedance with various spacings of ground 
electrodes show that a neutral may be 
surprisingly well grounded, even though 
individual ground resistances are quite high, 
provided that they are reasonably closely 
spaced. For this reason a comparison of 
low-cost grounds closely spaced with a few 
high-cost grounds frequently may favor the 
former both as to cost and dependability: 
for instance, butt-wrapped grounds of scrap 
wire on every pole or every second pole 
or in whatever spacing may be considered 
necessary, as compared to driven rod grounds 
of sufficient number to give the same over- 
all ground impedance. Of course, the butt- 
wrapped grounds have to be installed when 
the poles are set. Also the soil at the bottom 
of the pole must have at least a modicum 
of conductivity. 


M. Kenneth Brody (McCall Corporation, 
New York, N. Y.): The following are com- 
ments on the paper presented by M. M. 
Samuels at the technical meeting in New 
York on January 29. 

In Mr. Samuels’ paper I noted the state- 
ment that 25,000 acres in the state of Oregon 
which were irrigated showed a gross in- 
crease of $40 per acre over nonirrigated 
acres. This is, of course, a tremendous in- 
crease in revenue for the farmer, but I 
wondered what the initial cost of irrigation 
per acre was and what the annual upkeep 
per acre cost the farmer. And I also 
wondered where a man in Oregon with a 
large farm could get the money initially to 
irrigate his lands. 

Throughout the entire paper na mention 
was made of how much man power could be 
saved through the use of electrification, and 
I wondered if there were any figures ayail- 
able on this. I also wondered whether 
critical materials are now available for the 
production of electrified farm machinery 
and whether some method of group financing 
had been arranged to take care of getting 
these much-needed electrical aids to the 
farmer, 

Mr. Samuels said that, even in dairy 
farms where electricity can be used for 
many many purposes, it was shown that 
ten per cent of the connected load is used 
for farm operations, and the other 90 per 
cent is used for lighting, household ap- 
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pliances, and so forth. If this is true, I 
wonder why the acceptance of electrical 
farm machinery for dairy farming was so 
low. This equipment has been on the 
market for many years, and, if the accept- 
ance is as low as stated by Mr. Samuels, it 
would be interesting to know the reason for 
this low acceptance. Is it one of the fol- 
lowing? 


1. Is the initial cost of machinery too high? 


2. Is the operation of machinery too complex? 


3. Are these farms adequately wired for use of this 
machinery, or is it necessary for the dairy farmer to 
spend a rather large sum for adequate wiring to 
accommodate the machinery? 


Mr. Samuels mentioned that one manu- 
facturer has developed a_ self-contained 
quick freezer and cold-storage unit having a 
capacity of 20 cubic feet, and I notice that 
this could be produced in quantity to cost 
less than $300 per unit. It would be inter- 
esting, in connection with this, to know the 
following: 


1. The lowest plate temperature obtainable for 
freezing. 


2. The average temperature of the storage com- 
partment. 


3. The flexibility of the storage and freezing com- 
partment and the mechanical arrangements for 
getting foods in and out of this locker. 


4. The operation cost of this unit. 


Various agricultural experiment stations 
have already proved that temperatures as 
low as —30 degrees Fahrenheit are desirable 
for freezing fruits, vegetables, and meats, 
and temperatures as low as —10 degrees 
Fahrenheit are necessary adequately to 
preserve these products. Poultry, for ex- 
ample, tends toward rancidity at the end of 
only 30 days’ storage when stored at tem- 
peratures higher than —10 degrees Fahren- 
heit. 

Mr. Samuels said that a flour mill weigh- 
ing only 25 pounds and able to grind 20 to 
40 pounds of flour per hour could be made a 
quantity product for $25 per mill. Since the 
average farmer for his personal use will use 
approximately 400 pounds of flour a year, if 
he bakes, will he invest $25 for a piece of 
equipment that he will use for only about 
ten hoursa year? Of course, it is a different 
story if the farmer plans to sell whole-wheat 
flour and cereals already ground. 

Regarding Mr. Samuels’ comments on de- 
hydration, I feel that a great deal in research 
has to be done in the field of vitamin reten- 
tion in dehydrated foods before home de- 
hydrators become accepted. The unstable 
vitamins such as A and C are very elusive, 
and prolonged exposure to heat and air may 
result in the loss of practically all these vita- 
mins. I heartily agree that home dehydra- 
tion would eliminate the waste of some prod- 
ucts, but, unless the farmer can find some 
commercial use for these home dehydrated 
products, I can see no particular point in 
his dehydrating more than he and _ his 
neighbors can use. ; 

I believe that the War Production Board 
recently ruled that some critical materials 
will be made available for the production of 
home dehydrators. 

In reference to storage-battery-driven 
electric tractors, I can see no particular ad- 
vantage in this type of equipment, and I am 
of the opinion that Diesel operation in the 
long run would be more economical. In 
line with storage-battery-driven tractors, 
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however, it is quite possible and feasible 
that wind generators could be used to charge 
the batteries. 

The development of a small pasteurizer 
for farm use seems to be an excellent idea, 
and I believe that it has been found recently 
that subjecting the milk to a temperature of 
161 degrees Fahrenheit for about 15 seconds 
is equally as efficient as the older system 
of subjecting it to 143 degrees Fahresheit 
for 30 minutes. Along this same line, I 
think the farmer could certainly use a bottle 
sterilizer that is cheap and efficient. 

In its entirety, I think Mr. Samuels’ paper 
was an excellent one and will start a lot of 
thinking along the lines he mentioned. I 
certainly think that it is part of the duty of 
every electrical engineer who is in a position 
to do so to make life easier for the American 
farmer. The farmer is one of the few people 
in America today who works a minimum of 
12 hours a day, seven days a week. I think 
it is decidedly the electrical engineer’s 
job to devise equipment for the farmer that 
he can buy and operate at a low cost and 
that will provide more leisure for him than 
he has ever had before. It is only very very 
recently that we electrical engineers began 
to appreciate the farmer’s plight—and it 
took a war to bring on that appreciation. 


M. M. Samuels: I am glad to see that the 
paper brought out such a lively discussion. 

Mr. George’s reference to rectifiers in con- 
nection with P. H. Thomas’ proposed con- 
stant-current system is incorrect. P. H. 
Thomas did not propose d-c distribution. 
He proposed constant-current a-c distri- 
bution requiring neither rectifiers nor in- 
verters nor regulators. 

Mr. George’s statement that there is a 
small, cheap, and reliable motor-driven 
pump manufactured in quantity in Dayton, 
Ohio, is indeed very interesting, and I 
would like to know more about it, if it is 
the kind of pump I had in mind, one to cost 
not much over ten dollars complete. 

The answer to D. H. Henry’s comments 
relating to the Illinois Commission will be 
found in the discussion by H. Treadway. 

The most constructive contribution in the 
whole discussion is that by W. R. Bullard, 
relating to the important problem of 
grounding. I hope that everyone will 
appreciate Mr. Bullard’s competent state- 
ments as I-do. It would be helpful if Mr. 
Bullard would find an opportunity to elabo- 
rate some more on the subject, possibly in a 
special paper. I agree with Mr. Bullard 
that engineering analyses should be exhausted 
before elaborate tests are undertaken. 

In this connection I am particularly dis- 
appointed in the discussion presented by 
H. A. Enos. Mr. Enos’ discussion is not 
engineering; it is just polemics. 

Mr. Campbell presents figures to show 
that in the years 1921 to 1934 more money 
was spent on construction of distribution 
than on construction of either generation or 
transmission, but he fails to report the cor- 
responding amounts spent on engineering 
for each of the three branches. 
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Many of the questions relating to food, — 


particularly those by M. K. Brody, are 
pertinent. It will not be possible within the 


scope of the paper to give competent answers ~ 


to allof them. The authors of the questions 
not fully answered here are referred to 
authorities in the field of nutrition and home 
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economics. Here I will have to limit myself 
to the three developments referred to in the 
paper. Iam indebted to Eugene C. Meyer 
for the following statement referring to 
these three items. 


1. FREEZER AND STORAGE CHEST 


The particular freezer and storage chest 
referred to has a plate temperature of ap- 
proximately —10 to —15 degrees Fahren- 
heit during freezing and depends upon air 
movement by means of a small fan to secure 
a sufficiently fast freeze. 

The average temperature of the storage 
compartment is 0 degrees Fahrenheit. 

No special mechanical arrangements are 
now provided for getting foods into and out 
of the storage. Accessibility of foods of 
various kinds must be arranged for during 
loading. No doubt, there will be improve- 
ments developed to facilitate storage and 
removal of products. 

Cost of operation for this unit, to com- 
pensate for heat leakage with an 80-degree 
differential will be approximately 110 kilo- 
watt-hours per month. This will vary 
through the year, depending upon tempera- 
ture conditions. Cost of freezing the food, 
stored in a chest of this size, would require 
approximately 240 kilowatt-hours annually. 

Temperatures as low as —80 degrees 
Fahrenheit are not necessary in freezing 
products for home consumption, particu- 
larly when a fanis used. The small improve- 
ments in quality, which such a low tempera- 
ture may effect, are not worth the extra 
cost. In the case of fruits and vegetables in 
particular, D. K. Tressler of New York 
State Agricultural Experiment Station states 
that other factors as variety, maturity, 
handling time, and conditions from harvest 
to the point at which sufficiently low tempera- 
ture to stop enzymatic and bacterial action 
is attained are of most importance. - 

A storage temperature of 0 degrees Fahren- 
heit is adequate for storing farm products. 
Tressler, DuBois, and Fenton state in their 
paper, entitled ‘‘The Effect of the Rate of 
Freezing and Temperature of Storage on the 
Quality of Frozen Poultry,” Refrigeration 
Engineering, August 1942, “At O degrees 
‘Fahrenheit, chicken fat shows signs of 
rancidity in ten months.’’ Pork, another 
product difficult to store, was found to be of 
excellent quality after a year’s storage in 
the REA-sponsored chest under test at the 
Beltsville Research Center by the Bureau 
of Home Economics, United States Depart- 
ment of Agriculture. 


2. DEHYDRATOR 


Maximum retention of vitamins with any 
method of food preservation, whether it be 
canning, freezing, or dehydration, necessi- 
tates following certain procedures. Con- 
siderable work in establishing such pro- 
cedures has been done, and much is now in 
progress to insure a good product. This 
method of preservation should naturally be 
limited to those foods best-suited, except 
during emergency. 

Vitamin losses, regardless of the method of 
preservation, occur to a large extent during 
harvesting and preliminary treatment and 
also during the storage period. It is true 
that vitamins A and C may be destroyed 
easily during dehydration, but according to 
Cruess and Mrak (University of California), 
A is fairly well retained under controlled 
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drying conditions and C loss can be mini- 
mized by blanching. 


3. FLouR MILL 


The principal advantage afforded by the 
use of a home flour mill is through the pro- 
duction of a whole-wheat flour which con- 
tains the bran and germ of the wheat kernel, 
where most of the minerals and vitamins are 
stored. Quoting from the Department of 
Agriculture REA Bulletin, ‘‘Home and Com- 
munity Milling’: ‘In home-ground whole- 
wheat flour, the amount of vitamin By, 
(thiamin chloride) is approximately six 
times as great as in ordinary white flour; 
the amount of iron, five times; phosphorus, 
more than four times; calcium, more than 
twice; magnesia, eight times. The superior- 
ity of whole-wheat flour is even greater with 
respect to vitamin Bz (riboflavin) and vita- 
min E. In addition to whole-wheat flour, 
whole-wheat cereals, corn meal, and grits 
are other nutritious and palatable products 
that can be milled at home.” 

Relative to costs, the following analysis 
may be made: John R. Murlin, professor 
of physiology, Rochester University, esti- 
mates the annual per capita consumption of 
wheat in the United States at 240 pounds. 
At this rate, the average family of 4!/, 
persons consumes about 1,080 pounds per 
year or 18 bushels. With wheat selling at 
one dollar per bushel, and considering that, 
on the average, a bushel of wheat (60 
pounds) will buy only 20 pounds of white 
flour at the retail store, there would be an 
annual saving to the family of $36. 

Mr. Brody also raises the question of man- 
power saving by electrification. Very 
little authentic data have been available up 
to now. I am presenting the first definite 
figures received from 41 farms in Ohio and 
Indiana. 

Though few in number, these 41 farms col- 
lectively show an increase of 27 per cent 
in farm acres, 50 per cent in irrigated land, 
176 per cent in acres of seed corn, 46 per 
cent in number of milk cows, 21 per cent in 
beef cattle, 35 per cent in market hogs; 
250 western ewes were added, farm grqwn 
lambs show no total change, and 750 feeder 
lambs were discontinued. There was also 
an increase of 710 per cent in meat process- 
ing, 55 per cent in laying hens, 57 per cent 
in chicks brooded, 130 per cent in chicks 
hatched, 109 per cent in turkeys raised, 500 
per cent in apples marketed, and 95 per cent 
in vegetables marketed. Included in the 
foregoing are 19 new enterprises. There was 
a total) decrease of 6.3 per cent in labor, men 
(equivalent). 

The}current farm labor (men equivalent) 
reported, shows the labor to be approxi- 
mately 40 per cent less than would be needed 
according to the approved War Manpower 
Commission schedule requirements for clas- 
sification of a farm worker_as essential. 

The average monthly consumption of 
these 41 farms in 1942 was 466 kilowatt- 
hours per farm. 

In closure I hope that this paper has 


1. Demonstrated to the electrical engineer the 
need for more electrical activity in the field of rural 
electrification engineering and electroagricultural 
engineering and the opportunity in this specific 
field for creative engineering activity. 


2. Demonstrated to the electrical manufacturer 
that a new market is now open waiting for a new 
industry to supply it. This industry can only be 
created by the electrical manufacturers. 


Discussions 


Estimating Electric Loads for 
Military-Training Bases, 
Federal Housing, and 
Other Wartime Projects 


Discussion and author's closure of paper 43-60 
by Harold M. Potts, presented at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943, and published in 
AIEE TRANSACTIONS, 1943, May sec- 
tion, pages 246-54. 


R. F. Hamilton (War Production Board, 
Washington, D. C.): In looking over Mr. 
Potts’ paper before this meeting, there was 
some confusion in my mind in that there 
seemed to be such wide divergence between 
many of the figures given and those to 
which your speaker has had access in several 
government departments, responsible for 
these wartime loads. Mr. Potts’ present 
explanation to the effect that his figures 
cover installations as proposed, but not 
actually built, has clarified this question. 

I would like to make clear at once that 
in speaking here, I speak for myself and 
state my own views only as an engineer, 
and do not represent any organization or 
government group. 

The responsibility for providing necessary 
and adequate electric facilities in military 
establishments is that of the Corps of Engi- 
neers for those of the War Department and 
that of the Bureau of Yards and Docks for 
those of the Navy Department. In both 
organizations there are competent engi- 
neers who have given much thought to the 
type of problems here discussed. Reports 
and performance records are obtained from 
each field location every month, and many 
tests have been made to obtain design in- 
formation. I am not familiar with the 
procedure of the organizations which handle 
Federal housing projects, and so I shall not 
discuss these. 

It was your speaker’s privilege at the last 
winter convention, to offer a paper entitled 
“Synthetic or Equivalent Load Curves’’! 
and, in the discussion, to present some typi- 
cal curves covering maximum demands and 
load factors at temporary camps based upon 
results obtained at 65 locations. It was 
then pointed out that curves of demand or 
load factor versus connected load gave more 
consistent results than those of demand or 
load factor versus number of officers and 
men, but the latter were found to be more 
useful in the military organizations because 
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Consumption—3,171,300 kilowatt-hours for the 
month of December. 
Maximum demand during the month—6,920 kw. 
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of the practice of considering many items in 
terms of the number of men involved. 

Of interest in comparison with the figures 
in Mr. Potts’ paper was an expected demand 
of 60 watts per man for a 35,000-man camp 
which had no electric cooking. For camps 
in the north, the demand would be higher 
usually than those in the south because of 
the motor applications on heating systems in 
the north. Also, the amount of power re- 
quired for pumping water and for sewage 
disposal varies greatly, depending on local 
conditions. In the mountains of the 
Northwest, the power load is above the 
average because of the pumping involved, 

The Corps of Engineers has not author- 
ized electric cooking in temporary camps 
except for diet kitchens and hospitals. 
Experience with electric fat friers in some of 
the earlier camps, coupled with the increased 
need for saving power and critical materials, 
led to the discontinuance of these too. 

Mr, Potts has specified a connected cook- 
ing load of 12,885 kw for an Army training 
base of 35,000 men, He has also shown 
slides of loads at a permanent fort in the 


Table II 


consumption of fuel or water. Fuel, es- 
pecially oil, is rapidly becoming more critical 
for reasons well-known to all of you. 
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Howard P. Seelye (The Detroit Edison 
Company, Detroit, Mich.): Mr. Potts’ 
paper is a very interesting presentation of the 
analysis of load data obtained from actual 
tests on a composite load and of the predic- 
tion of loads for other similar situations by 
use of such basic data applied to their special 
conditions. Any new type of load must 
usually go through a trial-and-error period 
until sufficient experience has been gained 
with it to serve as a basis for more accurate 
estimates. The Army cantonment is a new 
type of load, since similar conditions are not 
found in ordinary civilian life, and no doubt 
Mr. Potts data will prove very valuable 
in future projects, 
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Northwest from which many of his basie 
data are taken, This fort has the largest 
cooking load of its kind in the country— 
10,000 kw connected—but there are 6%,500 
officers and men stationed there. The 
connected load for this fort as of December 
31, 1942 is shown in Table I of this dis- 
cussion, 

The demand factor was 0.29 and the load 
factor 0,62, Demand in watts per man is 
114, 

Mr, Potts’ figure of 7,726 kw demand for 
a 35,000-man training base is equivalent 
to 220 watts per man, 

In Table If of this diseussion are given 
December 1942 figures for 21 military es- 
tablishments where eleetricity is used 
extensively for cooking or heating. The 
demand in watts per man varies from 48 to 
182 with an average of 101 watts per man for 
the 21 locations, These cooking loads fre« 
quently occur at the time of maximum de- 
mand, Whether they oceur off peak or on 
peak, they represent kilowatt-hours which 
are now needed in the Northwest for aly 
minum production, They also represent 
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It may be interesting to make a few 
comparisons between the load conditions 
which Mr, Potts has found in Army bar- 
racks and those found on our civilian sys- 
tems. Sigure | of this discussion shows a 
characteristic daily curve for lighting load, 
A was taken from the total load of seven 
distribution cireuits in Detroit in early 
December 1041, serving areas which were 
94 per cent residential, B is Mr. Potts’ 
characteristic curve for barracks lighting 
and kitchen power from the test of No- 
vember 1941, as shown in his article in 
Mlectric Light and Power for December 1942, 
to which he refers in his paper. Both are 
on the basis of pereentage of peak load for 
direct comparison of shape, It is evident 
that these are quite similar in the latter half 
of the day, except that the soldiers appar- 
ently go to bed rather suddenly at 9:00 p.m, 
The morning half has an interesting peak 
al 6:00 o'clock when reveille gets the soldiers 
out of bed, whereas civilians do their rising 
much more gradually, 

Vigure 2 shows a similar comparison for 
cooking load, A is a characteristic average 


Discussions 


Per Cent of Peok 


Figure 1. Comparison of daily load curves— 
lighting 


A——-~ Civilian residential load (seven cir- 
cuits in Detroit) 


Army barracks lighting and kitchen 
power (Potts) 


curve for residential electric ranges in a 
metropolitan area, B is Mr. Potts’ curve 
for Army barracks’ cooking. There is no 
similarity here. The peaks on the civilian 
load coincide with the valleys in the Army 
curve. The civilian program has no such 
ambitious schedule as the Army’s 4:00 a.m. 
heavy cooking period, but rather has the big 
meal at 6:00 o’clock at night when the Army 
cooks have pretty well quit for the day. 

The difference in characteristics is of 
great importance when the cooking load is 
combined with the lighting load of Figure 1. 
Mr. Potts’ combined load curve shows a 
most opportune co-operation between these 
two loads, one having its valleys at the time 
the other has peaks and vice versa, to pro- 
duce a high load factor and three almost 
equal peaks at 4-6 a.m., 9 a.m., and 3 p.m, 
Civilian load is not nearly so accommodat- 
ing. The A lighting curve on Figure 1 has 
a high peak at exactly the same time as the 
A cooking curve on Figure 2, Some of this 
peak is, no doubt, due to the fact that this 
load includes a seven per cent range satura- 
tion among these customers and some com- 
mercial load, but that would account for 
no more than 10 or 15 per cent of the 6:00 
o'clock load. The remaining load, although 
having its actual peak an hour or so later, 
is still high at 6:00 o’clock. It is evident 
that the combination of cooking and light- 
ing load in civilian residences is much less 
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Figure 2. Comparison of daily load curves— 


cooking 

A —-— Civilian—metropolitan residential 
customers 

B.--»- Army barracks cooking (Potts) 
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Figure 3. Characteristic daily load curves— 
cooking 

Ai Civilian—small-town residential 
customers 

Az ---- Civilian—farm customers 


productive of efficient use of distribution 
facilities than Mr. Potts found in the Army. 

Figure 3 shows some similar curves for 
cooking load in small-town residences, Aj, 
and on farms, Az. These also have a 6:00 
o’clock peak, although the farm load has a 
higher one at noon—they still eat ‘‘dinner”’ 
at noon in the country. 

A few similar comparisons of the demand 
and energy consumption per man may be of 
interest. Mr. Potts shows an average de- 
mand for lighting and kitchen power of 
0.062 kw per man from his test. His esti- 
mates for the other projects are similar, 
although varying somewhat. The seven 
Detroit circuits had 16,000 customers and 
a population of about 51,300, or 3.4 per 
residential customer. The total peak de- 
mand was 10,152 kw. If this is discounted 
for commercial and range load, the figure 
comparable to Mr. Potts’ 0.062 per man is 
about 0.15 kw per person, or a little over 
twice as much. This proportion is also 
roughly borne out by some figures on other 
areas and other cities. The ratio is not 
surprising, in view of the greater population 
density in the cantonment. 

For energy consumption, however, Mr. 
Potts’ figures show an average of 287 
kilowatt-hours per man per year from his 
test data and from 240 to 365 for some of the 
other projects. For the seven residential 
areas which have been used for illustration, 
the annual energy consumption per person, 
exclusive of cooking, was about 400 kilo- 
watt-hours. The average consumption for 
residential customers on the whole Detroit 
Edison company system is approximately 
1,000 kilowatt-hours per year, with an 
average of 4.4 persons per customer. This 
would indicate an average consumption of 
225. Of course, consumption varies a good 
deal among different classes of residences. 
In general, we might judge from these 
figures, however, that people use something 
like the same amount of electricity, whether 
they are in the Army or at home, only they 
distribute the use a little differently through- 
out the day. 

For cooking load, some Detroit tests 
showed a consumption ranging from 276 
kilowatt-hours per year per person in 
families of three persons to 206 kilowatt- 
hours per year per person for families of 
five persons. Mr. Potts gives 207 kilowatt- 
hours per man for Army cooking in the tests, 
with somewhat more when applied to the 
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larger projects. It is not surprising that 
the energy to cook a meal is about the same 
wherever you are. The kilowatt demand 
per person was again different, however, 
as it was for lighting. The civilian tests 
showed a range from 0.120 kw per person 
in small towns and 0.157 on farms, to 0.210 
for metropolitan customers. Mr. Potts’ 
test figure for soldiers is 0.063 kw per man, 
and his estimates for the 35,000-man proj- 
ect is 0.09. These are of the order of one- 
half the civilian demands. 

These comparisons are not offered as 
being of particular significance or value in 
the estimating of cantonment loads. They 
do indicate the similarity of all such prob- 
lems of load estimating and show how the 
habits of communities and other local 
conditions cause considerable variation in 
the actual figures and in the shape of the 
load curves in different situations. Prelimi- 
nary estimates are, at best, only indicative 
of what may be expected. Subsequent load 
tests of actual operating loads on distribu- 
tion transformers or services will show how 
accurate the estimates have been and how 
efficiently the system is being loaded. 


DISTRIBUTION SYSTEM 


The problem of providing service to a 
load such as the cantonments with which 
Mr. Potts is working is very similar to that 
of serving a small city of similar size. A 
cantonment with 35,000 men is equivalent 
in population to a fairly good-sized city. 
For example, the city of Port Huron, Mich., 
has about that population. The density of 
population is, of course, much greater in a 
cantonment than it is in a city; hence the 
area would be smaller and the peak load 
also less, because of the smaller unit demand 
per inhabitant. Port Huron, for example, 
covers some 7.5 square miles and has a total 
distribution circuit load of about 9,000 kw 
(which includes commercial and some small 
power). This doesn’t include industrial 
power. The cantonment of 35,000 had a 
total estimated load of about 6,400 for the 
average day, and 7,700 for the maximum. 
Another city in our territory, Mount Clem- 
ens, has a population of 15,000, an area 
of 3.5 square miles, and a distribution cir- 
cuit load of 4,500. 

In supplying either the cantonment or the 
city there arises such questions as the most 
advantageous bulk supply by transmission 
lines; the proper number, size, and location 
of substations; the character of substation 
construction; provision of reserve supply in 
case of outages and voltage regulation. 
The best solutions to these questions are all 
governed to a large extent by local condi- 
tions, the type of supply available, prevail- 
ing practices on the supplying system, the 
geography of location, particular require- 
ments of the load, and so forth. The 
cantonment differs from the city in being 
constructed under emergency conditions 
and being of a more or less temporary 
nature. These considerations would, no 
doubt, affect the quality of service thought 
necessary and the type of construction and 
materials used. 

The problem of distribution from sub- 
station to loads is also similar. The same 
questions must be met; distribution volt- 
age; number of circuits and the load on 
each, which has a bearing on whether cir- 
cuit breakers are necessary or fuses will be 
sufficient; the type and arrangement of 
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circuits, whether radial, loop, or network; 
distribution-transformer size and location; 
size and arrangement of secondary circuits; 
details and materials of line construction, 
and so forth. The cantonment problem 
differs from the civilian city in that the 
whole job is new and the individual loads 
are more concentrated, more definitely 
located, of less variety, and, in general, not 
so subject to uncertain and gradual future 
growth as they are in the ordinary city. 
This should simplify the problem consider- 
ably, once the characteristics of the load are 
known, and should allow the application of 
the best modern ideas for effecting efficiency 
and economy, such as, for example, use of 
the higher distribution voltages, high- 
strength wire and long spans, Edison 
Electric Institute and National Electrical 
Manufacturers Association standard dis- 
tribution transformers, loaded to full capac- 
ity as determined by the characteristics of 
the load and the thermal capability of the 
transformer. In the civilian city, the dis- 
tribution engineer is nearly always ham- 
pered to some extent by being obliged to 
work with an established system having all 
varieties of old construction and practices 
which cannot be changed immediately to 
conform with improved ideas. An entirely 
new job avoids at least some of these re- 
strictions. 

As was mentioned in connection with the 
bulk supply, the answers to these questions 
on distribution are necessarily affected 
strongly by local conditions, and also by 
the emergency and temporary nature of the 
project. These latter would indicate the 
desirability of using as simple and eco- 
nomical designs as are adequate, emphasiz- 
ing economy and avoidance of critical 
materials rather than permanency and high 
reliability. Mr. Potts has indicated some- 
thing of the varied nature of the loads at 
different cantonments. No doubt the 
method of supplying them must be equally 
varied in detail and perhaps in general 
character. It would be most interesting to 
have someone who has been intimately 
connected with the layout and construction 
of these projects tell how the problems have 
been studied and something of the details of 
their design. 


Wade M. Edmunds (Office of War Utili- 
ties, Washington, D. C.): In general, esti- 
mating electric loads is fundamental to de- 
termine loads accurately so that no materi- 
als will be wasted in serving that load. 

It has been traditional to estimate load 
and then provide generator, transformer, 
and conductor capacity to serve that load 
plus 50 or 100 per cent. In normal times, 
that procedure has proved itself to be good 
practice and has avoided the increasing of 
capacity. In many cases, load has out- 
stripped capacity with resultant low-voltage 
troubles, calling for replacement of conduc- 
tor, installation of regulators, and replace- 
ment of transformers for larger ones. 

But we are not now in normal times—we 
are ina war up to our necks. Too few utility 
engineers realize that, as evidenced by de- 
signs of which I see a hundred or so a week 
in project applications in the War Produc- 
tion Board. Engineers still plan an exten- 
sion to serve a war load with the future 
normal growth of the area in mind. 
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Unless the results of accurate load esti- 
mates are applied to design, then we are 
not doing a wartime job—if an extension 
is designed for more than the present known 
load, materials are wasted which means that 
copper, steel, and iron are withheld from 
shells, guns, planes, and ships. We are 
fast coming to an accounting on that, and 
we must not wait until the supply of ma- 
terials for civilian use is exhausted, to fit 
design closely to loads. The work done at 
this conference on estimating loads will not 
have its full effect in the prosecution of the 
war if its relationship to the use of materials 
is lost sight-of. 

As an example of what I want to empha- 
size, I would like to mention a specific case. 
A project applieation came in to serve an 
important war load of 3,500 kw. The load 
had been accurately determined and there 
was no question on that. To serve it the 
company proposed to install a transformer 
bank of 9,000-kva capacity, build a line from 
that substation to a switching station in a 
direction opposite to that of the new load, 
connect to an existing line, and extend a new 
line from the end of that one to the new load. 
The layout was difficult for us to understand 
until the applicant sent his engineers to 
discuss it with us. We found that the 
routing of the lines was chosen, because the 
company wanted to serve other parts of the 
system which would need strengthening 
after the war. It is too soon to do postwar 
planning. We must win this war first to 
determine whether this country will do its 
own planning—or some one else will. 


CONSERVATION POSSIBILITIES 


Possibilities of saving materials are un- 
limited if engineers are allowed to exercise 
their ingenuities, but in the past 20 years 
it appears that many have become slaves 
to standard specifications prepared for them. 
In reviewing a great many project applica- 
tions every day, I stop occasionally to won- 
der if I should write a book for which so far, 
I have only the title, ‘‘Sad Commentaries 
on the Modern Engineer.”’ 


I doubt if it is the fault of the individual 
engineer, but his training, from the time he 
leaves school, in large companies particu- 
larly is very specialized and channeled. 
Unless he is an unusual man, he will follow 
along and do what he is told, not giving 
much thought to alternate ways of ac- 
complishing the same result. 


I have noticed that engineers who have 
worked for smaller utilities where economy 
of investment is essential and engineers who 


466 


have worked for utilities in foreign countries 
where materials and equipment at hand 
have to be used are the most versatile and 
ingenious. In the two instances mentioned, 
deviations from standards of construction 
are made with little or no loss to the finished 
job. 

Take for example a very modern in- 
stallation in a large generating plant of a 
bank of metal-clad oil circuit breakers and 
metal-clad busses—all in duplicate of each 
piece of equipment. A new circuit was to be 
added, and the applicant insisted very 
vehemently that the same metal-clad dual 
equipment be installed to match up with 
the previous installation. Many arguments 
were presented by long-distance telephone 
and telegraph, and all of them had little to 
do with adequate service or recognition of 
wartime scarcity of material. Profit had 
not been supplanted by patriotism. We 
came to an agreement, however—an exist- 
ing set of oil circuit breakers was divided 
so that the new circuit was connected to 
one of them. 

Valves for Steam Plant. The applicant 
insisted on use of nonflanged valves. We 
found flanged valves in excess stock, and 
only after much argument would the appli- 
cant accept these, although the valves were 
suitable in all other respects. 

I have commented on one or two ex- 
amples of what could have been done, but 
was not, until we pointed out other ways. 
That does not mean that many engineers are 
not doing splendid work in substituting ma- 
terials and methods not ordinarily used, such 
as direct-pole mounting of transformers, re- 
habilitation of oil-circuit-breaker contacts, 
type-A meters in lieu of socket-type, sal- 
vaged crossarms, and so forth. A lot of 
them have done a splendid job in saving 
new anid critical materials. 


Harold M. Potts: In times such as these 
it is one of our duties as engineers to make 
the most economical use of the materials 
we have. Overbuilding in peacetime may 
not be serious, since it can often be justified 
as building for future growth. With the 
shortage of many materials, it now becomes 
most wasteful to provide, for instance, a 
1,000-kva substation to serve a military base 
where one of 500 kva would be ample. It 
is hoped the information and method of 
analysis that was presented in the paper will 
prove of value to engineers in estimating ac- 
curately the loads for military bases, so 
that more economical building may result. 
In estimating military-base loads, demand 
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factors have been found to give the most // 


reliable results, the reason being that the 
factors are based on the actual equipment 
used. Derived figures of kilowatts per man 
are quite erratic when used indiscriminately 
among various types of military bases. 
This is very apparent in Table II which Mr. 
Hamilton has presented. 

In general, it may be noted from this 
table that, when the connected load per man 
is low, higher demand factors result and vice 
versa. This is due to less diversity of use 
when the connected load per man is low and 
greater diversity of use when the connected 
load per man is high. 

The table reveals wide divergence in the 
connected loads per man for the various 
classes of use. The connected lighting loads 
vary between 40 and 240 watts per man, 
the heating and cooking loads from 20 to 
140 watts per man, and the connected 
power loads from 30 to 350 watts per man. 

Inspection of the connected lighting loads, 
items 1, 2, 3, 5, and 19 in this table, reveals 
the possibility of more not fully utilized 
equipment than necessary at the military 
bases. The bases noted as items 4, 8, 9, 10, 
11, 14, 16, 20, and 21 have the lowest con- 
nected lighting load per man and are an 
indication that an economical amount of 
lighting equipment is provided at these 
particular bases. These bases are all 
fairly large ones, and all of them have only 
minor amounts of electric cooking equip- 
ment. The demand factors for these bases 
are in general 30 to 40 per cent, which coin- 
cides generally with estimated demand 
factors for the bases presented in the AIEE 
paper. 

Mr. Hamilton comments that a demand 
factor of 29 per cent, for the Northwest fort 
at which test data referred to in the paper 
were taken, seems to bear out the annual 
demand factor estimated in the paper for the 
35,000-man Army base, after consideration 
is given to the relative amounts of electric 
cooking equipment. The 35,000-man Army 
base had a planned connected cooking load 
of about one-third kilowatt per man, 
whereas the 58,500-man fort, at which the 
test data were made, has a connected cook- 
ing load of only 10,000 kw, or approximately 
one-sixth kilowatt per man. In this fort 
only part of the masses have electricity for 
cooking; the majority of them use either 
gas or coal for fuel. 

The comments of Mr. Hamilton, Mr. 
Seelye, and Mr. Edmunds were both wel- 
come and constructive, and I wish to ex- 
press my appreciation for their interest 
and co-operation. 
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Synopsis: It has long been recognized that 
excessive potentials may be developed in 
current-transformer secondary windings 
under unusual conditions, such as open cir- 
cuits. Recent experience discloses that 
dangerous overvoltages (several thousand 
volts) may be produced as a result of nor- 
mal switching operations on circuits con- 
taining lumped capacitance. 

A simple procedure for circuit analysis 
and evaluation of approximate voltage 
magnitude for the switching transient case 
is reported. For easy reference, there are 
included tables of calculated secondary 
voltage magnitudes covering a broad range 
of application. 

Under certain conditions, overvoltage 
protection is desirable and important. 
Aside from the potential hazard to life, 
current-transformer circuit insulation may 
be damaged, yet not be evident immedi- 
ately. Performance at normal rated cur- 
tent may not be noticeably impaired, yet 
serious failure may occur in the presence 
of fault-current flow, thus nullifying the 
action of current-actuated protective relays. 

The characteristics of a new overvoltage 
protector expressly designed for current- 
transformer protection is presented. With 
this device current-transformer secondary 
voltages are limited to moderate values. 
The protector is small and compact, and 
easily applied to existing as well as new cur- 
rent-transformer installations The char- 
acteristics are permanent, not affected by 
repetitive operation, and result in negligible 
ratio error in the normal operating current 
range. 


Sources of Excessive Voltage 


XCESSIVE potentials in current- 
transformer secondary circuits may 
appear as a result of: 
1. Open-circuited secondary winding. 


2. Switching transients in the presence of 
lumped capacitance in the power circuits. 
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3. Fault current flow. 
4. Lightning impulse currents. 


5. Steep front, current transients of other 
origin. 


OPEN-CIRCUITED SECONDARY WINDING 


The circulation of rated current in the 
primary winding of a current transformer 
with its secondary winding open-circuited 
will give rise to a persistent excessive 
voltage, which may be high enough to be 
dangerous to apparatus and circuit insu- 
lation, as well as to any person who may 
come in contact with the circuit. 

In the absence of secondary current 
flow, all of the current-transformer pri- 
mary current is exciting current. Al- 
though only a small portion of normal 
rated pritmary current is sufficient to 
saturate the core, there is a short interval 
each half cycle as the current passes 
through zero that the magnetic flux is 
very rapidly whisked from, .saturation 
value in one direction to saturation value 
in the other direction. It is the exceed- 
ingly rapid rate of change of flux during 
this short interval which is responsible 
for the high open-circuit voltage. The 
secondary open-circuit voltage magnitude 
is a function of current-transformer mag- 
netic design, is increased by higher operat- 
ing frequency, is increased by redueed 
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secondary current rating, but is limited 
to a maximum value of 1.41 (0.866) (E,) 
(R). Potentials in excess of 2,000 volts, 
with rated primary current flow, may be 
frequently expected. Figure 2 typifies 
the resulting peaked voltage wave. 


s 


SWITCHING TRANSIENTS IN: THE PRESENCE 


oF LuMPpED CAPACITANCE IN THE 
POWER CIRCUIT 
Excessive overvoltages in  current- 


transformer secondary circuits have been 
observed in connection withthe switching 
of power circuits with which are associated 
lumped capacitance connected either line 
to line or line to neutral. A description 
of the manner in which such voltages are 
generated, together with a simple proce- 
dure for evaluating the probable voltage 
magnitude, will be of interest. 

A de-energized capacitor when switched 
on to an energized power circuit initially 
assumes the appearance of a short circuit 
since the capacitor terminal potential is 
incapable of being changed instantane- 
ously by any finite amount. It follows 
that, at the instant the switch is closed, 
the entire system voltage must be ab- 
sorbed in the circuit impedance between 
the capacitor and the source of supply. 
Current-transformer circuits constitute a 
part of this interconnecting impedance. 

The transition between the initial 
short-circuit behavior and the normal 
steady-state normal frequency perform- 
ance takes the form of a high-frequency 
oscillation which is rapidly damped by 
circuit resistance. The physical size of the 
lumped capacitance has relatively little 
influence on the transient-voltage magni- 
tude unless small enough to become com- 
parable with distributed capacitance in 
the interconnecting circuit impedance but 
does influence directly the frequency of 
the transient oscillation. 

A simple procedure for circuit analysis 
for evaluating expected current-trans- 
former secondary voltages is contained in 
Appendix A. It will be noted that the 
high transient frequency which invariably 
accompanies the production of excessive 
current-transformer voltages permits cir- 
cuit resistance to be ignored. It will be 
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observed that the current-transformer 
secondary voltage is influenced promi- 
nently by power-circuit operating voltage, 
power-circuit inductive reactance, cur- 
rent-transformer secondary reactive bur- 
den, and current-transformer ratio. It is 
of particular interest to note that the pres- 
ence of energized lumped capacitance 
electrically close to the particular capaci- 
tor circuit being switched will usually 
greatly accentuate the resulting current- 
transformer secondary voltage. 

For quick reference, a tabulation of cal- 
culated current-transformer secondary 
potentials covering a fairly broad range 
of application conditions has been in- 
cluded in Appendix B. Voltage values 
to be expected when switching a single 
lumped capacitance electrically remote 
from energized lumped capacitance appear 
in Table I and Figure 8. Calculated 
voltage magnitudes for the case in which 
the electrical system contains nearby 
energized lumped capacitance appear in 
Table II and Figure9. It is the purpose 
of the figure in both instances to portray 
graphically the relative effect of variation 
in the predominant influencing factors. 


FAULT-CURRENT FLOW 


In the presence of primary-circuit fault- 
current flow, a corresponding current 
will flow in the current-transformer 
secondary winding, which in turn will 
produce a high  current-transformer 
secondary voltage. Since in the previous 
case it is reasoned that a lumped capaci- 
tance initially appears as a system short 
circuit, it follows that the same reasoning 
may be used in judging probable voltage 
magnitudes in the case of fault-current 
flow. In general, however, the system 
impedance will be so large in proportion 
to that of the current transformer that 
the voltages produced are not excessive 
for the insulation of the secondary or 
the devices connected to it. 

It is, however, possible that the presence 


BUS CURRENT 
SWITCH RAND: 


SOURCE ORMER % 


z 


& 


FEEDERS 


SOURCE 


468 TRANSACTIONS 


CAPACITOR ENERGIZED 


Table 1. Calculated Current-Transformer Secondary Voltage es With One-Ohm Reective Burden oe 


Case 1. Single Circuit Containing Lumped Capacitance* 
Z $ — 1A. REACTIVE 
APACI 
EL os Cc CiTOR 
Current- System Primary Operating Potential (EL) Volts 
Transformer Short-Circuit 
Primary Amperes Kilovolt-Amperes 13,800 6,900 4,160 2,400 
T5200.) istste vcestarsca arecersiotate ee ae ore LYS tamier ne 175 
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*These voltages will be produced under short-circuit conditions. 


of energized lumped capacitance may ac- 
centuate the resulting transient current- 
transformer secondary voltage, in the 
same manner as outlined under the topic 
of switching transients. It is probable 
that such accentuated over voltages 
would be realized only if the character 
of the electrical fault were such that the 
transition between a good insulator and 
a very good conductor was extremely 
abrupt, an example of which would be 
the closure of a bolted fault circuit by 
means of a power-circuit switch. 


Figure 1 (left). Fundamental circuit arrange- 

ments which give rise to high switching tran- 

sient voltages in current-transformer secondary 
circuits 


Case 1. Single circuit containing 
lumped capacitance 


Case 2. Multiple circuits contain- 
ing lumped capacitance 


CAPACITOR 


Figure 2 (right). Voltage oscillo- 
grams of current-transformer secon- 
dary voltage with burden dis- 

connected 


APPROX. 
Case 1. Secondary 2000v PEAK 
voltage, no protector 


Case 2. Secondary volt- 

age and secondary current 

with one disk thyrite pro- 
tector 


ENERGIZED 
CIRCUITS 
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TEST VERIFICATION 


To establish the fact that excessive 
overvoltages could be generated in cur- 


rent-transformer secondary circuits in the 


manner described in this paper a test 
setup was made using facilities which 
could be made available for this purpose. 
The test circuit arrangement is defined in 
Figure 4. Closure of the circuit breaker 
in this test setup produced current-trans- 
former secondary potentials, measured by 
a calibrated sphere gap, of 9,750 volts, 
with a reactive burden of 2.96-ohms and 
5,150 volts with a reactive burden of 
1.74 ohms. 

The circuit configuration unfortunately 
does not simulate closely that encountered 
in. practical circuit operation and is 
therefore not suited for checking quanti- 
tative agreements with theoretical analy- 
sis. The tests do serve to establish the 
following points: 


1. Excessive current-transformer voltages 
may be generated in the manner described 
in this paper. 
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sponding to Figure 1 


2. The generation of such excessive volt- 
ages is not contingent on the presence of a 
high capacity power supply system. 

3. Variation in the physical size of capaci- 
tor units does not significantly change the 
magnitude of secondary voltage generated. 


Need for Overvoltage Protection 


Unless restricted in a suitable manner, 
in applications involving lumped capaci- 
tance, excessive voltages may appear in 


rated current levels but may fail com- 
pletely when subjected to increased volt- 
ages attendant with fault current flow. 
There is, therefore, a distinct need for an 
effective reliable overvoltage protector for 
current transformer circuits. 


Protective Equipment 


Many overvoltage protective devices 
which have been applied to current trans- 
former secondary circuits, such as film 
cutouts, vacuum-tube devices, restricted 


Table A 


Test With Protector 


Test Without Protector (One Disk) 
Per Cent — = 
Burden Normal Current Ratio Phase Angle Ratio Phase Angle 
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current-transformer secondary circuits 
which are dangerous to current-trans- 
former and secondary-circuit insulation 
and to operating personnel. Secondary- 
circuit insulation failure assumes particu- 
lar importance in the case of circuits 
containing current-actuated protective 
relays which may be rendered inoperative. 
Secondary-circuit insulation which has 
been punctured by excessive transient 
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core designs, and secondary filters, leave 
much to be desired with respect to initial 
performance, reliability, simplicity, and 
application flexibility. In view of the 
fact that unprotected current-transformer 
circuits commonly may be subject to re- 
current transient overvoltages, it is 
evident that an adequate protective de- 
vice must be capable of repetitive opera- 
tion without change in characteristics, 
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Figure 4. Diagram of test cir- 

cuit used to verify production 

of high — switching-transient 
voltages 
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Figure 5. Illustration of Thy- 
rite secondary protector 


small, compact, and easy to apply, and 
at the same time be low in first cost. 


New Overvoltage Protector 


A secondary protector has been de- 
veloped which meets these requirements. 
The complete unit is illustrated in Figure 
5. The active element embodies one or 
two disks made of material having non- 
linear resistance characteristics and of 
such character as to secure adequate con- 
trol of overvoltages, yet avoid objection- 
able error in secondary currents through- 
out the operating overcurrent range. 

To avoid excessive temperature of the 
disks in applications which may be sub- 
ject to secondary open circuit, an auxiliary 
thermostatic switch is used which short- 


PROTECTOR WITH 1 DISK} 
PROTECTOR WITH 2 DISKS 


> 


RATIO ERROR-% 
we 


Figure 6. Ratio error caused by Thyrite pro- 
tector at high currents 
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6 8 10 
PRIMARY CURRENT TIMES NORMAL 


2 4 


Figure 7. Time to close thermostatic switch 
contacts at high currents with a Z burden 


circuits the active unit upon reaching a 
temperature of approximately 100 de- 
grees centigrade and automatically resets 
as the temperature of the disks drops 
below the assigned maximum level. 

The protector is built in two forms— 
one with a single disk and the other with 
two such disks in series. 

The two-disk unit is suitable for general 
application and applicable to current- 
transformer circuits used for relaying, as 
well as metering. The single-disk unit is 
designed for the very minimum secondary 
overvoltage and accepts a sacrifice in ac- 
curacy at high currents. It is intended 
to be used on current-transformer circuits 
for metering only. The single-disk unit 
is particularly adapted to operating con- 
ditions in which operating personnel fre- 
quently contact portions of the current- 
transformer secondary circuit and cur- 
rent-transformer circuits may easily be 
inadvertently open-circuited. 

Pertinent performance characteristics 
of the secondary protector are as follows: 


OVERVOLTAGE 


With rated current flowing in the cur- 
rent-transformer primary winding and the 
secondary burden disconnected, the pro- 
tector will limit the secondary voltage 
to the following: 


Rms Volts Peak Volts 
One-disk untt 030565 ss san US Bites eaves F 175 
Dwo-diskiunit: nese noe DEO ta etalicaia sve 350 


Figure 2 portrays the wave shape of the 
resulting secondary voltage with the 
normal secondary burden entirely re- 
moved. The character of the secondary 
voltage with the protector is in sharp con- 
trast with that which would be obtained 
without protector. 
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TRANSIENT SECONDARY VOLTAGE (Cy) VOLTS © 


CURRENT 


SECONDARY-CIRCUIT ACCURACY 


The effect of either protector on phase 
angle and ratio accuracy with a Z burden 
(50 volt-amperes at 0.5 power factor) is 
negligible under normal operating condi- 
tions between 5 per cent and 200 per 
cent of rated load current as evidenced 
by the test information in-Table A. 

At high currents, the ratio accuracy of 
the current transformer with the protector 
connected across its secondary terminals 
and with a Z burden is shown in Figure 6. 
Substantial ratio errot occurs with cur- 
rents of 15 times normal and higher with 
the single-disk protector, which may be 
objectionable for relaying service. 


THERMAL-SWITCH ACTION 


The thermal switch is needed only for 
the purpose of limiting the temperature 
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Figure 8. Curve of calculated results ap- 
plying to case 1 for 6,600-volt operation 


Case 1. Single circuit containing lumped 


capacitance 
E,—6,600-volt three-phase 60 cycles 
transformer—Instrument-type, 
ampere secondary winding 


X,—One ohm 


Current five- 


to a safe value in the presence of an open 
secondary circuit. Under normal opera- 
tion, including the temporary flow of fault 
current, excessive temperature will not 
be realized and a thermal protective 
switch if present would not operate. 
Figure 7 defines the time required for the 
thermal switch contacts to close as a func- 
tion of current magnitude, again based on 
the presence of a Z secondary burden. 
The recycling characteristic of the pro- 
tector with thermal switch in the presence 
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Figure 9. Curve of calculated results applying 
to case 2 for 6,600-volt operation 


E,—6,600-volt three-phase 60 cycles 
Current transtormer—Instrument-type, five-am- 


pere secondary winding 
Xp—One ohm 


of a permanent open-circuited secondary 
winding and normal rated current flowing 
in the primary winding is: 


Time 
to Reset 


Time to 
Close Contacts 


One-disk unit.......... 10 seconds... 8 minutes 
ewo-disko units)... 2... 22. 14'seconds...11 minutes 


OUTSTANDING ADVANTAGES 


The new secondary protector consti- 
tutes a simple, reliable, inexpensive, over- 
voltage device for general application. It 
is small, compact, and suitable for direct 
mounting on the current-transformer 
structure. The outstanding features are: 


1, Permanence of characteristics—not in- 
fluenced by repetitive operation. 


2. Effective voltage protection provided 
irrespective of the voltage source or the 
possible oscillation frequencies involved. 


3. No operating time lag. 
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4. Negligible influence on accuracy within 
the normal range of operating current and 
burden. 


5. Simple, compact, and applicable to 
existing as well as new current-transformer 
installations. 


6. Active element completely enclosed— 
mechanical protection provided and dust 
and other foreign materials excluded. 


Appendix A.  Current-Trans- 
former Switching-Transient Over- 
voltage Circuit Analysis 


The fundamental circuit arrangements il- 
lustrated in Figure 1 are first reduced to an 
equivalent line to neutral one-line diagram 
as shown on the upper part of Figure 3. 


Refer to Current-Transformer Ca 
Secondary Winding 


A better physical conception of circuit 
behavior will be gained through analysis in 
terms of the current-transformer secondary 
winding. In referring primary circuit 
quantities to the secondary, voltages are 
multiplied by R and impedances by R?®. 
Current-transformer internal impedance is 
generally available expressed in terms of the 
secondary winding. 

The effective primary circuit voltage is 
taken as E,/./3 which would correspond 
to simultaneous closing of the three poles 
of the switching unit. It might be reasoned 
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that the transient would be controlled by 
the first two poles to close, in which, case, the 
effective primary circuit voltage. would, be 
E,/2. As there is no significant difference 
between the two (0.577E, and, 0.5Ey), 
only one (the more pessimistic) will be used. 

The resulting equivalent circuits referred 
to the secondary winding, appéar in the 
lower portion of Figure 3. 


Evaluation of Secondary’ Voltage 


By neglecting circuit resistance, a tre- 
mendous reduction in complexity of analysis 
is effected. That it is reasonable to do so is 
judged by the following: 


1. ‘At fundamental frequency, resistance generally 
plays only a minor part in influencing voltage drop 
through circuit impedance elements. 

2. Invariably switching transients which will give 
rise to dangerous secondary voltages will be as- 
sociated with oscillating frequencies far above 
normal which further reduce the significance of 
resistance. 


3. A high degree of accuracy in secondary-voltage 
evaluation is of slight import. Simplicity in 
analysis is far more important. 


Immediately following circuit closure, 
system voltage becomes distributed along 
the inductive reactance between the voltage 
source and the de-energized capacitor 
switched on the line. That portion which 
appears across the current-transformer total 
secondary burden X , represents the voltage 
which appears at the secondary terminals. 

Case 1. A single circuit containing 
lumped capacitance. The expression for cur- 
rent-transformer secondary voltage im- 
mediately following switch closure can be 
directly written. 


Becctiee 
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Case 2. Multiple circuits containing 
lumped capacitance. The treatment of this 
case will be treated in two steps, A and B. 
Case 2A assumes the presence of lumped 
capacitance directly at the distribution bus, 
while case 2B considers a number of similar 
feeder circuits each containing lumped 
capacitance, only one of which is de-ener- 
gized and to be switched on the line. 

It will be apparent that an energized 
capacitor will resist a change in its terminal 
voltage in the same manner as a de-ener- 
gized unit. The initial transient distribu- 
tion of system potential will thus occur 
across circuit impedance elements interven- 
ing between the energized and the de- 
energized capacitance blocks. 

Case 2A. With lumped capacitance at 
the distribution bus, the supply system im- 
pedance Zs is effectively shunted out of the 
transient oscillating circuit. The expression 
for current-transformer secondary voltage 
becomes 


Ex rT Xp ] 
is a : 
© 4/38 LX/R?+Xcert+Xp 


Case 2B. The secondary voltage, es, 
when switching one deenergized circuit in 
the presence of N similar circuits which 
already energized from the same bus, can 
be expressed as a fraction of the voltage 
which would restilt in case 2A. A certain 
portion of the total system voltage will ap- 
pear across inductive reactance elements 
contained in the energized circuits, which 
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portion’ will diminish as ‘the number of 
“energized "ireuits increases.” With N 
“energized circuits, the switching of a similar 
“eiretit’ will fesult in a secondary voltage on 
the switchéd circuit of— 


racers 


me a By ie Xz x N 
oe /S UX Repke he Nad 
N TT 
V: lues for th odifier yy : 
em — 
alues for t Nei are 
N 
N N+1 
IG ype hin ay CCRC Sane Sbaierary eres 1.0 
CHEE Saad Meo ogee ta areaarars 0.87 
3 We, Mie cre hast vac nner Sao aoes 0.75 
Drie retire teveholie le tere hericda fetes oust pele netet oe eaten ena 0.67 
EUG S/ioardycvacetacs Xtenchs tashabatorkt cial vale Bale eee 0.5 
(UAC SS Oritiea tnt oti Tote) eae cers See case 1 
Nomenclature 
Zs—Primary supply circuit impedance 
r,+jX, ohms per phase (Y) 
Zy—Frimary feeder circuit impedance 


ry+jX, ohms per phase (Y) 
Z,—Primary capacitance block impedance 
—jX, ohms per phase (Y) 
Zcor—Current-transformer internal im- 
pedance 7¢7+jX cr ohms (referred to 
secondary) 
Zs,—Current-transformer secondary bur- 
den impedance rg+jX, ohms 
E,—Primary circuit-potential—line-to-line 
volts 
¢és—Current-transformer 
minal voltage 
R—Current-transformer ratio. 


secondary ter- 


Appendix B. — Current-Trans- 
former Switching-Transient Over- 
voltage Calculated Results 


For quick estimating purposes, calcula- 
tions have been made using the methods 
outlined in Appendix A, covering a fairly 
broad range of application conditions both 
for case A and case B. 

All calculated results apply to a five- 
ampere rated secondary current. 

All calculated results are based on a 
secondary reactive burden of one ohm. 
For practical purposes, the resulting second- 
ary voltage may be considered directly pro- 
portional to Xz. 

All results apply expressly to 60-cycle 
operation. The switching transient is inde- 
pendent of operating frequency, and results 
here tabulated may be used for other operat- 
ing frequencies if carefully converted. 

Results included under case 1 may be 
used to judge the secondary voltage magni- 
tude resulting from fault-current flow in a 
system free of near-by lumped capacitance. 


Specific Results 
Case 1 
Table I. -* Tabulated transient second- 


ary voltage for current-transformer primary 
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Industrial Control: 


Dynamic Braking of 


a D-C Shunt Motor and Load 


G. F. LELAND 


NONMEMBER AIEE 


ITH high-production machines re- 

quiring rapid-duty cycling and ac- 
curate positioning, the speed-time char- 
acteristics of accelerating and decelerat- 
ing motors are very important. D-cshunt 
machines are often employed for these 
applications because of their flexibility 
both in starting and stopping. 
method commonly employed to bring the 
rotating system to rest is to disconnect 
the motor from the line and reconnect it 
across a resistor. The shunt field remains 
connected to the line so that the motor 


acts as a generator driven by the stored 


energy in the load. This method is known 
as dynami¢ braking. The elementary 
connection of the dynamic-braking circuit 
is shown in Figure 1. Since the torque 
developed is proportional to the product 
of field flux and armature current, and 
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mittees on electrical machinery and industrial 
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South West District technical meeting, Kansas 
City, Mo., April 28-30, 1943. Manuscript sub- 
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ASSOCIATE AIEE 


ie he 
the latter depends on the speed, the 
braking effect obtained decreases as the 
motor loses speed. A friction-type load, 
independent of the speed, must be present 
in order to bring the motor to rest. 

A method often used for calculating 
these accelerating and decelerating times 
is based on an average torque formula.! 


(WR)? (N) 
307.8 (t’seconds) 


ip average — 


VS Pe 


This average torque formula rests on the 
assumption of constant angular accelera- 
tion and gives reasonably good results for 
systems where the frictional component of 
torque is large. However, it can lead to 
results which are greatly in error when the 
frictional component of retarding forces 
is small with respect to the full load torque 
of the motor in a system which has con- 
siderable stored energy. »: 


Scope of Problem 
stew 7) 
This ‘paper presents’ an analysis which 
leads to an effective and accurate method 
of calculating the performance of a d-c 
shunt motor under dynamic braking when 
connected to various types of load. 


current ratings ranging from 50 to 1,200 
amperes, operating voltages of 13,800, 6,900, 
4,160, and 2,400 volts, short-circuit kilovolt- 
ampere levels from 50,000 to 500,000-kva. 
Figure 8. Calculated values for 6,900- 
volt operation plotted in curve form to 
illustrate the influence of various factors. 


CasE 2 


Table IT. Tabulated transient second- 
ary voltage of the same character as in 
Table I. 

Figure 9. Values for 6,900-volt opera- 
tion plotted in curve form to illustrate the 
influence of various factors. 


_ Typical Circuit Constants 


Current-transformer internal series im- 
pedance (instrument type): 


5,000 volts class 1.+71.5 ohms (60 cycles) referred 
to five amperes secondary windings 


7,500 volts class 1.3+ 74.0 ohms (60 cycles) referred 
to five amperes secondary windings 


15,000 volts class 1.3+-34.7 ohms (60 cycles) referred 
to five amperes secondary windings 
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Secondary burden (devices—60 cycles): 


Ammeter wattmeter  watt-hourmeter (AD-7 


five amperes) 0.05+ 70.05 ohm 
Power-factor meter (A D-7) 0.11+ 70.11 ohm 


Recording ammeter (CD-3 five amperes) 0.124 70.5 
ohm 


IAC relay (4- 15 amperes on 4-A tap) 0.14+ 70.34 
ohm 


IBC relay (4-15 amperes on 4-A tap) 0.2+ j0.45 
ohm 
Power-circuit cable reactance—60 cycles: 


7,500 volts and less 0.026-0.033 ohm/1,000: 


number 1/0 and larger 


15,000 volts 0.031-0.039 ohm/1,000: 
cular mils—number 1/0 


500,000 
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Three general solutions are covered de- 
pending on the type of load. 
1. Torque varying directly as the speed 


together with a frictional component inde- 
pendent of the speed. 


2. Torque varying as the square of the 
speed together with a frictional component 
independent of the speed, such as for a fan 
or blower operating with constant discharge 
orifices. 


3. Torque independent of the speed such as 
a crane hoist operating against gravity, or a 
wire drawing machine. 


This analysis is made only for the shunt 
motor with constant field strength at full 
field. The more common applications 
such as the variable speed d-c motors and 
the series d-c motors are not discussed. 


Conventions and Assumptions 


Most authors use the well-known equa- 
tions V=e+4ir for a motor and e= V+ir 
for a generator so that the direction of cur- 
rent is positive for either machine under 
normal operating conditions. In order to 
differentiate between motor current and 
generator current, subscripts must be 
used together with the relation that motor 
and generator current flow in opposite di- 
rections. This convention, predicated on 
the use of the above two equations is, 
however, unnecessary. It is also con- 
fusing when considering one machine 
which alternately acts as a motor or a gen- 
erator. The difficulty is eliminated by 
using onty the motor equation V=e+1r 
together with the following conventions. 
Positive motor current causes positive 
motor torque. The direction of rotation 
of the machine when running as a motor is 
considered as the positive direction, so 
that positive torque and acceleration will 
cause an increase in speed. These rela- 
tionships are shown in Figures 2 and 3. 

The following assumptions are made: 


1. Armature reaction is neglected. This 
assumption is justifiable since dynamic 


Figure 1. Elementary connection diagram 
showing dynamic braking circuit 


LE—Line contactor 
.- DB—Dynamic braking contactor 
_« R-—Total resistance in braking circuit -.. 
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POSITIVE TORQUE 


NEGATIVE TORQUE 


POSITIVE CURRENT 


ANGULAR VELOCITY 


NEGATIVE CURRENT 


braking currents are usually limited to about 


200 per cent full load current and armature 


reaction is negligible in this range. 


2. Frictional forces are assumed constant 
throughout the entire speed range. 


Results 


The curves shown in Figures 4 to 8 give 
the performance of the shunt motor under 
dynamic braking for the assumed loads. 
Both coordinates are dimensionless quan- 
tities, so that the curves are applicable to 
any motor and system. The ordinate is 
the ratio of the current at any instant as a 
fraction of the initial braking current. 
When the value of the braking resistor 


remains unchanged, this ordinate is also. 


a ratio of the speed at any instant to the 
initial speed. The abscissa is given as a 
function of the initial watts in the braking 
circuit, the total mechanical stored energy 
in the rotating system, and the time. 
Although the curves are given for a con- 
stant braking resistance, they may be 
applied when the resistance is decreased 
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Figure 2 (left). 


Relations w 

existing before dynamic 3 
braking between torque, 5 
current, and angular veloc- ve 
ity when the load torque > 
varies as the square of the 5 
speed © 


Figure 3 (right). Relations 
existing after dynamic brak- 
ing between torque, cur- 
rent, and anguler velocity 
when the load torque varies 
as the square of the speed 


0,0) ANGULAR VELOCITY 


NEGATIVE TORQUE 


POSITIVE CURRENT 


NEGATIVE CURRENT 


in steps during the braking period, pro- 
vided only that the speed at which the 
switching occurs is considered full speed, 
and the new KF) is then used. 

The parameter, M, is the constant 
torque component of the armature current 
as a function of the full load current. It: 
should be noted that when M=1, case }' 


100 Mal 


PERCENT LOAD 


(@) 20 40 60 80 100 
PERCENT SPEED 
Figure 4. Load torque versus speed for 
various ratios of friction load to full load when 
the load torque varies as the first power of the 
speed : 
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1.0 Figure 5a. Current 
09 and time relations 
08 during dynamic brak- 
ing for various ratios 
ks of friction load to 
06 full load when the 
18 o5 load torque varies 
04 as the first power of 
the speed, and the 
os initial braking cur- 
02 foal rent is equal to the 
Ol ‘ f 


2KEo 


aes 


full load current 
ROP eares 
2.3 l4 15 16 7 38 


Figure 56. Current 


and time relations 


during dynamic brak- 
ing for various ratios 


of friction load to 


full load when the 


load torque varies 


as the first power of 
the speed, and the 


initial braking cur- 


rent is 150 per cent 


of full load current 


— 
} 0 O! O2 03,04 0506 07 0809 10 Ii 12 13 14 15 16 17 18 
Wot 
2KEo 
10 Figure 5c. Current 
a9 and time relations 
OB during dynamic brak- 
ing for various ratios 
o7 of friction load to 
O6 full load when the 
i 1905 load torque varies 


as the first power of 
the speed, and the 


initial braking cur- 


© Al 02 03 0405 0607 0809 10 II 
Wot 
2KEo 


and case ¢ are identical and reduce to 
case a. 

Using this method then it is possible to 
calculate the time taken by a system of 
known inertia and speed to come to rest; 
or conversely the required braking re- 
sistor required to bring the system to rest 
in a specified time. This method also 
furnishes a useful guide for the selection 
of motors with the correct moment of 
inertia when they must perform under 
severe duty cycles of starts and stops. It 
is interesting to note in this connection 
that a small motor will sometimes give a 
certain duty-cyclé performance with a 
load where a larger motor would fail 
under the same conditions. 

The cases treated cover many of the 
usual loads encountered in industrial 
work, but the curves can be extrapolated 
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| 


rent is 200 per cent 
of full load current 


21S AMS IG iia 


for other speed torque conditions, or the 
equations can be set up for any conditions 
and solved using graphical integration if 
necessary. 

The curves presented for case b and 
case ¢ are for dynamically braking a fully 
loaded motor. Similar curves can be 
drawn for any other load condition by 
assigning different values to b in equa- 
tions 15 and 17. 


Analysis 


(For nomenclature see Appendix I.) 
The equation for generated voltage is 


ZP gn P 2rn 
=— volts,? and since w=—— 
m (60)108 60 
= t 1 
e ani08 volts (1) 
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where c=ZP/m. The torque equation*® 
is 

ZP oi ; ; 
LSS had dyne-centimeters 

m 20 
and since 10’ dyne-centimeters=1 watt- 
second, this becomes 
cht 


VA eb Sosti7) 
= = watt-seconds 
m 27108 27108 


(2) 


The load torque, which is negative, causes 
a positive armature current to flow 
(Figure 2), and since positive current has 
been defined as the current that produces 
a positive torque, then 


T.= Bee watt-seconds (3) 
Now, 

df dw 
T+T,= at =Ja (4) 


At time t=0, the line contactor LE shown 
in Figure 1 is opened and the dynamic 
braking contactor DB is closed, so that 


at Ree 5 
oe Dat © 
Since KE=1/2Jw* then 

2KE 2KE 
J=—— = : : 92) ee (6) 
w Wo ahie 
Combining equations 4 and 6 gives 
2K Ep des 
Tei 7 
iy = wo? dt ( ) 


Expressing the torques in terms of cur- 

rents, equation 7 becomes 
chi Chip _ 2K Eo dw 
27108 21108 a? dt 


_ (8) 


From equation 5 


1R27108 
ch 


o=— 


(9) 


and since i= —Jp at t=0 then 


_ IpR27108 


e (9a) 


a 


PERCENT LOAD 


Dw) 
°o 


60 80 
PERCENT SPEED 


40 
Figure 6. Load torque versus speed for various 


ratios of friction load to full load when the 
load torque varies es the square of the speed 
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Figure 7a. Current 
and time relations 
during dynamic brak- 
ing for various ratios 
of friction load to 
full load when the 
load torque varies 
as the square of the 
speed, and the initial 
braking current is 
equal to the full 
load current 


“ 
: 
re) 
co) 


Figure 76. Current 


and time relations 
during dynamic brak- 


ing for various ratios 


of friction load to 


full load when the 


load torque varies as 


the square of the 
speed, and the initial 


es AC 
CoN 


braking current is 


BN 
BRASS 


150 per cent of full 


load current 


; [> 
QO 02 04 06 08 10 12 14 l6 18 20 22 24 26 28 30 32 34 36 


Wot 
2KEo 


Figure 7c. Current 


and time relations 
during dynamic brak- 


ing for various ratios 


of friction load to full 
load when the load 


torque varies as the 
square of the speed, 


and the initial brak- 


ing current is 200 


so that 


Ip R21108 |? 27108 |? 
ota | REIT wae| | 
ch co 


and 


1 dw 
wo? dt 


ba oh di 
~ Weo2wl8 dt 


(10) 
Substituting equation 10 in equation 8 
and simplifying, the latter reduces to 


—2K Ey di 
Wo dt 


(11) 


t-ip= 


Equation 11 is the fundamental equation 
governing dynamic braking and can be 
solved when ty is known asa function of 
speed. © 

Case I 

tp i, Awt+TI, . ; 
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per cent of full load 


+ 


current 


0 02040608 10 12 14 2am 18 20° 22 24 26 28 30 32°34 36 
Wot 
2KEg 


in = (lr, —Iy) — 


Immediately after switching, 7,=T;, 
for the speed of w=ap. Therefore, 
T,=Aywotl, The load current can be 
expressed in terms of J, by letting J, = 
bIy, where 6 is the ratio between the two 
currents. 

Therefore, Ay = (bI»,—I,)/w so that 


a 


= +1, ; (12) 


After switching to the dynamic braking 
connection, the armature current at any 
speed is obtained from equations 9 and 
9a yielding, w/w»)= —i/Ip so that equation 
12 becomes 


I, b1 
i= opis) i+I; (13) 
I) 
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Substituting equation 13 into equation 11 

yields 

2K Eo a (1h +bIy 1 —I;) 
Wo dt Ty 


i=l; (14) 


This is a linear first-order first-degree 
differential equation whose solution, after 
substitution of the boundary condition, 
1=—Iy at t=O is 

i Te 

Ih Iht+bIrr—ly 


I _ Wot ED 
ce A aed 


In+bIp,—I, 
(15) 


For the fully loaded motor 0 is unity, and 
the equation becomes 

Sale EIS: 

Teele lnt 


_ Wot =" Beene 
+1 2KE 


ea —TI; 
(15a) 


Equation 15a is shown plotted in Figures 
5a, 5b, and Sc for various percentage 
values of J, to Ip,;. The maximum value 
of Jo is usually governed by the commutat- 
ing ability of the machine. Two hundred 
per cent full load current is a representa- 
tive value. 


Case II 
tp = Aw? +I; 

For. conditions immediately after 
switching where 1,=/,=)I/,, this equa- 
tion reduces to 


(oIrt—I;) ., 
I)? 


(21 Seopa 


2+, (16) 


Substituting equation 16 into equation 11 

vields 

2K By dt § @lri—I). 
Wo dt Ty? 


v+i=Iy (17) 


Substituting 5 equal to unity, the solution 
of equation 17 is ‘ 


t di 
re Sp 
2KE, (pr —Iy)i? — Int +-1o7L 


constant (18) 


The right-hand side of this equation is of 
the form f(dx/X) where 


X=axt+ox+e (19) 


_and the solution’ depends on the value of 


the discriminant 6?—4ac. This term is 


Io? (Zo? — 41 (Lert — I) | (20) 
Since I,, is a constant, the maximum 
value of the second term in equation 20 is 
obtained by differentiating it with respect 
to I, which yields [,=!/2I,,. Equation 
20 then becomes 

In? (Ip? —I rx?) (21) 


Considering only the case where Jp 2J pz 
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Figure 8. Current 
and time relations 
during dynamic brak- 
ing for various ratios 


of friction load cur- 
rent to the initial 


braking current when 


the load torque is 


independent of 


speed 


Wot 
2KEo 


so that the discriminant is positive, the 
solution of equation 18, after substituting 
the boundary condition that += —Ip at 
-—ON1S 
Wot _lo, Eee 
2KE, B  L2(rr—I,)i/lo—lo+B 
Ease aS 
2(Irr—Iy) ++ B 


where 
B = Vip 


2*@— 40 Ip, +4l/ 
Letting J,= MI,, and Ip,=Jo equation 22 


reduces to 
Wet = 1 [ Pata 
(23) 


2KE, (2M—1) © Higet 


which is plotted in Figure 7a for various 
values of M. Substitution of [,= MI, 
and I)>=3/2 Ip, into equation 22 gives 
Wot 3 
pO We 
2KEy +/16M?—16M+9 
(4M—7+-/16M*—16M+9)i/Io+ 
4M+34+V/ 16M?—16M+9 
(4M—7—*/16M?—16M+49)i/Iy+ 
4M+3—/16M?—16M+9 
(24) 
which is plotted in Figure 75 for various 
values of M. Substitution ts T= MI yy, 
and J)=2I/,, into equation 2 


log 


2 gives 

-Wot 1 

2KB, 4/M—Meii 

(M—24+-/ M?—M-+1)i/Io+ 
M+14+V/ M?—M+1 

(M—2-~/ M?—M+41)i/h+ 
M+1—-V ?—M+1 


which is plotted in Figure 7c for various 
values of M. 


log 


(25) 


Case III 
tL = 
For this constant-torque load condition, 
equation 11 reduces to 
2K Es di 


ee di 
ela ay neoas 


(26) 
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Integration of equation 26 together with 
the boundary condition of i=—Jy at 
t=0 gives the solution 


(27) 


which is plotted in Figure 8 for various 
values of S, where S is the ratio I, to Ip. 
This same solution can be obtained by 
substituting bJ,,=TJ, in equation 15. 


Example 


A Thearle balancing set carries a 
smooth rotor with a WR? of 2,400 pound- 
feet squared. This is driven by a 20- 
horsepower 230-yolt 500-rpm 75-ampere 
full-load-current motor, with a WR? of 


21 pound-feet squared. With a dynamic 


braking resistor of 3.78 ohms, it is required 
to find the time for the system to come to 
rest. 

Motor speed at test=584 rpm 

WR? of test rotor referred to motor 
shaft=552 pound-feet squared 

WR? of two pulleys referred to motor 
shaft = two pound-feet squared 

WR?* of motor rotor=21 pound-feet 
squared 

Total WR? referred to motor shaft= 
575 pound-feet squared 

Internal resistance of motor r=0.3 
ohms 

Therefore, total dynamic braking re- 
sistor R= 4,08 ohms so that Jp = 230/4.08 = 
56.4 amperes. 

The steady-state load on the motor is 
4.5 amperes and the speed is low enough 
so that windage can be considered 


negligible. Then 
Sey 
Ig 5BAL 


Wo =1)?R = (56.4)2(4.08) = 12,900 watts 
KE, = (2.31) WR?N?10-4 watt-seconds 
= (2.31) (575) (584)°10-4=45,200 watt- 
seconds 


Therefore, 


=0.143¢ 
2KE, é 
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Using equation 27 and putting 4=0 for 
the standstill condition 


0=0.08— (0.08+ iNyerteede 
from which 
t=18.2 seconds 1M 


The same result may be obtained by 
interpolation from be 8. 


Appendix 


Nom enclature 


A,, Ax—Constants. 
b—Ratio of I, to Ipz. 
c—ZP/m, motor constant. 
DB—Dynamic braking contactor. 
e—Counter emf at any instant. 
i—Armature current at any instant. 
iz,—Current required to supply the 

torque demanded by the load and 
equal I; at w=0. 

I,—Current required to supply - the 
torque demanded by the frictional 
component of the load. 

I,;—Value of i, at time t=0. 

Ipyy—Rated motor current. 

Ig—Value of i at time f=0. 

J—Polar moment of inertia of all 
Rotating parts in centimeter-gram- 
second units. 

KE—Kinetic energy of rotating system in 
centimeter-gram-second units. 
KE,—2.31 (WR?) (N)? 10-4 watt-seconds, 

value of KE at time t=0. 
LE—Line contactor. 

m—number of conductor groups con- 
nected in parallel between brushes 
in the motor. 

M—Ratio of iy tolpy. | 

n—Speed in revolutions per minute. 

N—Value of nat time t=0. 

P—Number of mgguetic poles in the 
motor. ; 

r—Internal resistance in ohms. 

R—Total ohms resistance in dynamic 
braking circuit. 

S—Ratio of I; to Ip. 

t—Time in seconds measured from the 
time the dynamic braking contactor 
closes. 

T— Developed torque in watt-seconds. 

T,—Load torque in watt-seconds. 

V—Line voltage. 

W.—1,2R in watts. 
WR*—Inertia in pound-feet squared. 

Z—Number of armature conductors. 

a—Angular acceleration in radians per 
second per second. 

¢—Useful flux per pole crossing the air 
gap. 

w—Angular velocity in radians per 
second. 

wo—Value of w at time t=0. 
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Use of Equivalent ‘Annual Ambient 
Temperature in Overloading 


Transformers and Voltage Regulators 


M.S. OLDACRE 


MEMBER AIEE 


Synopsis: In the ‘Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators,’’! reference is made to 
the use of equivalent annual ambient tem- 
peratures in determining the loading of 
transformer equipment. This paper is to 
show a method of calculating the equivalent 
annual ambient temperature from readily 
available climatological data to avoid diffi- 
culties in other methods that have been 
proposed. An outline is given also of con- 
ditions under which the equivalent annual 
ambient temperature may be applied in 
determining permissible overloads for trans- 
formers. hes 


T has long been understood that the 

life of a transformer is dependent on 
the operating temperature of its insula- 
tion. A great amount of experimental 
work on aging of insulation has been done 
in recent years.2-® Although there has 
been no complete agreement on the time- 
temperature-aging characteristics of 
transformer insulation, the eight-degree- 
centigrade rule formulated by V. M. 
Montsinger has been given general ac- 
ceptance. . : 

The proposed American Standard C-577 
recommends 95 degrees centigrade as the 
hottest-spot temperature that will give 
normal life for continuous operation of a 
transformer. For rating purposes this 
is restated as follows: 


“"., transformers of usual design having a 
winding temperature rise (by resistance) of 
55C at rated load .. . may be operated con- 
tinuously at rated load... provided that 
.., the temperature of the cooling air at 
no time exceeds 40C and the average 
temperature of the cooling air during any 
24-hour period does not exceed 30C.”’ 


For the average transformer, an in- 
crease of one per cent in load above 100 
per cent increases the hottest-spot tem- 
perature rise approximately one degree 
centigrade. Operation above 100 per 
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cent load at ambient temperatures be- 
low 30 degrees centigrade will still not 
cause the hottest-spot temperature to 
exceed the limit of 95 degrees centigrade 
if the following American Standard rule is 
observed: 


“Oil-immersed self-cooled transformers may 
be loaded continuously one per cent above 
rated kilovolt-amperes for each degree 
centigrade that the daily average tempera- 
ture of the cooling medium (air) is below 
30C.”” 


In June 1942, the transformer sub- 
committee of the committee on electrical 
machinery issued an “Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators.” This report gave 
a rule for overloading based on low am- 
bient temperatures which included the 
following statement: 


“Under some conditions greater permis- 
sible overload capability can be obtained by 
using ‘equivalent annual ambient’ instead 
of the daily average ambient when applying 
the rule for overloads due to change in 
ambient. The equivalent annual ambient 
is the temperature which, if maintained 
continuously, would result in the same 
aging as that occurring under the actual 
ambient temperature throughout the year.” 


The use of equivalent annual ambient 
temperature instead of average annual 
temperature takes into consideration the 
fact that the average rate of deterioration 
of insulation for a temperature range is 
higher than the rate of deterioration for 
the average temperature in the same 


range, This is in accordance with the 
eight-degree-centigrade rule mentioned 
above. 


To calculate an equivalent annual 
ambient temperature would require the 
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averaging of the aging for all the different 
ambient temperatures throughout the 
year, For general use this would have 
to be done for a period of years in order 
to arrive at a usable mean condition, 
Such lengthy calculations have been the 
chief difficulty in the application of 
equivalent ambient temperature. This 
paper presents an approximate method of 
determining equivalent annual ambient 
temperature from readily available 
United States Weather Bureau . data, 
The results are compared with those ob- 
tained from complete summaries for a 
few cities to justify the general use of 
the approximate method, 


Use of Climatological Data 


Based on climatological data issued by 
the United States Weather Bureau, the 
range of ambient temperature during the 
year may be divided into three parts, 
as follows: 


1. Range during the year of monthly mean 
temperatures. These are summarized na- 
tionally and are readily available, 


2. Range during the month of daily mean 
temperatures, These are not summarized 
nationally, except on a normal basis, but 
are available locally from annual reports. 


3. Range during the day of hourly tempera- 
tures. These are available nationally as 
the difference between the normal daily 
maximum and the normal daily minimum 
temperatures. 


The daily mean temperature. is the 
average of the maximum and minimum 
temperatures for the day, not the 
weighted average. The monthly mean 
temperature is an average of the daily 
mean temperatures during the month, 

For use in calculating equivalent an- 
nual ambient temperature, there has 
been general agreement on the use of 
items 1 and 2 in the preceding list. There 
has been disagreement on the use of item 
3 on two points, as follows: 


(a), Present American Standard C-57 
states: ‘A transformer may be operated 
continuously at rated load... provided 
that... the temperature of the cooling air 
at no time exceeds 40C, and the average 
temperature of the cooling air during any 
24-hour period does not exceed 80C,"" To 
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consider ‘equivalent . daily: temperature in- 


stead of average daily temperature is con- 
trary to this provision- of the American 
Standard, 


(b). On a daily temperature cycle the 


thermal lag of the transformer flattens out 
the range of hot-spot temperatures to make 
it less than the range of ambient tempera- 
tures. 


For these reasons it is believed that 
the range during the day of hourly tem- 
peratures should be ignored in calculating 
equivalent annual ambient temperature 
and only items 1 and 2 considered. 
Furthermore, it was found that the use of 
item 3 affected the calculated value of 
equivalent annual ambient temperature 
by only a small fraction of a degree. 


Calculation of Equivalent Ambient 
Temperature—Direct Method 


Accepting as valid the eight-degree- 
centigrade law formulated by V. M. 
Montsinger,? the life of transformer in- 
sulation is halved for every eight-degree- 
centigrade increase in temperature and, 
conversely, is doubled for every eight- 


degree-centigrade decrease. This is ex- 
pressed by the equation 
L=Ke "ST (1) 


where 


L =life of the transformer insulation 

T =temperature in degrees centigrade 

K=constant chosen to give rated life at 
rated temperature 


Conversely, the rate of aging of trans- 
former insulation per unit time of opera- 
tion may. be expressed by the equation 


A = Kier e807 (2) 
where 


A =rate of aging or aging units consumed 
per unit time of operation 

T =temperature in degrees centigrade 

4K,=a constant chosen to give rated life at 
rated temperature 


For convenient use with climatological 
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reports on a Fahrenheit basis, equation 2 
may be rewritten as 


A SIG et (3) 


where’ T = 
Fahrenheit. 

For an example of the use of these 
formulas, only monthly mean tempera- 
tures will be used. Account will be 
taken of range of daily mean temperatures 
later. The data for Kansas City, Mo., 
are given on attached Table I. Column 
2 gives monthly mean temperatures, 
Column 4 gives aging units for these tem- 
peratures obtained by substituting the 
temperature values in equation 2. Since 
the aging data are to be reconverted to 
temperature data, the constant K, may 
be taken as unity. The average of 
column 4 reconverted to temperature by 
equation 2 gives the equivalent annual 
temperature, that is, the temperature 
giving an average monthly aging that 
would result in the same total aging for 
the year as for the temperature cycle of 
column 2. Calculations with equation 3 
are shown in columns 3 and 5 of attached 
Table I. 

A graphical solution of the same data 
may be obtained by plotting equations 2 
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and 3 as shown in Figures 1 and 2, re- 
spectively. Figure 1 is ‘plotted for the 
eight-degree-centigrade rule by doubling 
the aging unit abscissa for each eight- 
degree-centigrade increase in the tempera- 
ture ordinate. The curve of Figure 2 is 


plotted in the same manner for 14.4 de-_ 


grees Fahrenheit. As in the mathemati- 
cal solution, the value chosen for the 
constant is unimportant. 

Columns 6 and 7 show the use of these 
curves in obtaining the equivalent am- 
bient temperature graphically. It will 
be noted that the use of varying constants 
gives different aging units, but that the 
temperatures check. 


Calculation of Equivalent Ambient 
Temperature—Approximate 
Method 


A survey was made of climatological 


data issued by the United States Weather - 


Bureau for 23 cities in the United States 
(see Table II). Equivalent annual am- 
bient temperature was calculated by the 
direct graphical method described above 
from normal monthly mean temperatures. 
These data were plotted as divergence 
Ks from the average annual temperature 
as a function of range R during the year 
of monthly mean temperatures. The 
results are shown as the Kg curve on 
Figure 3. 

The effect of range during the month of 
daily mean temperatures was not cal- 
culated nationally because of the prodi- 
gious quantity of work required. How- 
ever, a complete check was made for 
Chicago and had already been made for 
six other cities in a recent paper by Hell- 
mund and McAuley.’ It was found that 
the true equivalent ambient temperature 
could be approximated by using the 
curve Kg of Figure 3 and adding ten de- 
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Figure 3. Divergence K be- 


tween equivalent annual: am- 


bient temperature T, and an- 
nual average ambient tempera- 


ture T, as a function of annual 


temperature 


Ke-FOR 8 C RULE (mon7HLy) 
K'g-FOR 8 C RULEMDaity) 


DIVERGENCE (K)-DEGREES CENTIGRADE 


0 54 10 15 20 25 


35 40 é ‘ 


ANNUAL RANGE OF MONTHLY MEAN TEMPERATURE (R/-DEGREES CENTIGRADE 


grees centigrade to the range over the 
year of monthly mean temperatures. 
The curve K’s is the Ks curve moved up 
ten degrees centigrade so that divergence 
K’s between equivalent annual ambient 
temperature and average annual ambient 
temperature may be’ read directly as a 
function of annual range R. 

This adjustment of ten degrees centi- 
grade is no exact value taken from clima- 
tological summaries. Reference to Fig- 
ure 4, in which the data for the Chicago 

five-year summary are given in curve 
form, will show the daily mean tempera- 
ture curve to be very close to the hourly 
temperature curve. This is because the 
recorded daily mean is usually higher 
than the weighted mean, especially in the 
summer. The difference between the 
curve of daily mean temperatures and 
that of monthly mean temperatures is a 
matter of only a few degrees except at the 
end points. Any adjustment must take 
care of both the average difference of a 


few degrees and this end-point difference. 
The ten-degree-centigrade adjustment 
was used because it closely approximates 
calculated data, and because it gives a 
curve that is easily and conveniently used 
with the readily available monthly mean 
data. Thus, if 


1. July average temperature=25 degrees 
centigrade 


2. January average temperature= —5 de- 
grees centigrade 


3. Annual average temperature=10 de- 
grees centigrade 


then annual range 


R 30 degrees centigrade 
K's= 6.5 degrees centigrade 
T, =16.5 degrees centigrade 


For six cities’ the equivalent ambient 
temperature had already been calculated 
by the direct method from summaries of 
hourly temperatures for the six-year 
period of 1932-37, inclusive. Similar cal- 
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All temperatures are in degrees centigrade. 
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range R of monthly mean- 


culations*were matlé for x hicago for the 
period of 1937-41; °4Htlusivé> “ThE re- 
sults were then ‘compared with the ap- 
proximate values ‘of equivalent tempera- 
turé'from Table IJ, column 8. A pre- 
liminary | check-up had shown a difference 
between normal annual mean. temperature 
and’ fhean temperatures’ {9¢".the period 
covered by the summaries. - ‘It was neces- 
sary to adjust the direct calculations for 
this difference. The results are-shown 
in Table III. It can be seen that the 
correlation between results’ by the two 
methods is within the accuracy of the 
problem as a whole. ‘ 
The methods described above foe ob- 
taining equivalent annual ambient for 
air-cooled transformers may be applied to 
water temperature for water-cooled trans- 
formers. This is especially applicable 
when the cooling water is obtained from a 
lake or river so that there is a considerable 
annual range in water temperature. For 
Lake Michigan water used in Chicago, 
the averages of the monthly maximum 
temperatures over a 15-year period were 
used to give the annual temperature cycle. 
The equivalent temperature obtained by 
using Figure 1 checked very closely with 
that obtained from use of Ks in Figure 3. 


Application to Transformer Loading 


For constant load over the year or for 
an annual load cycle that has its maxi- 
mum in summer, the maximum permis- 
sible load for normal life can be based on 
the equivalent annual temperature of the 
cooling medium obtained by the methods 
herein described. This is applicable both 
to water-cooled and to air-cooled trans- 
formers. The increase in loading for 
reduction in ambient temperature for 
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Figure 4. Outdoor ambient temperatures, 
Chicago, Ill. (From U. S. Weather Bureau 
data, 1937-41, inclusive) 
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Table lll. Equivalent Ambient Temperature— 
Comperison of Direct end Approximate 
Methods 


Equivalent Annual 
Temperature 


Direct Method Approxi- 


Annual mate 

Average Corrected Method 
Tempera- Calcu- to from 

City ture lated* Normal* Figure 3 
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Helena..,..... Pe sae DPE gens Rs Seco 11.7 
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All temperatures are in degrees centigrade. 


* Calculations are based on six- and five-year sum- 
maries. Correction is made for difference in mean 
temperature between summary period and normal. 


self-cooled transformers according to 
American Standard C-57 is one per cent 
for each degree that the temperature is 
below 30 degrees centigrade. For the 
temperature data given above, the equiva- 
lent annual ambient was 16.5 degrees 
centigrade, or 13.5 degrees below the 
standard ambient temperature. There- 
fore, the permissible constant load 
throughout the year would be 113.5 per 
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cent of rated load, with normal life ex- 
peéctaticy. However, if the average 
monthly temperature were used as the 
basis of increased loading, the July aver- 
age ambient temperature of 25 degrees 
centigrade would limit the permissible 
overload to 105 per cent. 

For other types of loading, the pro- 
cedures herein described would not be 
directly applicable without adaptation 
to each specific loading condition.? For 
example, for a constant load occurring 
only a few hours each day, it would be 
feasible to consider the mean ambient 
temperatures for those hours rather than 
for the entire day. When winter and 
summer loads are not the same, it would 
be feasible to calculate an annual aging 
curve based on a combined load and tem- 
perature cycle in order to fix the maxi- 
mum level of the annual load curve as a 
whole. 


Conclusion 


The approximate method herein de- 
scribed may be used to obtain equivalent 
annual temperature from readily avail- 
able climatological data. For loading 
on an annual basis the maximum per- 
missible load for normal life can be 
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based on the equivalent ambient tem- 
perature. 
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Interim Report on Application and 


Operation of Circuit Breakers and 


Switchgear 


AIEE COMMITTEE ON PROTECTIVE DEVICES 


Subcommittee on Circuit Breakers, Switches, and Fuses 


HE present war emergency makes it 
necessary that maximum use be made 
of existing equipment and that a mini- 
mum amount of critical materials be 
used for new equipment. The following 
guides have been prepared as an aid to 
those involved in the application and 
operation of circuit breakers and switch- 
gear. 
This report is intended to cover equip- 
ment of the following types: 


1. A-c power circuit breakers above 600 
volts, both indoor and outdoor. 


2. Air disconnecting switches. 


3. Switchgear assemblies. 


Basis of Design of Apparatus 


The name-plate rating of apparatus 
does not necessarily indicate the load 
which can be carried safely under all 
conditions. It specifies the load which 
may be carried without exceeding the 
specified temperature rise. However, 
it is the total temperature and the dura- 
tion of such temperature which deter- 
mine the life of apparatus. Obviously 
the total temperature depends not only 
on the loading but on the ambient tem- 
perature as well. 

The present standards for circuit 
breakers and switchgear provide that 
the temperature rise of the contacts shall 
not exceed 30 degrees centigrade at rated 
load and that the apparatus shall be suit- 
able for continuous operation at rated 
load, provided the ambient temperature 
does not exceed 40 degrees centigrade 
for apparatus with plain copper contacts 
or 55 degrees centigrade if the contacts 
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and other connections are silver or equiv- 
alent. This means that the total tem- 
peratures should not exceed 70 degrees 
centigrade for plain copper or 85 degrees 
centigrade for silver contacts. 

It should be noted that the tempera- 
ture rise of contacts may increase as a 
result of oxidation of the contact surface, 
and, therefore, the standards are based 
on sufficient maintenance to keep the 
temperature rise within specified limits, 


Effect of Ambient Temperature 


It is apparent that, if the ambient 
temperature is higher than these values, 
the loading must be less than the name- 
plate rating to avoid exceeding the per- 
missible total temperature. It is also 
apparent that if the ambient tempera- 
ture is lower than these values, the loading 
may be greater than the name-plate rat- 
ing. The loading should be reduced 
approximately two per cent for each 
degree that the ambient temperature is 
above these values, and in some cases it 
may be-increased as much as one per 
cent for each degree that the ambient 
temperature is below the values specified 
in the standards. 
tion between loading and ambient tem- 
perature for apparatus with silver con- 
tacts. These factors should not be used 
to increase the loading more than 30 
per cent without special consideration, 

The foregoing recommendations may 
be applied for average conditions, but 
they do not represent necessarily the 
maximum in all cases. This is due to the 
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Relation between loading and 
ambient temperature 
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See Figure 1 for rela- 


variations in thermal characteristics of 
different designs and sizes of switching 
equipment and variations in types of 
installation. Therefore, to determine the 
maximum carrying capacity of individual 
installations, studies or tests should be 
made to establish the proper relation 
between loading and ambient tempera- 
ture. This is particularly true in the case 
of heavy current installations. 


Artificial Cooling 


Artificial cooling may be used to in- 
crease the permissible loading in some 
installations. This may take the form 
of forced ventilation of the room in which 
the apparatus is located, or it may in- 
volve forced ventilation through the 
equipment itself. For oil-filled equip- 
ment there may be some possibility of 
artificial circulation of the oil to assist in 
the transfer of heat and thus increase 
the permissible loading. Extreme care 
must be used in any application of forced 
cooling to be sure that there are no parts 
of the equipment which do not benefit 
by the forced cooling and might reach 
excessive temperatures. It should be 
recognized that forced ventilation may 
tend to increase the danger of fire spread- 
ing to other parts of the installation. 


Emergency Loading 


Under emergency conditions the per- 
missible loading may be higher than under 
normal conditions, particularly if the 
duration is not too long and if the condi- 
tion does not recur frequently, It is im- 
practicable to assign specific values for 
all types of switchgear. The character- 
istics of the specific apparatus involved 
should be thoroughly investigated in 
connection with the determination of 
limitations of emergency loading. Also, 
the heating effect of external connections 
should be considered, Operation at 
higher temperatures may require addi- 
tional maintenance. 


Modification of Existing Equipment 


The permissible loading of existing 
circuit breakers and switching equipment 
may be increased in many cases, particu- 
larly the older types of equipment with 
plain copper contacts, by silver plating 
the contacts and connections. Means 
are available for silver plating with a 
special form of brush, In many cases 
this can be done without removing the 
parts or even disturbing the adjustment 
of circuit breakers and switches. If the 
loading is increased by resorting to such 
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treatment, care must be used to insure 
against excessive temperatures in other 
parts of the apparatus. Various papers®”"* 
indicate some of the possibilities along 
this line. 

The interrupting capacity of existing 
circuit breakers can be increased in many 
cases by the installation of new contact 
systems involving oil blast, deion grids, 
ruptors, and so forth, together with 
other parts as necessary, depending upon 
the type of breaker and its manufacturer. 

Current transformers should be care- 
fully considered to determine their actual 
carrying capacity. Many current trans- 
formers are capable of carrying more than 
their rated load continuously, and most 
of them can carry short-time emergency 
loads higher than their rating. ‘‘The 
Interim Report on Transformers’ gives 
useful information in this connection. 
Studies or tests should be made to deter- 
mine the maximum carrying capacity 
of individual installations. 

Fuses generally do not have excess 
current-carrying capacity corresponding 
to most other devices in that they are 
fundamentally a thermal overload pro- 
tective device and accordingly cannot be 
given overload ratings. In the applica- 
tion of fuses where selective operation is 
involved, consideration should be given 
to the effect of ambient temperature on 
the characteristics of the fuses. 


Simplification of New Installations 


In selecting equipment for new in- 
stallations every effort should be made to 
use the minimum amount of critical 
materials. Probably the greatest saving 
can be made by choosing a simple scheme 
of connections using the minimum a- 
mount of equipment consistent with the 
requirements. Duplication of busses and 
switching equipment may be avoided in 
many cases, at least for the duration of 
the present emergency. The margin 
between the rating of apparatus and 
the actual load may be less than might 
be considered satisfactory under normal 
conditions. : 

Where additions are to be made to 
existing installations of two-bus design, 
it may be feasible to connect the new 
circuits to only one of the busses, at 
least during the emergency. Equip- 
ment for such additions may even be 
obtained by removing some of the existing 
connections to one of the busses. 

The short-circuit current may be kept 
low in many cases by sectionalizing or 
other means to permit the use of smaller 
circuit breakers or existing circuit 
breakers which might not be satisfactory 
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under normal conditions after the emer- 
gency is over. 

A large circuit breaker of adequate in- 
terrupting capacity may be used in some 
cases as a backup for a group of smaller 
circuit breakers, with the protective relay 
system designed to permit automatic 
operation of the individual small breakers 
on faults within their interrupting capac- 
ity but locking out and transferring the 
operation to the large circuit breaker on 
faults exceeding the interrupting capac- 
ity of the small circuit breakers. In 
such cases the momentary rating of the 
small circuit breakers should be carefully 
considered. 

In some cases it may be possible to 
open one or more of the supply circuits 
in order to reduce the interrupting duty 
to a value which the otherwise inadequate 
circuit breakers are capable of inter- 
rupting. 

In transformer substations with a single 
transformer bank it may be permissible 
to omit the circuit breaker on either the 
high-voltage or the low-voltage side. 

In laying out new switching structures 
the cross section of the busses may be 
reduced for part of their length by group- 
ing the heavier circuits close to each 
other and placing the lighter circuits to- 
ward the ends of the bus in some cases. 

It may be possible in other cases to 
locate the main incoming circuit near the 
center of the bus to permit tapering the 
bus toward the ends. 

In outdoor structures it may be possible 
to use galvanized-iron pipe for conductors 
instead of copper tubing or to substitute 
other forms of steel for copper conductors 
in many cases. 

In the cases of busses designed to carry 
heavy current, appreciable amounts of 


material may be saved by proper consid- 


eration of the configuration of the ma- 
terial used. When flat bars are used, the 
heat dissipating qualities will be con- 
siderably improved if the bars are placed 
on edge rather than flat’ in order to im- 
prove the ventilation. When multiple 
flat bars are used, consideration should 
be given to the proper spacing to im- 
prove the division of current between the 
individual bars. In some cases tubular 
or hollow square sections or assemblies 
built up of two angles to form a square 
provide efficient use of the materials. 
In some cases the carrying capacity of 
bus bars may be increased approximately 
10 per cent by painting the-bars with a 
dull black paint which is more favorable 
to the emission of heat than a bright 
surface. Various papers and publica- 
tions!*34 cover the design of busses 
for heavy current. 
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Tinning or silver plating all contacts 
will permit satisfactory: operation at 
higher temperatures than would be the 
case with plain copper contacts. | 

Where multiple cables are employed 
in high-capacity circuits, careful atten- 
tion should be given to the physical ar- 
rangement in order to divide the current 
evenly between the various cables. It 
should be noted that the configuration 
of multiple cables in a flat spacing may 
result in the outer cables carrying more 
than their share and the inner ones carry- 
ing less than their share of the total cur- 
rent. In some cases this condition can be 
greatly improved by the installation of 
small “doughnut type” reactors around 
the cables which tend to carry the most 
current. 

Wood structures may be used instead 
of steel. These may be permanent struc- 
tures in some cases and even greater 
savings may sometimes be made by using 
temporary wood structures with a bare 
minimum of equipment which might not 
be considered satisfactory for normal 
conditions after the present emergency 
is over. Obviously simple temporary 
structures should be used where there is a 
reasonable possibility that the use may be 
limited to the duration of the emergency. 

In the interior wiring of new plants 
the more general use of higher distribu- 
tion voltages may result in appreciable 
savings of critical materials. Considera- 
tion should be given to using 600 volts 
instead of 480, and 480 volts instead of 
240. 

Reactive current is a very impor- 
tant consideration. both in  indus- 
trial plants and in utility systems. Ap- 
preciable savings may be made in many 
cases if the reactive current is supplied 
at the load rather than from the utility 
system. Supplying the reactive current 
at the load results in less voltage drop, 
less energy loss, and releases system capac- 
ity which may be needed: to carry other 
useful load. In many cases. the reactive 
current can be supplied at the load by 
using synchronous motors, synchronous 
condensers, or capacitors. 

Capacitors may be used to make: ap- 
preciable savings of critical materials, 
particularly if they are scattered and con- 
nected as near as possible to the various 
loads. In fact, capacitors . connected 
directly to the leads of each motor should 
be considered, at least for all but the 
very small motors. Considerable savings 
may often be made in the plant wiring 
inthisway. It may be desirable or neces- 
sary in some cases to make provision 
for disconnecting the capacitors during 
light load periods. 
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Synopsis: This paper describes certain de- 
sign ideas applied to potential transformers 
to accomplish substantial reductions in 
volume and weight, with improved reli- 
ability and with better accuracy than the 
best requirements of the American Stand- 
ards. The size of these units is such that 
they appear mostly as bushings. 

Perhaps the most striking feature of con- 
struction is the arrangement and the insula- 
tion of the high-voltage winding. Liquid- 
impregnated porous paper has been substi- 
tuted for the combination liquid and solid 
used in the conventional designs. Another 
notable improvement incorporated in these 
transformers is the elimination of all gas- 
kets. The amount of liquid insulation re- 
quired is extremely small, and therefore 
premium insulating liquids (such as the 
Askarels) can be used without much addi- 
tional expense. 


1‘ the past, the design of liquid-filled 
potential transformers, perhaps, with 
the exception of the cascade connected 
units! has followed very closely that of 
power transformers. Thus, until very 
recently, a 69-kv potential transformer 
was designed and built essentially accord- 
ing to the same principles and practices 
as followed in the design of a 69-kv small 
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distribution transformer, with the result 
that the units were bulky, and their size 
and weight were out of proportion with 
their operating duties. A comparison of 
the new with the old is given in Table I 
in which it will be seen that the new units 
are a little over 40 per cent of the weight 
of the older ones. 


Principles of Design 


HIGH-VOLTAGE WINDING 


The high-voltage winding of the new 
potential transformers is the concentric 
layer-wound type, shown in Figure 1 for 
a transformer for connection between line 
and ground. 

This type of construction consists of a 
plurality of layers of winding and shields 
so disposed as to give uniform voltage 
distribution. The innermost layer ad- 
jacent to the low-voltage winding starts 
from the neutral and the successive layers 
are connected in series progressively, the 
outermost layer being connected to the 
line. This winding is placed between two 
cylindrical shields; one is connected to the 
innermost layer and eventually to ground, 
while the other shield surrounds the last 
(outermost) layer and is connected to the 
line. 

With this arrangement properly pro- 
portioned, the relative position of each 
part of the winding in the electrostatic 
field between the two shields will not de- 
viate greatly from its actual low-frequency 


i 


Conclusions and Cautions 


From the foregoing it is apparent that 
the loading on existing equipment may 
be increased in many cases and that new 
equipment may be selected with a view 
to using a minimum of critical material 
during the present war emergency. 
Other suggestions and more details may 
be found in the papers and publications 
listed at the end of this report. 

It must be recognized that the loading 
on equipment should not be increased 
without a thorough study of the limita- 
tions of the apparatus involved and of 
associated equipment such as cables, 
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terminals, current transformers, soldered 
connections, and so forth. It must also 
be recognized that increasing the loading 
on equipment is almost certain to require 
more maintenance and may shorten the 
life of some apparatus, but it is un- 
doubtedly true that appreciable savings 
of critical materials can be made without 
sacrificing life unduly and without re- 
quiring excessive maintenance. 
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position, Thus, when an impulse voltage 
is imposed on the line end, it will be sub 
stantially uniformly distributed through- 
out the winding, regardless of the steep- 
ness of the oscillation of the applied 
wave, It is obvious, therefore, that the 
insulation between the shields and the 
adjacent layer and between successive 
layers is only that required to withstand 
the voltage developed within the indi- 
vidual layers. 


SCHEME OF DESIGN FOR CASCADE 
CONNECTION 


One practical scheme of reducing the 
size and weight of those transformers 
which are normally used for operation be- 
tween» line and neutral of a_ solidly 
grounded system is by means of the so- 
called cascade connected units, In this 
design the insulation can be distributed 
to the best advantage. 

Figure 2 shows the multilayer type of 
winding construction as is ordinarily used 
in a cascade potential transformer. 

» The deciding factors between the single- 
stage and: cascade potential transformers 
are the economy and accuracy, 

In general, the accuracy of the cascade 
potential transformer is not as great as 
that of the single-stage type. For volt 
ages higher than 115 kv, it appears that 
the cascade type is somewhat more eco- 
nomical than the single-stage. F 
SCHEME OF DESIGN FOR ISOLATED 

OPERATION 


> 


Figures 3 and 4 show the multilayer 
type of construction which could be used 
for a fully insulated transformer for con- 
nection from line to line of an isolated 
system. 

In Figure 3 only one high-voltage coil 
section is used. This type of construc- 
tion may be applied only to relatively low 
voltages because of difficulty which is 
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Figure 1. Transformer for operation between 


line and grounded neutral 


encountered in bringing out the high- 
voltage terminal at the beginning of the 
high-voltage winding. 

For this reason, the scheme shown in 
Figure 4 is preferred. In this case, the 
high-voltage winding is divided in two 
equal sections which are connected to- 
gether at starting ends of the windings. 
Each section is of the concentric multi- 
layer type similar in all respects to the ar- 
rangement shown in Figure 3, except that 
the spacing between the inner shield and 
the low-voltage winding is, of course, de- 
signed to withstand a test voltage equiva- 
lent to the full line-to-line voltage. 


Novet Meruop or INSULATING THE 
HIGH-VOLTAGE WINDING 


The new method of insulating the high- 
voltage winding is shown, schematically, 
in Figure 6. To make the matter more 
clear, let us compare the new with the 
old, In potential transformers of the con- 
ventional type, the distance between the 
high-voltage and low-voltage winding of, 
say, a 188-kv line-to-line connected po- 
tential transformer has been essentially 
the same as the distance between the high- 
voltage and low-voltage windings of a 
power transformer of the same voltage 
rating. Furthermore, in a power trans- 
former this insulating distance in general 
consists of one or more liquid ducts inter- 
leaved with solid insulating barriers. This 
same type of insulation (liquid ducts plus 
solid barriers) is used between the high 
voltage and the core, In a power trans- 
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former the liquid ducts have a useful 
function, the cooling of windings. Such 
duty is not required in a measuring trans- 
former, because the losses, under ordinary 
conditions, are negligibly small. A simple 
calculation of J?R loss in the high-voltage, 
or primary, winding of a 138-kv potential 
transformer may be of interest to those 
not familiar with the problem. Let us 
assume that the resistance of such winding 
is 10,000 ohms. The copper loss at 500 
volt-amperes (which is the normal rating 
of a potential transformer) is then 


| Output woeampet? [R=0.1 Ria 
Primary winding volts 

which is a very negligible quantity. It is 
apparent then that the cooling of the high- 
voltage winding is of secondary impor- 
tance, and it is, therefore, not necessary 
to have any liquid ducts. It is well recog- 
nized that, in an insulating structure com- 
prising oil operating in series with solid 
insulation, the dielectric stress is inversely 
proportional to their dielectric constants, 
and ordinarily the solid insulation is not 
effectively utilized. 

In the new design, the complete insu- 
lating structure consists of solid insulation 
which is impregnated with an insulating 
liquid. This combination may be con- 
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Figure 2. Transformer for operation between 
line and grounded neutral (cascade type) 
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Transformer for operation between 
lines 


Figure 3. 


sidered a uniform insulating mass having a 
dielectric constant intermediate between 
that of the liquid and solid insulation, and 
its dielectric strength approaches the im- 
pregnated paper of an oil-filled cable. 
Referring now to Figures 4 and 5, the 
insulation between layers is easily pro- 
vided for. This may consist of several 
sheets of paper having folded edges with 
the layers located between the folds. 
Such a construction leads to a coil having 
a small radial thickness. The shield and 
successive layers give a very good distri- 
bution of voltage stress so that the insu- 
lation between layers is well proportioned 
to the stress. This type of construction 
would be very desirable if the dielectric 
stresses at the ends were not distributed 
between the liquid and solid insulation. 
As has been discussed previously, this 
condition gives rise to inefficient use of 
insulation. 
Referring to Figure 5, one method of 
insulating the ends of the layer of the coil 
would be by the use of very wide folds in 
the layer insulation and by the use of 
stepped pressboard barriers as shown. 


Such an arrangement, however, is not very: 


ve 


rE | 


efficient since the path A from the shield 


to ground is, in effect, outside the uniform 
voltage distribution dictated by the high- 
voltage winding and therefore to, avoid 
creepage failures must be made unneces- 
sarily long. — ; 

The good advantages of the cylindrical 
layer-wound coil, therefore, would be lost 
unless some more efficient method is found 
to insulate the ends of the winding. The 


ELECTRICAL ENGINEERING 


Cov. LEADS 


SHIELD 4 
CORE 
c ~ 4 


scheme shown in Figure 6 seems to offer 
a good solution to this problem. In this 
method, the layer insulation consists of 
paper with folded edges and additional 
layers of paper. The width of the latter 
is much longer than the width of the wind- 
ing layer. After the coil is wound, the 
extensions of the paper are folded over the 
shield as shown in the illustration. It will 
be noted that such a method of insulation 
not only solves the problem of insulating 
the ends of the coil, but automatically 
provides the necessary solid insulation 
between the line shield and the core 
(ground) (path B of Figure 5). 


H.V. LEADS Figure 4. Trans- 
formet for operation 


between lines 
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In using the method of insulating shown 
in- Figure 6, the coil design is so arranged 
that the insulation at the ends of the wind- 
ing cuts the electrostatic line of force at 
right angles and at approximately equi- 
potential steps, thereby realizing all the 
benefits of cascading the voltage. The 
application of this type of insulation to 
transformers with both bushings isolated 
is shown in Figure 7. The high-voltage 
coil is divided in two sections A and B. 
Each coil is insulated in the same manner 
as illustrated in Figure 6; pressboard bar- 
riers are placed between the two sections, 
and the entire coil assembly is covered 
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Figure 5. Method 
of insulating the 
high-voltage wind- 
ing (for grounded 
neutral transformer) 
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with layers of paper, Thus, oil ducts of 
previous designs are completely replaced 
by solid insulating material, and, in a 
manner similar to the current trans- 
formers described in another paper,” the 
entire electrostatic field contains liquid- 
impregnated porous paper of uniform 
permittivity. 

Such a method of insulation with closely 
wound and insulated coils has, of course, 
required the development of a new treat- 
ment and impregnating process. 

By carefully controlled materials and 
methods, a very flat power-factor tem- 
pérature curve is obtained, and any 
danger of thermal instability is eliminated. 


IMPULSE CHARACTERISTICS OF THE 
HIGH-VOLTAGE Com, SHOWN IN 
FIGURE 7 


Experimental data and_ theoretical 
study (see Appendix) have shown that 
when this type of high-voltage winding is 
subjected to impulse»: voltages with 
vertical front waves under the worst con- 
ditions, approximately 75 per cent of the 
total voltage appears across one section. 
Contrary to the behavior of the winding of 
conventional design, this voltage is ap- 
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Figure 6. Improved method of insulating the 
high-voltage winding (for grounded neutral 
transformer) 


proximately uniformly distributed among 
successive winding layers, and therefore 
at no point within the high-voltage wind- 
ing is it necessary to provide insulation 
to withstand more than the proper share 
of the voltage appearing across half the 
winding. 


MAGNETIC CIRCUIT 


Some of the benefits of such an effi- 
cient coil construction would be lost with- 
out a companion magnetic circuit of 
equal efficiency. The wound-core type of 
construction,’ so successfully used in dis- 
tribution transformers, has been adopted 
in the new type of potential transformers. 
The magnetic circuit is formed from mag- 
netic strip material, spirally wound flat- 
wise. The core closely embraces the 
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Figure 7. Improved method of insulating the 
high-voltage winding (transformer for operation 
between lines) 


high- and low-voltage coils so that the 
coil structure substantially fills the win- 
dow of the core, providing a high space 
factor which reduces its volume and 
weight. 


BUSHING DESIGN 


In the conventional type of high-volt- 
age potential transformers (Figure 8a) 
which are provided with liquid-filled 
bushings, there is not connection between 
the liquid in the terminals and that in the 
tank. To provide for the expansion of 
the main liquid, it is necessary to leave 
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an air space under the cover. This air 
chamber is responsible for the long ground 
sleeve of the bushings since the ends of 
these sleeves must always be under oil. 
Such transformers are necessarily tall and 
bulky. 

If the joint between the tank and the 
cover is made liquid tight, it is possible to 
suppress the lower portion of the bushings. 
Evidently, the expansion chamber of 
Figure 8a, in the latter case, may be 
transferred to the top of the bushings. 
The size of the latter expansion chamber, 
of course, would be too large if applied to 
a transformer of the conventional type 
containing a large amount of liquid. In 
the new transformers, the amount of 
liquid is only a small fraction of that used 
in the conventional design, and therefore 
it has been found practical to enlarge the 
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Figure 8. Compari- 
son between old and 
newly developed 
potential trans- 
formers 
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Figure 9. Cross section of the new potential 


transformer 

(a). High - voltage (n). Lifting hole 
clamp-type terminal (0). High-voltage 
(b). Name plate coil 
(c). Seal (p). Low - voltage 
(d). Porcelain bush- coil 

ing (q). Core 
(e). High - voltage (r). Tank 

lead (s). Core clamp 
(A). Liquid level (t.) Low - voltage 
(g). Insulating tube terminals 
(h). Cushion (u). Ground _ ter- 
(i). Mechanical minal 

clamping ring Low - voltage 


(j). Insulating collar 
(k). Seal 
(1). Insulating shield 


(v). 


outlet; remove pipe 
for one-inch 
conduit 


plug 


(m). Welded joint 


top of the porcelain and to use it for the 
expansion of the liquid. Such a construc- 
tion is illustrated in Figure 9. In the new 
design the terminals are made an integral 
part of the high-voltage coils and are ex- 
tended inside the porcelain shells. 


GASKETLESS CONSTRUCTION 


Another notable improvement incor- 
porated in the new design potential trans- 
formers is the elimination of all gaskets. 
The cover and the tank are welded to- 
gether, and the high-voltage porcelain 
bushings are sealed to the cover. Simi- 
larly, the low-voltage glass bushings‘ 
shown in Figure 10 are welded to the 
rank. The cross section of one of the high- 
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voltage bushings is shown in Figure 9. It 
should be noted that the functions of the 
mechanical clamping and the sealing of 
the bushing are independent from each 
other, thus relieving the seal of any 
mechanical stresses. 


Usp oF NONINFLAMMABLE LIQUIDS 


In view of the fact that the amount of 
insulating liquid required in this design is 
about one sixth to one eighth of the old 
(see Table I), these units can be insulated 
with noninflammable premium insulating 
liquids with very little extra expense. 
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Figure 10. Vie 
» Bushing 


Figure 11. Equiva- 
lent circuit of trans- 
former shown in Fig- 
ure 4 subjected to 
impulse voltages 


MaxXIMUM RATINGS OF THE NEW 
TRANSFORMERS 


The temperature rise of the new trans- 
formers is negligible when the units are 
operated at their normal rating of 500 
volt-amperes secondary burden. The 
maximum rating, on the basis of 55 de- 
grees centigrade with 30 degrees centi- 
grade ambient is given in Table II. 


Conclusion 


Recent progress in potential trans- 
former design has been primarily due to 
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of low-voltage glass 


the development of a novel method of 
constructing and insulating the high- 
voltage winding. This novel winding also 
can be used advantageously with the 
wound-core construction and can be her- 
metically sealed without gaskets. 

The new transformers are compact and 
light with accuracy equal to that of pre- 
vious design. “The compactness. ofthese 
transformers: permits the use of premium 
non-inflammable ‘insulating liquids at 
little extra cost. The new transformers 
require little or no inspection and can be 
mounted in the bus structure near the 
high-voltage lines. 


Appendix 


The equivalent circuit of the coils shown 
in Figure 4, under Impulse Voltages, may be 
represented as shown in Figure lla. There 
are two conditions to be examined: 

(a). Impulse wave reaching one line while the other 
end is grounded. 
(bo). Impulse wave reaching simultaneously from 


both lines. 


1. Impulse incoming from one line with 
the other end grounded. Referring to Fig- 
ure 11b we have: 


(31 ah C2+ Cs 
€2 Ci 
e Ci+C; 
: ENG 3 =fraction of the total 
ater 2C,4C; 
voltage appearing across C; (1) 


If we assume (as is usually the case) that 
C3;=2C, then from equation 1 p1=0.75 


2. Impulse incoming simultaneously from 


both lines. Referring to Figure lle we 

have: ' 

C C. » C; 

Tale Bien 8 ces ey £5) (2) 
C3 ey 20,+C; erter 


If we assume C,=2C), then p1=0.5 
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A New Control System for Automatic 


Parallel Operation of Load-Ratio-Control 


Transformers 


S. MINNECI 


ASSOCIATE AIEE 


Synopsis: The successful parallel operation 
of transformers equipped with automatic 
load-ratio control and line-drop compensa- 
tion requires that stability of operation be 
insured. In addition, experience has shown 
that it is frequently highly desirable that 
other automatic features be included which 
will contribute toward operating flexibility, 
and which will permit switching trans- 
formers in and out of parallel operation 
without disturbing the voltage level at the 
load center or causing an excessive initial 
circulating current at the instant of parallel- 
ing. 

This paper discusses the conditions which 
make these added features desirable, and 
presents a new control system whereby they 
all may readily be secured. In this new 
system, load current and circulating current 
are made to flow in separate paths in the 
control circuit, and each produce their ef- 
fects independently, thereby insuring stable 
operation and maintaining the desired load- 
center voltage level. This separation of the 
load and circulating current, in conjunction 
with a modification in the closing circuit of 
the paralleling circuit breaker, also makes 
possible the avoidance of excessive initial 
circulating current when the breaker is 
closed. The simplicity and effectiveness of 
this arrangement in providing a fully auto- 
matic means for meeting all the anticipated 
operating requirements recommends its use 
in many applications. 


HE economic trend in distribution- 

system arrangement toward locating 
individual substations at or near the cen- 
ter of each load area, plus increased atten- 
tion to improved voltage regulation re- 
sults in a growing number of relatively 
small substations..2% These are fre- 
quently from 1,000 to 5,000 kva in size 
and are provided with means for auto- 
matically regulating the bus voltage. 
They are increasingly of the unit-sub- 
station type, in which the functions of 
three-phase voltage transformation, au- 
tomatic voltage regulation, switching, 
metering, and protection are included in 
a co-ordinated and factory-assembled 
unit.4°® In such substations the volt- 
age regulation is normally provided by 
transformers having built-in load-ratio- 
control mechanisms, capable of changing 
taps under load, and equipped with line- 
drop compensators for maintaining the 
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desired voltage at the load center. Their 
load-ratio-control equipments are fre- 
quently called upon to operate in parallel 
with one another and with those of other 
substations having similar voltage-regu- 
lating equipment. 

Parallel operation may be required 
where the load-ratio-control transformers 
are located some distance apart, and are 
joined together by interconnecting cir- 
cuits of sufficient length to introduce a 
substantial amount of impedance between 
them; or they may be located immedi- 
ately adjacent to one another and con- 
nected by circuits of very short length 
and low impedance. The former condi- 
tion is typical of utility network distribu- 
tion systems. The problems involved in 
securing successful parallel operation of 
the automatic voltage-regulating equip- 
ments in such network systems are well 
understood, and adequate means are 
available for solving them.’ 

A generally applicable and fully auto- 
matic control scheme for providing all of 
the features that are desirable in arrange- 
ments of the second type—wherein the 
units are physically and_ electrically 
close together—has, however, not here- 
tofore been available. Typical of this 
class of application are those cases where 
rapidly growing local loads have necessi- 
tated the paralleling of load-ratio-con- 
trol transformers in the same substation, 
or where two or more unit substations 
are installed side by side and intercon- 
nected by circuits of only a few feet in 
length. A similar condition exists in the 
case of all double-ended unit substations, 
in which two load-ratio-control trans- 
formers are made integral with a common 
switchgear section, and thereby connect 
directly to the same load bus. 

The new control system presented here 
is particularly adapted to applications of 
this type, but the advantages which it 
offers may also be realized where the sub- 
stations or load-ratio-control transform- 
ers are some distance apart, provided only 
that the distance is not beyond the feas- 
ible length of interconnecting control cir- 
cuits. It permits the paralleling of any 
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full freedom for independent, nonparallel’ 
operation when required. 


Operating Requirements 


When two or more automatic load- 


ratio-control transformers with line-drop | 


compensation are operated in parallel, the 
primary requirement of their automatic- 
control equipment is that it insure sta- 
bility of operation.’ Stability can be 
achieved automatically either by electri- 
cal or mechanical interconnections which 
cause all of the load-ratio-control mecha- 
nisms to remain in step with one an- 
other under the control of a single set of 
automatic equipment, or by a control 
arrangement in which any circulating 
current that does arise is made to react 
on the automatic-control equipment in 
each unit in such a way as to be self-re- 
ducing.’ This latter method is usually to 
be preferred inasmuch as it offers greater 
operating flexibility and also corrects 
automatically for circulating current 
that might be caused by differences in 
the supply voltage to the various trans- 
formers. 

In addition to the basic requirement of 
stability, experience has shown that it is 
usually very desirable to incorporate 
other features in the automatic control 
equipment, if complete and successful 
automatic performance is to be expected 
under all normally encountered operating 
conditions, particularly where the sub- 
stations are unattended. 


MAINTENANCE OF CORRECT LOAD-CEN- 
TER VOLTAGE AS NUMBER OF TRANS- 
FORMERS IN SERVICE IS VARIED 


It is the function of the line-drop com- 
pensators to indicate to the automatic 
regulating equipments the amount by 
which the bus voltage must be altered in 
order to maintain the load-center voltage 
at the desired level. This requires that 
the compensators receive a-true indica- 
tion of the magnitude of the load current. 
When the number of paralleled trans- 
formers is varied, as for example by re- 
moving one or more from service during 
periods of light load, special provision is 
necessary if the correct load-center volt- 
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age level is to be preserved without re- 
quiring the attention of an operator. 
The need for such provision may be illus- 
trated by the case of two load-ratio-con- 
trol transformers operating in parallel and 
sharing a common remote load, as illus- 
trated by the single-line diagram of 
Kigure 1. With their line-drop compen- 
sators set to hold the desired load-center 
voltage, assume that one of the trans- 
formers is removed from service. The 
load current which was passing through 
it is thereby diverted through the other. 
This additional current reacts on the 
line-drop compensator and automatic- 
control devices of the transformer re- 
maining in service to raise the bus volt- 
age to a higher level than was being held 
while both units were in service. In 
other words, the removal of one trans- 
former from service has the same effect 
on the line-drop compensator and auto- 
matic-control equipment of the other, as 
if the load had increased, and the bus 
voltage is raised accordingly. Since the 
actual line drop between the bus and the 
load center has not increased, however, 
the load-center voltage is raised above its 
normal level. 


It will be apparent that this effect is 
most pronounced when only two units 
are operated in parallel. As the number 
of paralleled units is increased, the re- 
moval of any one from service produces 
proportionately less increase in current 
through the remaining units. However, 
the removal from service of any substan- 
tial portion of the total number of units 
will cause an appreciable rise in the volt- 
age level; in any case, corrective meas- 
ures are desirable. 


AVOIDANCE OF EXCESSIVE INITIAL CrR- 
CULATING CURRENT AT THE INSTANT 
OF PARALLELING 


Unless means are included for bringing 
the load-ratio-control mechanism of an 
idle transformer to a position approxi- 
mating the existing bus voltage level, 
there may be an excessive initial circu- 
lating current when the paralleling cir- 
cuit breaker is closed. The magnitude 
of the initial circulating current is a func- 
tion of the impedance in the loop circuit 
comprising the load-ratio-control trans- 
formers and the interconnecting circuits 
on both the high-voltage and low-voltage 
sides, and also of the voltage introduced 
in the loop by the difference in position 
of the voltage-regulating mechanisms. 
In the usual case, the predominant im- 
pedance is that of the transformers them- 
selves. The high-voltage and the low- 
voltage interconnections usually add 
little impedance, particularly in the case 
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of double-ended unit substations, where 
the transformers connect directly to a 
common load bus, or in the case of single- 
transformer unit substations joined in 
parallel through short interconnecting 
circuits. The units are sometimes con- 
nected to a common high-voltage circuit, 
although if each is supplied over a sepa- 
rate circuit, the total loop impedance is 
usually not increased materially, as the 
impedance of the high-voltage lines when 
reduced to a per-unit basis, is generally 
relatively small. 

The maximum circulating current, of 
course, occurs when a unit whose voltage- 
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Figure 1. One-line diagram of three-phase 
load-ratio-control transformers connected in 
parallel 


Automatic-control equipment energized from 
one phase of each transformer circuit 


regulating mechanism is at one extreme 
end of its range is paralleled with others 
whose mechanisms are at the opposite 
end. It is evident from this that the 
possibility of trouble arising from initial 
circulating current becomes greater as the 
range of the voltage-regulating equipment 
is increased. As an indication of the 
order |of magnitude of the circulating 
current, consider as a typical case the 
two transformers illustrated in Figure 1. 
If each has a 20 per cent range of load- 
ratio control, they can introduce a maxi- 
mum voltage of 20 per cent in the loop 
circuit when one is at the full raise posi- 
tion and the other at the full lower posi- 
tion. Then, assuming that each has an 
impedance of six per cent, and that the 
impedance of the interconnecting circuits 
is negligible, the maximum circulating 
current is 20/12, or 1.67 times normal 
full load current of one unit. This circu- 
lating current is essentially a zero power- 
factor current, and adds to the load cur- 
rent at an angle approaching 90 de- 


grees. 
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While excessive initial circulating cur- 
rent can be avoided if the voltage-regu- 
lating mechanisms are brought to the 
same voltage position manually, experi- 
ence has shown that system operators 
are usually unwilling to accept this ar- 
rangement; and where remote operation 
or supervisory control over the parallel- 
ing circuit breaker is involved, the means 
for avoiding excessive initial circulating 
current must be fully automatic almost 
invariably. 

In the new control system recently de- 
veloped and described in this paper, 
great flexibility in operation is obtained 
by incorporating features that will: 


(a). Insure stable operation during parallel 
operation. 


(6). Maintain the correct load-center volt- 
age as the number of transformers in service 
is varied. 

(c). Avoid excessive initial circulating cur- 
rent at the instant of paralleling. 


(d). Permit independent, nonparallel opera- 
tion when desired. 


The various voltages and currents re- 
ferred to, unless otherwise specified, 
are those which appear in the secondary 
windings of potential and current trans- 
formers and which are measures of the 
true values in the power circuit. 


The Control Equipment 


Each automatic load-ratio-control 
transformer. possesses and is controlled 
by its own complete set of control de- 
vices, including a contact-making volt- 
meter, line-drop compensator, potential 
transformer, and current transformer, 
permitting it, therefore, to operate as an 
individual unit. 

For the purpose of reducing circulating 
current during parallel operation, each 
unit is provided with a circulating cur- 
rent compensator and an auxiliary cur- 
rent transformer. In addition, in order 
to maintain the correct load-center volt- 
age level as the number of units operating 
in parallel is varied, and to permit the 
avoidance of an excessive initial circulat- 
ing current, a second auxiliary current 
transformer is provided with each unit. 
Since these two auxiliary current trans- 
formers and the circulating current com- 
pensator operate in the secondary circuit 
of the main current transformer, they 
are physically so small that they may be 
mounted usually on the control panel. 
Only five external control wires are re- 
quired for the interconnections between 
the units, regardless of the number of 
load-ratio-control transformers that are 
to operate in parallel. 
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Control arrangement suitable only 
for individual operation 


Figure 2. 


PRINCIPLE OF OPERATION 


The connections of the control circuits 
between the several paralleled units, in 
conjunction with the appropriate con- 
nections of the circulating-current com- 
pensators and, auxiliary current trans- 
formers i in each unit are such that: 


(a). Circulating current between trans- 
formers does not result in corresponding cur- 
rent in the line- drop compensators, This 
prevents the line-drop compensation from 
being influenced by circulating current. The 
line-drop compensators, therefore, respond 
only to load current. 


(b). The load current in each line-drop 
compensator is always proportional to its 
transformer’s share of the total load current, 
regardless of whether or not that particular 
transformer is in service. To accomplish 
this, the line-drop’ compensators on all 
units—whether in service or idle—are kept 
energized, and equal amounts of the load 
current flow through all of the compensators 
at all times. 


In the case of transformers of unlike 
kilovolt-ampere ratings operating in par- 
allel, the currents in the line-drop com- 
pensators will be equalized when the load 
current is divided among the transform- 
ers in proportion to their kilovolt-ampere 
ratings. 


FUNCTIONS OF THE CIRCULATING-CUR- 
RENT COMPENSATOR AND AUXILIARY 
CURRENT TRANSFORMERS 


One auxiliary current transformer func- 
tions to separate the load current from the 
circulating current. The circulating cur- 
rent thus segregated is, by appropriate 
connections, forced through the circulat- 
ing-current compensators of all units in 
service. A reactive voltage proportional 
to the circulating current is thereby in- 
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serted in the contact-making voltmeter 
circuit. The circulating-current com- 
pensator, sometimes referred to as a 
“paralleling reactor”’ is an iron-core reac- 
tor with two windings. One winding car- 
ries the circulating current, and the other 
is connected in series with the contact- 
making voltmeter. It is provided with 
taps for adjusting the magnitude of the 
voltage introduced in the voltmeter cir- 
cuit for a given amount of circulating 
current. 

The second auxiliary current trans- 
former: forces an equal dtvision of load 
current through the: lme-drop compensa- 
tors of all the units, regardless of whether 
they are in service or idle. 


vs 


Operation of the Control Circuit 4 


To facilitate an understanding of the 
manner of operation of the control sys- 
tem in which the foregoing features are 
incorporated, the relatively simple con- 
trol arrangement for automatic operation 
of individual units is first considered. 
Figure 2 is a one-line diagrain representing 
several three-phase load-ratio-control 
transformers, each with its own set of 
control equipment. The control circuits 
are separated from one another, and will 
be recognized as the arrangement nor- 
mally used for independent, nonparallel 
operation, wherein each contact-making 
voltmeter and line-drop compensator is 
energized by its own potential and cur- 
rent transformer. With this arrange- 
ment, however, only one unit at a time 
may be connected to the load bus because, 
if one or more units are added in parallel 
the presence of any circulating current 
in the line-drop compensators will cause a 
further increase in the voltage delivered 
to the bus by the transformer whose volt- 
age is already high, and a decrease in the 
voltage of the transformer whose voltage 
is already low. This results in unstable 
operation, with one unit going to the 
maximum raise position and the other 
going to the maximum lower position, 
thereby increasing the circulating current. 


CIRCULATING-CURRENT COMPENSATION 


The circulating current, however, can 
for all practical purpose, be eliminated 
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Figure 3. Control arrangement in which load 
current and circulating current are segregated 


The load current indicated by solid arrows 

flows through line-drop compensators R and 

X, while the circulating current indicated by 

broken arrows flows through circulating-cur- 
rent compensators CCX 
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by 


inserting in the control circuit of 


Figure 3 the auxiliary current transform- _ 


ers 1, whieh separate the load current 
from the circulating current, and the cir- 
culating-current compensator CCX. In 
this figure the three transformers are 
shown connected in paralle! to the load 
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Figure 4. Control arrangement showing the 
addition of euxiliary current transformers 5 
for effecting the proper division of load current 
among the line-drop compensators | “when 
transformers are removed from service 


bus. ‘Under Palanced conditions, load 
current flows in the main current trans: 
formers and line-drop compensators, as 
well as in the auxiliary current trans- 
formers 1 as indicated by the solid ar- 
tows. Since’ these auxiliary current 
transformers are connected in series with 
each other through control wires 2 and 3, 
equal amounts of load current flow 
through all the line-drop compensators, 
thereby introducing the proper amount 
of voltage compensation in the contact- 
making voltmeter circuits. 

Circulating current appearing in the 
secondary windings of the main current 
transformers, however, is prevented from 
flowing in the afore-mentioned loop by 
the polarity of the connections, but is 
forced to flow through the circulating- 
current compensators CCX and control 
circuits 3 and 4 as indicated by the 
broken arrows. It will be noted in Figure 
3 that the flow of circulating current in 
the power circuits is from transformer 
number 1 toward the load bus, returning 
through transformers numbers 2 and 3. 
Accordingly, the current in CCX for 
transformer number | is in the direction 
to lower its output voltage, while in the 
CCX elements of transformers numbers 
2 and 3 it is in the opposite direction and 
tends to raise the output voltage. The 
net effect is the reduction of the circulat- 
ing current. 

The vector relationship of the circu- 
lating-current compensation with respect 
to the voltage applied to the contact- 


a 


making voltmeter is shown in Figure 6 
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Auxiliary switches on the circuit break- 
ers are used to change the control con- 
nections automatically when any trans- 
former is removed from service. These are 
designated as a andsbun-Figure 3. When 
a transformer circuit breaker is opened, 
auxiliary switch a isolates the circulating- 
current compensator CCX, while switch 
b by-passes -the auxiliary current trans- 
former 1, thereby permitting the correct 
compensation for circulating current 
among the transformers remaining in 
parallel operation. 

If for any reason the controls are pre- 
vented from correcting for circulating 
current, an overcurrent lockout relay 
(not shown in Figure 3) sometimes is 
provided to stop operation of the load- 
ratio-control motor before the current 
reaches an unsafe value. The relay oper- 
ating coil is usually connected in series 
with the CCX element where it is re- 
sponsive to circulating current only, and 
is, therefore, free from the influence of 
load current. When the power circuit 
breakers are equipped with current di- 
rectional relays for other reasons, as is 
the normal practice in the case of unit 
substation, the lockout relay may be 
omitted. In these cases, the breaker is 
tripped automatically when the circu- 
lating current reaches the value corre- 
sponding to the relay setting..? The 
circulating current is thereby removed 
entirely rather than merely prevented 
from increasing further. 


EQUALIZATION OF CURRENT IN THE 


LinE-DrRop COMPENSATORS 


To permit varying the number of 
transformers in service without affecting 
the line-drop compensation, a previously 
mentioned second auxiliary current trans- 
former 5 is added to each equipment, as 


Minnect, Farnham—Load-Ratio-Control Transformers 


The manner in which 
this causes an etal division of load cur- 


shown in Figure 4. 


rent among all the line-drop compensa- 
tors will he apparent from the circuit of 
Figure 4, wherein transformer number 1 
is removed from service as indicated by 
the open position of its circuit breaker. 

If it be assumed that three units of 
current represents the total load current 
supplied to the load bus by transformers 
numbers 2 and 3, then each carries 1!/2 
units of current. It is apparent that if 
11/. units of current are allowed to flow 
through their line-drop compensators, 
these transformers will raise the bus volt- 
age to a higher level than was being 
held befcre the breaker of number 1 
transformer was opened, since previously 
only ane unit of current flowed. in each 
compensator. The presence of the aux- 
iliary current transformers 5 however, 
permits only one unit of current to flow 
in each of these line-drop compensators, 
while the excess half units are forced to 
flow in control wire 6, and their sum— 
oue. unit—flows. through the. line-drop 
compensator of the idle transformer 
number 1. The line-drop compensation 
of all the transformers, therefore, re- 
mains at exactly the same value at all 
times, thereby maintaining the correct 
bus ‘and load-center voltage levels re- 
gardless of the number of transformers in 
service. 

Although in the figures used for illus- 
tration, only three transformer units are 
shown, the complete symmetry of the 
arrangements makes it apparent that this 
scheme is applicable to any number. 
If there are N transformers, Y of which 
are operating in parallel, and if unit cur- 
rent flows in each when X = N, then the 
division of load current among the par- 
alleled transformers will be in proposition 
to N/X. Only unit current, however, is 
allowed by the auxiliary current trans- 
formers 5 to flow in each of their line- 
drop compensators, and the excess, 
which is equal to (V/X)—1 or (N—X)/X 
for each transformer, is diverted to the 
N—X idle transformers. This results 
in a total current proportional to 
[((N—X)/X](X) being divided among 
N—X idle transformers with the result 
that each idle transformer also has unit 
current in its line-drop compensator. 


Crrcuit-BREAKER CLOSING CIRCUIT 


To avoid an excessive initial circulating 
current at the instant of paralleling, ad- 
vantage is taken of the fact that the cor- 
rect share of load current is automatically 
maintained in the line-drop compensators 
of the idle as well as the active transform- 
ers. This makes possible the automatic 
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equalization of the output voltage with 
the existing bus voltage, so that when 
operating conditions require, any idle 
transformer may again be connected to 
the bus, with the assurance that its volt- 
age will be of the correct value to permit 
paralleling without causing a large initial 
circulating current. A slight phase dis- 
placement will exist between voltages 
as a result of the impedance drop in the 
loaded transformers, but in the usual 
case this should not be objectionable. 
Figure 5 is a partial elementary dia- 
gram showing the salient features of a 
circuit-breaker closing circuit which per- 
mits the automatic voltage equalization 


TIMING 
RELAY 


POWER SOURGE 


“bp” SWITCH 
ON C8 


~ GONTROL 


Figure 5. Partial elementary diegram of con- 
trol circwit for permitting equalization of 
voltages before closing the circuit breaker 


to take place before allowing the breaker 
to close. In this circuit; the only devices 
required in addition to those normally 
employed are a timing relay and an aux- 
iliary seal-in relay. The manner of op- 
eration may be seen readily by reference 
to Figure 5. When the control switch 
is turned to closed, or when the reclosing 
relay (if present) operates, the seal-in 
relay is picked up and sealed. Immedi- 
ately the load-ratio-control motor cir- 
cuit is energized and the timing relay is 
started. This relay has a time interval 
which is sufficient to permit the load- 
ratio-control mechanism to reach the 
position corresponding to the existing 
bus voltage. A true indication of the 
bus voltage, as has been shown, is given 
to the contact making voltmeter of the 
idle unit by the potential transformer 
connected to its own output circuit, and 
its line-drop compensator. At the ex- 
piration of the timing interval, the cir- 
cuit breaker closing mechanism is ener- 
gized, and the breaker closes. While it 
is probable that in most cases the idle 
load-ratio-control mechanism will have 
assumed the correct voltage position be- 
fore the interval elapses, there is the 
possibility that it may occasionally have 
to traverse its entire range before the 
correct position is reached, and the tim- 
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ing interval should be sufficient to allow 
this. 

After the circuit breaker is closed, the 
seal-in relay and timing relay are de- 
energized by means of an auxiliary switch. 
The load-ratio-control circuits, however, 
are kept energized through another aux- 
iliary switch so that further voltage 
changes can be made as required by sys- 
tem conditions. 

In the foregoing it is assumed that 
paralleling is accomplished by closing the 
circuit breaker between the load-ratio- 
control transformer and the load bus, as 
illustrated in Figures 1 through 4. If in 
the actual installation there is also a 


| 


TO CIRCUIT BREAKER 
CLOSING CIRCUIT 


TIMING RELAY 
(TIME DELAY CLOSE) 


"a" SWITCH 
oncs 


RELAY 


switch or circuit breaker between the 
transformer and the source, this must be 
closed first in order that the automatic 
voltage equalization may occur. 


INDIVIDUAL OPERATION 


Since each load-ratio-control trans- 
former is provided with a complete set 
of automatic-control equipment, any 
of the transformers shown in Figure 4 
may be operated independently. It is 
necessary only to open control wires 4 
and 6 and to by-pass the auxiliary cur- 
rent transformers 1 and 5, thereby reduc- 
ing the interconnected control arrange- 
ment of Figure 4 to the simple isolated 
arrangement of Figure 2. For this pur- 
pose a control switch (not shown) may be 
used, or if the change from parallel to 
individual operation is to be made only 
very infrequently, the necessary changes 
in the control-circuit connections may be 
made directly at the terminal boards of 
the control equipment. 


Summary 


This new control system provides a 
means whereby all of the features may be 
secured which appear desirable in appli- 
cations requiring the fully automatic 
parallel operation of load-ratio-control 
transformers. Its outstanding charac- 
teristics are these: 


1. Accurately regulated voltage is main- 
tained at the remote load center through 
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line-drop compensation which is responsive 
to load current only. 


2. Circulating current—regardless of its 
cause—is self-reducing, thereby insuring 
stable operation. 


3. Both the voltage level and the circulat- 
ing-current compensation are independently 
adjustable. 


4. Bus and load-center voltage levels are 
automatically maintained at the correct 
values when transformers are added to or 
removed from parallel operation. 


\ re Po 


' oe 


Figure 6. Vector diagram illustrating the cor- 


rective voltages impressed on the contect- 


making voltmeters as « result of circulating 


current 
O-T—Voltage at transformer load bus 


O-L—Voltage at remote load center and at 
each contact-making voltmeter for normal 
conditions. (No circulating current) 


1,—Load current, 100 per cent power factor 


le,—Circulating current through unit 1: lags 
O-T by an angle approaching 90 degrees 


lex—Circulating current through unit 2: leads 
O-T by an angle approaching 90 degrees 


O-P,—Voltage at contact-making voltmeter 
on unit 1 when circulating current exists 


O-P,—Voltage at contact-making voltmeter on 
unit 2 when circulating current exists 


R-X—Resistance and reactance voltage com- 
ponents in line-drop compensator 


T-L—Total line-drop compensation for normal 
conditions 


L-P,, L-P,—Voltage compensation resulting 
from circulating current 


T-P,—Total impedance drop in series with 
contact-making voltmeter on unit 1 


T-P,—Total impedance drop in series with 
contact-making voltmeter on unit 2 


5. In order to avoid the occurrence of a 
large initial circulating current, the output 
voltage of any idle transformer is auto- 
matically equalized with the existing bus 
voltage before permitting the closing of the 
paralleling circuit breaker. 


4 
a 


i 


6. Any number of load-ratio-control trans- | 


formers may be operated in parallel, and 
new transformers may be added without 
requiring modification of the control equip- 
ment on those already in service. 


7. Operating flexibility is inherent in this 
“unit”? arrangement which permits either 
parallel or individual operation. 
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. Appendix 
Circulating-Current Voltage 
Compensation 


The effect of circulating current on the 
voltage impressed on the contact-making 
voltmeters is shown in Figure 6 for the case 
of two load-ratio-control transformers oper- 
ating in parallel. The vector diagram is 
drawn for the case of unity power-factor 
load current, and shows the conditions which 
exist before the circulating current is re- 
duced. No attempt is made to indicate the 
precise magnitudes of the various compo- 
nents as the diagram is intended merely to 
illustrate their general relationship. 


Definition of Symbols 


PT—Potential transformer. 
CT—Current transformer. 
CB—Circuit breaker. 
R—Resistance component in line-drop 
compensator. 
X—Reactance component in line-drop 
compensator. 
V—Contact-making voltmeter. 
B—Ballast for contact-making volt- 
meter. 
CCX—Circulating-current compensator. 
a—Auxiliary switch on circuit breaker. 
*Closed when circuit breaker is 
closed. 
b—Auxiliary switch on circuit breaker 
Closed when circuit breaker is open. 
~—Contacts closed. 
==—Contacts open. 
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Train Communication 


L. O. GRONDAHL 


MEMBER AIEE 


HE communication system that is 

used in the operation of railroads has 
developed very rapidly in the last few 
years. The most recent addition is what 
is known as train communication, which 
is a system of communication for operat- 
ing purposes between railway vehicles and 
between such vehicles and fixed points. 
To illustrate, train communication equip- 
ment may be used for two-way telephone 
or code communication between the two 
ends of a train, between trains and sta- 
tions, between trains and towers, be- 
tween two parts of a train that are sepa- 
rated for work or otherwise, between two 
different trains whether they are on the 
same or on adjacent tracks, and between 
the conductor and locomotives in a re- 
ceiving or ina classification yard. Follow- 
ing are illustrations of the uses to which 
such equipment may be put: 

A. Communication Between Vehicles in 
the Same Train. This is most impor- 
tant in long freight trains in which it is 
very difficult to signal between members 
of the crew. There are many possible ap- 
plications: 


1. The conductor may call for an air-brake 
test before starting the train and may report 
to the engineer on the progress of the test, 
thus decreasing the amount of time required. 


2. The conductor can notify the engineman 
that everyone is on board. 


3. He can request the engineman to in- 
crease or decrease speed as desired or re- 
quired. 


4. The crews at the two ends of the train 
can compare train orders received while in 
motion. 


5. Information in regard to change in work 
to be done at work points can be exchanged. 


6. The conductor can give information 
enabling the engineman to spot the caboose 
at any \desired point, for instance when it is 
necessary to clear road crossings or switches. 


7. When in motion the conductor can re- 


port to the engineman dragging brakes, hot 
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boxes, or any other condition that makes it 
necessary to stop the train, and arrange for 
the best time and place to stop. 


8. The apparatus may be used to obtain 
the proper co-operation between the hauling 
and the pushing locomotives on a long train 
where two or more locomotives are co- 
operating. 


9, The locomotive crew can give informa- 
tion to the crew at the rear of the train 
concerning causes for delay and estimates 
of the duration of the delay. 


10. The conductor can give instructions to 
the engineman as to procedure under un- 
usual conditions of any kind without having 
to walk to the front end of the train. 


B. Communication Between Trains. 
When two trains are passing, the crew of 
one train may notice something that should 
be corrected on the other train, and with 
the communication system it is possible 
to report such conditions, for instance, 
as the existence of hot boxes or dragging 
brake rigging or shifting loads. 

C. Communication Between Train and 
Station or Between Train and Tower. 
Ability to communicate between trains 
and stations or towers is valuable first of 
all in that it enables the towerman to 
transmit messages to a train crew without 
stopping the train or reducing its speed. 
It is important also from the standpoint 
that it enables the train crew to report un- 
usual road conditions to the towermen. 

D. Communication in Hump Yards. 
In train classification the communica- 
tion system is a very great convenience in 
that it enables the conductor, who is usu- 
ally located at the hump of the yard, to 
communicate with his locomotives at all 
times and to tell them what to do, which 
string of cars to move, when to start, how 
fast to move, and when to stop. This is 
useful on the classification side of a 
hump, as well as on the receiving side. 

The applications are so many and so im- 
portant that one can almost say that in 
common with all communication equip- 
ment, as soon as the equipment becomes 
available, it also becomes indispensable. 


Previously Proposed Methods 


Several methods of providing train 
communication have been proposed. 
Among the first was the suggestion that 
the air-brake system might be used as a 
speaking tube. Investigation revealed 
that the brake air line was an extremely 


TRANSACTIONS 493 


RECEIVER COILS 


efficient low pass filter—so good, in fact, 
that no frequencies higher than about 
one cycle per minute could be passed 
through the brake pipe of a 150-car train. 
Even this signal could not be transmitted 
satisfactorily under certain conditions 
of the brake line, and the extremely low 
speed of signaling made the system im- 
practical since a single signal would have 
to combine several pulses and might take 
five minutes to complete. 

Another suggestion required the wiring 
of all freight cars. The wires were to be 
connected automatically through the 
brake line couplers, and there is no doubt 
that if such a circuit were established, 
communication over it would be easy. 
There is the consideration that the wiring 
of two million freight cars is a large under- 
taking, and even more important, that 
both this method and the signaling 
through the brake pipe have the funda- 
mental limitation that neither can be 
used if the train is broken. This in itself 
renders both systems impractical, since 
communication is often most needed 
when the train is parted. 

Radio: has been proposed and tried on 
many occasions, and it is possible by radio 
to obtain communication, especially be- 
tween ends of a moving train. Com- 
munication is uncertain in tunnels and 
fades under steel bridges and similar 
structures. This condition makes radio 
unsatisfactory for the purpose. The 
most important difficulty with radio is 
that the Federal Communications Com- 
mission has not been able to make per- 
manent assignments of wave bands that 
are suitable.’ They have to be reserved 
for the use of services which have no 
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Figure 1. Current ow, caboose to locomotive 


alternative means of communication, 
such as ships and aircraft. 


Commercial Method 


The Union Train Communication Sys- 
tem, a development of the Union Switch 
and Signal Company, is in regular com- 
mercial use and is being adopted rapidly 
in railway applications. It is a carrier 
telephone system transmitting usually 
the upper side band of a 5,700-cycle car- 
rier and ordinarily feeding the signals 
conductively into the rails and picking 
them up inductively from the rails. 
Figure 1 shows the principle of the sys- 


Figure 2. Block dia- 


gram of two-way 
equipment on ca- 
boose 


A. Receiving coils 
(located in inductive 
relation to rails) 
B. Equipment box 
with transmitter- 
receiver and dyna- 
motor 
C. Caboose rear 
truck (insulated from 
caboose frame) 
D. Connections 
bolted to truck frame 
E. One-inch cop- 
per pipe 

F. Hand microphone or handset 

G. Control panel 

H. Output transformer unit 

|. Caboose front truck (insulated from caboose 
frame) 

J. Loud-speaker 

K. 32 volts direct current from caboose bat- 

tery: 100 watts receiving; 500 watts sending 
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tem. At the sending vehicle a voltage is’ 
produced along both fails in parallel to 
send out currents through the running 
rails with the return path through the 
ground. The signal is picked up at the 
receiving end by coils in inductive rela- 
tion to the rails and is amplified and de- 
modulated for reception in the loud- 
speaker. The apparatus has been de- ., 
veloped as a simplex or “press-to-talk”’ 
system, ee 


Description of Apparatus 


Figure 2 shows the essential parts of a 
typical equipment. The transmitting. 
circuit is a loop from the insulated truck 
at one end of the vehicle through the 
output transformer with tuning condenser 
to the truck at the other end of the ve- 
hicle with the loop completed through 
the running rails between the wheels of 
the trucks to which the connections are 
made, The impedance drop in these 
rails is the transmitting rail voltage. 
Speech is transmitted by a telephone- 
type transmitter and received either over 
a loud-speaker or over the receiver of a 
handset. 


In Figure 3 two indication lights are | 
shown at the top of the control panel, 
one showing red when the 32-volt d-c 
power is on, and the other flickering 
white with the modulation of the voice 
to assure the speaker that his message is 
being transmitted to the rails. The 


button beneath the lights is used for 
sending a calling signal which is received 
as a steady 1,050-cycle note and is sent as 
a single frequency 1,050 cycles above the 


carrier. The knob at the bottom of the 
panel is for the control of the received 
volume. 

In spite of the size of a locomotive, 
space in the locomotive cab is at a pre- 
mium, and it is sometimes difficult to find a 
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place for the speaker and the control box. 
The speaker may be located against the 
roof pointing down, and the control 
panel back of the engineman. 

In Figure 4 the transmitter and receiver 
combined in one frame are at the left, 
and the 32-volt dynamotor, rated 500 
milliamperes 400 volts d-c, combined 
with switching relay atid’ ripple filters 
are in the frame at the right. 

An optional piece of equipment, some- 
times used, is the ‘‘signal selector.” 
It includes additional amplification and 
sharp filtering for the demodulated calling 
signal which operates a relay. It can- 
not be operated by short pulses or con- 
‘tinuous wide band interference because of 
a combination of saturation of the tube, 
time delay in the relays, and narrow band 
of response. When this equipment is 
used for calling only, the loud-speaker is 
disconnected from the amplifier in the 
stand-by position, and the calling signal 
operates the bell. When used with signal 
lights for proceed and stop indications 
the loud-speaker is disconnected, and a 
green or proceed light shows as long as 
the calling signal is being received, but 
when the calling signal stops, the bell 
rings, a red light shows, and the loud- 
speaker is connected ready to receive 
speech. This provides a proceed indica- 
tion on the so-called ‘‘closed circuit prin- 
ciple.”’ 

Figure 6 shows a portable receiving 
amplifier used on locomotives in hump 
yards for one-way communication. It 
weighs about 50 pounds. The circuits 
are essentially the same as those of the 
receiver for two-way communication, a 
32-volt vibrator furnishing the plate volt- 
age. In addition to the portable box 


Figure 3. Control box with hand microphone 
and loud-speaker in caboose 
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Figure 4. Open 
equipment box, 
showing at the top, 
frames in position 
in box, and below, 
frames when re- 
moved 


shown, engine equipment for one-way 
communication involves a portable coil 
for picking up the signal from the rails 
and a portable loud-speaker and attached 
volume control for receiving messages 
in the engine cab. This equipment can 
be changed from one engine to another in 
a few minutes. 


Equipment Circuits 


Figure 7 shows the circuit diagram. 
The signal is picked up by the receiving 
coils at top left, amplified, as a single 
side band through two stages of carrier 
frequency amplification, and then de- 
modulated by a pair of triodes. Some 
of the carrier frequency from the oscillator 
is fed into the demodulator tubes in paral- 
lel while the single side band is applied 
in push-pull. Any undesired high-fre- 
quency components are removed by the 
carrier suppression filter which follows. 


Figure 5. Cabinet 
for wayside station 
with receiver on top 
shelf, transmitter on 
middle shelf, and 
power supply at bot- 


tom, arranged for 
440-volt 60-cycle 
supply 
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The output of this filter is applied to the 
grid of a power tube, and its output feeds 
the loud-speaker or a handset. 

Automatic volume control is provided 
by the tube at the extreme left where the 
right half of the twin triode amplifies 
the demodulated signal taken from the 
filter input. When full output is reached 
by the output tube, the peak of this am- 
plified voltage begins to exceed the posi- 
tive voltage provided from D to ground, 
and the volume control starts to act by 
allowing the left half of the tube to rectify 
and charge the RC circuit connected so 
as to apply negative bias to the grids of 
the two carrier frequency amplifiers. 
The RC circuit provides considerable time 
delay. This is necessary since, with no 
carrier, transmitted volume control must 
be obtained from a time average of the 
amplitudes of the speech frequencies. 
Once the volume control begins to act, 
the output from the last tube stays ap- 
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proximately constant, and the desired 
level in the loud-speaker or handset is set 
by a manual potential divider or volume 
control across the output. 

Short high interference peaks are cut off 
by the peak limiter at an amplitude no 
higher than required for normal signals to 
load the output tube. This is a twin tri- 
ode connected to short-circuit at the 
filter output the two halves of any ampli- 
tude greater than normal, and it operates 
after the AVC adjusts the gain. Normal 
peaks are set by two sliding contacts on 
the cathode resistor of the output tube. 

In the transmitter the output of a tele- 
phone-type microphone is applied to the 
grids of the modulator stage in push-pull 
while the carrier energy is applied to the 
grids in parallel, The resulting modula 
tion, if the circuit is perfectly balanced, 
does not contain the carrier but does have 
in it principally the two side bands. Any 
remaining carrier and the lower side band 
are removed by the filter which follows, 
so that practically the tubes which drive 
the power stage are energized by the up- 
per side band only. The output stage 
consists of four 6L6 tubes in parallel push— 
pull and is connected to the sending loop 
or direct coupling circuit shown in the 
figure which extends from the engine pilot 
truck wheels through the rails to the driv- 
ers and back through the engine frame. 


Transmission Through Track 


It is interesting to examine the trans- 
mitting 
track with ground return, The charac- 
teristics of any infinite transmission line 
with distributed constants are determined 
by four fundamental constants, namely: 


characteristics of a railroad 


R, the series resistance per unit length 
X, the series reactance per unit length 
G, the shunt conductance per unit length 
B, the shunt susceptance per unit length 


Approximate values of these quantities 
for two rails in parallel at 8,000 cycles per 
second are as follows: 


R=1.25 ohms per thousand feet 

X=12.5 ohms per thousand feet 

G=1 mho per thousand feet (for 3-ohm 
ballast resistance) * 

B is negligible compared to conductance G. 


Other symbols used are: 


Z=R+jX—series 
length 


impedance per unit 


* Ballast resistance, a common term in railway 
signaling, is the resistance between the two rails 
of a unit length of track, 1,000 teet if not otherwise 
specified. Measurements show the resistance of 
two rails in parallel to ground is approximately one- 
third instead of one-fourth the resistance from rail 
to rail, The reason for this is that some current, 
with a voltage between rails, flows along the ties 
and through the ballast without going to ground, 
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Figure 6. At top, portable receiver for one- 


way communication. Its chassis is shown 
removed, below 
Y=G+jB—shunt admittance per unit 


length 
= characteristic impedance 


Lo 
y =a+j8=transmission constant 
a =attenuation constant 

B 


= phase constant 


We can apply the formula for the char- 
acteristic impedance of a transmission 
‘ 
line 


Zo= ((R+jX)/(G+jB) |” 


or we can write it as the series impedance 
and the shunt conductance 


Z,=(2/0/G/0 |'/2 


As we substitute the values chosen we 
have 


Zo= [12.5/84°/1/0°] 72 


~ Qo 
=3,5/42° ohms 


This means that under the conditions 
assumed, the impedance presented by a 
railroad track with three ohms ballast 
resistance is about 3.5 ohms in one direc- 
tion for an infinite track. 

The characteristics are 
obtained from the equation 


transmission 


y=[Z/6.G/0]'2 
= [12.5/84°. 1/0° )/2 
=3,5/42° 


or 
a+jB =2.6+)2.35 


Thus, if we start with a current J, of 
value 1 at the transmitter, the current 
will fall to the value e~* at distance 
from the transmitter equal to « in thou- 
sands of feet, or for the value given, the 
current will fall to half value in 270 feet. 
The phase shift is 6 radians per thousand 
feet and the wave length, \ = 27/8, or 
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i 
distance for phase to be retarded a com- 


plete cycle, is in this case about 2,700 feet. 

The equations show that if the conduct- 
ance, G, is one fourth as great, corre- 
sponding to 12 ohms ballast resistance, the 
characteristic impedance Z, is twice as 
great, and the attenuation and phase shift 


are half as much. In this case, 


\= 5,400 feet 
x= 540 feet (for J=I,/2) 


Range 


The current levels involved in train 
communication are of interest. The cur- 
rent in the rails near the sending vehicle 
is of the order of 1/2 to 1 ampere. The 
noise level in a quiet yard track is about 
10-7 amperes. For communication to be 
intelligible, it is necessary that the signal 
should be received at a current level 
about four times that of the noise level. 
It follows that the ability to receive a 
signal with about one-half microampere 
in the rails represents the maximum us- 
able sensitivity of the amplifier. On an 
ordinary main-line track of a railroad ina 
rural region, the noise level is about 10~™ 
amperes. On main-line track through an 
industrial region, the noise level may be 
about 10-4 amperes. This is measured 
by noting the noise current through the 
loud-speaker and then, with noise re- 
moved, adjusting and measuring the rail 
current of a 1,000-cycle modulated upper 
side band to give the same loud-speaker 
current. If we take these values and put 
them into our expression for track at- 
tenuation, we find that with 12 ohms bal- 
last resistance, a signal can be received 
through the track alone, without line 
wires, at a distance of about 11/2 miles on 
main-line track in relatively quiet areas. 
With paralleling line wires present, speech 
can be exchanged at 100 miles between a 
wayside station and a train, and at ten 
miles or more between moving vehicles. 


Choice of Carrier Frequency 


If we look at the expression for the at- 
tenuation of the track current, we see 
that it varies directly as the square root of 
the frequency, assuming that the series 
impedance of the track Z varies directly 
as the frequency, and the shunt conduct- 
ance is independent of frequency, which 
is very nearly true in the region Of inter- 
est. Hence, the frequency must not be 
too high, The frequency must not be too 
low, because the noise level in the track 
is much greater for low frequencies. Ex- 
periments were made with voice frequen- 
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cies, but this was impractical for two 
reasons: 

1. Because of the high noise level which 
contains large peaks because of power- 
frequency harmonics and commutator rip- 
ples from rotating machinery. 


2. Because communication at this fre- 


quency interferes with paralleling telephone - 


lines. 


These conditions require the use of a fre- 
quency above 3,000 cycles per second, 
and the band between power frequency 
and 15,000 cycles has been carefully ex- 
plored, including operating tests in the 
range 3,000 to 10,000 cycles per second, 
and it has been found that there is a 
rather broad optimum in this range. 
Various theories and tests of the way in 
which noise varies with frequency are 
available. Some of these lead to the 
conclusion that noise varies inversely 
as the frequency, and others that it 
varies inversely as the square of the fre- 
quency. Careful tests through the fre- 
quency range up to 15,000 cycles were 
made at four locations. along a railroad 
where severe noise came from parallel 
power lines and adjoining large industrial 
plants. The best expression of the re- 
sults is that they varied, on the average, 
at a rate between these two limits, about 
inversely as the 1.7 power of the fre- 
quency, but the fluctuations from this 
average were large. To get these data 
the noise in a fixed band width in cycles 
was compared to the equivalent single fre- 
quency track current. The result of 
these considerations and tests was that at 
first 7,000 cycles was chosen as the car- 
rier frequency, but after studies and tests 
in which the Bell Laboratories co-oper- 
ated this, was later changed to 5,700 
cycles at their suggestion. This choice 
is at the same time a good compromise 
between attenuation and noise level. 
In these bands there is no interference in 
either direction between our circuits and 
signal circuits or radio, 


Single Side-Band Transmission 


The decision to transmit only one side 
band with suppressed carrier was based 
on the following considerations; 


1. The efficiency of the transmitter power 
unit is greater. The expression for the 
power transmitted with a carrier modulated 
to produce two side bands is (K?2/4)+-1+4+ 
(K2/4), where K is the modulation factor 
and 1 is the carrier power. This leads to a 
total power of 1.5 with only 0.5 in the two 
side bands, with 100 per cent modulation 
or K=1. By transmitting one side band 
only, all of the transmitted power may be 
put in it, and the efficiency of intelligence 
transmitted is improved by a factor of three 
for 100 per cent modulation; and for K 
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anything less, the ratio of improvement is 
still greater. 


2. Since noise picked up is proportional to 
the received band width, a large improve- 
ment is possible by having the receiver ac- 
cept only the frequencies represented by a 
single side band. In the case of a trans- 
mitted voice band, 500 to 2,300 cycles, the 
received width need be only 1,800 cycles 
instead of the 4,600 cycles necessary when 
receiving carrier and both side bands. The 
factor of improvement here is about 21/. to 1. 


3. It was realized that when a signal is 
sent over a system in which the attenuation 
varies rapidly, as it does on a moving train, 
a much more uniform received signal results 
with single side-band transmission. When 
both the carrier and the side bands are 
transmitted, the signals are obtained by the 
functioning of the demodulator so that the 
output is dependent on the product of the 
amplitudes of carrier and side band. If 
both carrier and side band change by a ratio 
of 10 to 1, the received signal could change 
100 to 1. When the side band only is 
transmitted and the carrier is resupplied at 
the receiver, the side band is the only term 
subject to variable attenuation, or, in the 
case just cited, the variation would be only 
10 to 1 instead of 100 to 1. : 


Voice-Frequency Band Used 


Intelligibility has been determined by 


so-called articulation tests similar to those. 


used extensively by the Bell Laboratories. 
The per cent of meaningless three-letter 
syllables correctly received by a number 
of listeners is called per cent articulation. 
It is much more difficult. correctly to 
interpret unrelated syllables than sen- 
tences; for instance, 70 per cent articula- 
tion gives practically 100 per cent intelli- 
gibility, and 60 per cent articulation gives 
99 per cent sentence intelligibility. A 
study of the Bell Laboratory data indi- 
cated that we could exclude the frequen- 
cies below 500 cycles and those above 
2,300 cycles without serious loss in sen- 
tence intelligibility. As a result of many 
tests made under severe noise conditions, 
this band 1,800 cycles wide, that is, 
from about 500 cycles to 2,300 cycles, was 
chosen as being best for our purposes, in- 
cluding naturalness of reproduction, 
which is the chief gain from including fre- 
quencies below 800 cycles. 
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Pre-emphasis 


Another expedient used here, and some- 
times elsewhere when it is desired to trans- 
mit the maximum possible intelligence 
with limited sending power, is to set the 
transmission and reception characteris- 
tics of the apparatus in accordance with 
the average energy of the voice at vari- 
ous frequencies. At 500 cycles the aver- 
age amount of energy in, the human voice 
per cycle band width is several times 
greater than at 1,500 cycles; so if the 
transmitter is fully modulated by voice 
frequencies around 500 cycles, it will be 
far from fully modulated by those in the 
neighborhood of 1,500 cycles. To make 
the frequency characteristic of the trans- 
mitter the inverse of this voice-frequency 
energy distribution, we can make the 
response about 40 per certt of full sensitiv- 
ity. at 500 cycles, increase it uniformly 
to 100 per cent at about 1,400 cycles, and 
maintain full sensitivity from 1,400 to 
2,300 cycles, In this way all components 
of voice frequencies modulate the trans- 
mitter to about the same extent. At the 


receiving end the frequency distribution 


is corrected by ‘having the amplifier 
gain about 2.5 times as much for frequen- 
cies representing 500 cycles as for those 
representing the band from 1,400 to 
2,300 cycles, with a uniform drop from 
500 to 1,400 cycles, and in this way the 
received speech is restored to its normal 
energy distribution. Without a change 
in the frequency characteristic of the 
transmitter, the receiver would have to 
operate at all frequencies at the same 
sensitivity so that the reduction in sensi- 
tivity of the receiver for higher modula- 
tion frequencies represents a reduction 
in the noise level picked up in this band 
without any loss in reception of the signal 
desired. With the values chosen this 
represents about 2 to 1 improvement in the 
signal noise ratio of the received signal. 


Coupling to Track for Transmission 


Originally the coupling between the 
transmitter and the rails was made by 
means of large iron-core coils carried six 
or eight inches above the rails, but it was 
found possible to transfer only about one 
half of one per cent of the power in the 
coils into power in the track, The so- 
called direct coupling circuit of Figure 8 is 
15 or 20 times more efficient, 
gives typical measured impedance values 
for such a circuit applied to a caboose. 
The large copper pipe used for the con- 
ductor has a resistance of 0.01 ohm, 
whereas the rail resistance is 0.04 ohm, 
so in this respect the circuit is fairly ef- 
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ficient in that about 80 per cent of the 
power in the output circuit goes into the 
track itself. However, the coupling be- 
tween this circuit and the rest of the track 
is very inefficient. The impedance of 
the rails from contact to contact on the 
two ends of the vehicle is 0.14 ohm, and 
the impedance of the track looking in 
either direction is about 3.5 ohms for 
three-ohm ballast. Thus, this circuit, 
considered as a source of power into the 
rails beyond the vehicle, is badly mis- 
matched. If we consider the section of 
the rail under the caboose as the imped- 
ance of the source 0.14 ohm, it is feeding 
into a load of seven ohms, or the imped- 
ance ratio is about 50 tol. Considering 
as 100 per cent the efficiency of transmis- 
sion for maximum power transfer when 
the impedance of the source and the load 
are equal, then the approximate ef- 
ficiency for a mismatch is given by the 
expression 4n/(n + 1)? and this, if m = 50, 
gives 7.7 per cent. This expression neg- 
lects the phase angles of the impedances, 
but an accurate calculation including 
these gives about the same result—8 
percent! Itis thus seen that because of 
the mismatch of impedances we are 
losing about 92 per cent of the power 
which we would like to put into the 
track beyond the vehicle. In case of 
sending from a wayside station, it is 
possible to make this factor better than 
100 per cent, for we can connect directly 
between rails and ground, balance out 
reactance, and, for three-ohm ballast 
resistance, make our source resistance 
about 1.30 ohms, which is the real part of 
the characteristic impedance to ground 
for the track extending in the two direc- 
tions in parallel. 
Inspection of the output circuit dia- 
gram, Figure 9, reveals that there is a 
shunt path through the vehicle tending 
to short out the rail which, in the aver- 
age case shown, might have a value of 
about 0.2 ohm. This, in parallel with the 
rail impedance of 0.14 ohm, is not ex- 
tremely serious and in the case of a light 
vehicle, such as a caboose, gives fairly 
satisfactory communication without in- 
sulating the trucks. However, the shunt 
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impedance is quite variable, and in the 
case of the lowest values shown, which are 
measured values on a steel caboose, an 
impedance of only 0.07 ohm would be put 
in shunt with 0.14 ohm in the rail, and a 
severe lowering of efficiency would result. 
This situation is very much worse in the 
case of a locomotive or tender because of 
the very much greater weight involved. 
One theory of contact resistance? indi- 
cates that it varies inversely as the 1/3 
power of the orce on the contacts. Ex- 
periments indicate the exponent may 
vary from. 1/3; to 1. A caboose weighs 
about 20 tons, and a tender may weigh 
200 tons, so by this theory, taking the 
contact resistance variation inversely as 
the square root of the weight, the contact 
resistances through the body of the tender 
would be less than one third as great as 
through the body of the caboose, and 
these low values in shunt would cause 
serious impairment of transmission. In 
the trains now equipped and operating, 
trucks in both the caboose and locomo- 
tive are insulated from the body of the 
vehicle. The pilot truck of the locomo- 
tive is usually chosen for insulation, and 
the front coupler is also insulated to pre- 
vent undesirable shunt paths. 


Effect of Transmitting Loop 
Position 


At first it was thought that by having 
the copper pipe of the loop high, a better 
circuit would result, principally because 
by getting the pipe further away from the 
rail the self-inductance of the rail would 
be increased, and a given current would 
give considerably more rail voltage ef- 


Figure 10. Typical hump-yard wayside 


installation 
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fective for transmission. This is prob- 
ably true for a wooden caboose, but it has 
been determined experimentally that it is 
certainly not true for a steel vehicle 
which covers almost all the newer design 
present-day cabooses and tenders. The 
characteristics of a high loop over the 
top of the vehicle were compared with a 
low loop in which the copper pipe is placed 
just under the floor of the vehicle, and the 
somewhat surprising result was found 
that the low loop is more efficient. There 
are two reasons for this: 


1. The presence of the steel body prac- 
tically eliminates any gain from added 
height, so that the actual effective height of 
the high loop is almost the same as that of 
the low loop. 


2. Considerably more copper pipe is needed 
for the high loop, thus increasing copper 
loss. 


The effective height of the high loop was 
determined by five separate measure- 
ments made in different ways. These 
all led to the same conclusion that the ef- 
fective height of the high loop was almost 
exactly the same as the clear air space be- 
tween it and the rails. In other words, a 
loop about 14 feet high functioned just 
the same as one about four feet high, 
which represents the amount of clear 
space from ground to the floor of the ve- 
hicle, plus the distance from the ca- 
boose roof to the high loop. 


Relation of Track and Parallel 
Line Wires 


In the system of communication under 
discussion, the signal is fed into the track 
and is picked up from the track, usually 
with assistance in the transmission by mu- 
tual induction to and from the paralleling ~ 
line wires which are nearly always to be 
found along the right of way. Measure- 
ment and calculation show that the induc- 
tion into the line wire is principally from 
the track and not from our sending loop. 
This is not surprising when one takes into 
account that the length of exposure be- 
tween the track and the line wires is 
much greater than that between the send- 
ing loop and line wire. It can be demon- 
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strated that the voltage induced in a line 
wire from a voltage introduced in a track 
is independent of the ballast resistance of 
the track, and hence of wet or dry seasons. 
This can be seen qualitatively by con- 
sidering that if the ballast resistance is 
low, larger track currents flow, but they 
attenuate more rapidly. Analysis shows 
that the two effects just balance one an- 
other. In order to receive the strongest 
signal, however, experiment shows that 
it is necessary to orient the coils for maxi- 
mum coupling with the rails rather than 
with the line wires. 

When sent from a wayside station, the 
signal is ordinarily applied between a 
line wire and a track as a ground connec- 
tion, rather than between tracks, al- 
though the latter is done sometimes. 
With such use of a line wire, conversa- 
tion between a tower and a moving train 
100 miles distant is practical. 


Yard Communication 


An important application of train 
communication is found in yards where it 
is desired to direct the work of several 
locomotives from one office. Some yards 
use one-way equipment, office to engine 
only, while others use two-way eqtip- 
ment which permits the engineman to talk 
to the office. A typical railroad hump 
yard is shown in Figure 10. Here com- 
munication is desired between the hump 
and locomotives working any place in the 
receiving yard and past the entering 
switches of the classification yard. In 
order to furnish this communication, line 
wires are provided as shown dotted in the 
figure. These line wites may be on pole 
lines if these are present in suitable loca- 
tion, or clearances permit building new 
ones. It is generally best not to have 
these wires immediately adjacent to 
open-wire telephone pairs unless special 
transpositions are used, but pole lines 
carrying power, telegraph, or signal 
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wires may be used, Often a buried single 
conductor Parkway cable with nonmetal- 
lic sheath is used. Lines are supplied so 
that no point in the area to be covered is 
more than ten tracks away from a line 
wire for one-way communication, or 
more than seven tracks away for two way 
communication, 

One-way yard communication depends 
on rail currents which flow becatuse of con- 
ductive connection to or induction from 
the line wire. Hence, to provide positive 
rail paths, one rail of each third track is 
bonded so that a locomotive will always 
have rail current flowing in its own or in 
the immediately adjacent track, which is 
near enough for satisfactory inductive 
pick-up of the signal, Tor two-way com- 
munication, one rail of each track is 
bonded to provide positive rail paths for 
the locomotive sending currents. When 
trains operate on well maintained main- 
line track, it is not necessary to bond, but 
bad electrical connections in rail joints 
are common in yard tracks, 

The sending voltage at a yard office or 
wayside station is connected between the 
line wire and ground, Any bonded track 
of considerable length may be used for a 
ground, At the limits of the area cov- 
ered, the line wires are grounded to the 
bonded tracks. Direct connections be- 
tween line wires and tracks are not neces- 
sary, since mutual induction between 
line and track will supply communication, 
but the connection line to rail is usually 
the most convenient way to terminate 
both line and bonded tracks at the cover- 
age limits. 

Approximate calculations can be made 
of the communication currents in such 
railroad yards. A primary factor is the 
mutual induction between a line wire and 
a track, and this may be determined from 
published charts? 

There are several other effects to be 
taken into account, one of which is the 
loss occurring when the signal is fed into 
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one wire in a group of wires running paral~ 
Jel to one another, Opposing currents 
will flow in the other paralleling condue- 
tors, which will tend to reduce the effeet 
of the wire employed. Two-thirds as 
much current as flows in the wire which 
carries the signal current may be induced 
in an immediately adjacent wire, and a 
rough caleulation indicates that the net 
induction from the transmitting eurrent 
in a single wire which is a member of an 
open wire lead can be estimated by divid- 
ing the calculated value for a single wire 
alone by three times the square root of 
the number of additional paralleling 
wires, Likewise, the currents induced 
into any one track are reduced by mutual 
induction from the currents flowing in 
adjoining tracks, A study of this ef- 
fect indicates that current calculated in 
any one track considered alone must be 
divided by the square root of the number 
of tracks between it and the line to ap- 
proximate the actual current, 

In considering transmission in the op- 
posite direction, the effect of interfering 
tracks is the same; that is, they inter- 
fere with transmission from a track to a 
line in about the same way, However, 
multiple wires on a pole line are an aid 
in this case because the currents in each 
are approximately inphase and they add 
in effect on a receiving means able to pick 
up from all the wires equally well, The 
results obtained with these methods of 
calculation agree with the results of some 
field measurements within #30 per cent, 
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Thermal Rating of Overhead Line Wire 


MYRON ZUCKER 


MEMBER AIEE 


HE major problems in rating over- 
B head wires according to thermal 
limits are 


1. How materials lose their strength. 


2. How hot wires become when various 
currents are passed through them. 


Much scattered work has been done on 
these subjects in the last 20 years, but 
results have been either inconclusive or, 
in many cases, contradictory. This dis- 
cussion brings together data from many 
sources, adds certain data, and outlines 
the general problem. 

Omitting the obvious discussion of 
efficiency and voltage drop, let us say 
that the rating of overhead wires must 
be such that there shall be no appreciable 
weakening of the conductor material 
and clearances at the higher temperatures 
of operation must be ample. To solve 
this general problem, we must obtain 
data on the following specific phase: 


I. PERMISSIBLE TEMPERATURES 


(a). To retain the strength of wire. This 
depends on time of heating, impurities in the 
wire, and to a less degree on amount of cold 
working prior to heating. 


(b). To protect wire covering from undue 
deterioration. 


(c). To preserve reasonable clearances. 


II. TEMPERATURE THAT THE 
Wrre WILL ATTAIN 


(a). Basic thermal relations expressed as 
temperature rise versus current, wire size 
and material, wind at various directions, 
and sunshine. 


(6). Weather conditions under which heat- 
ing will occur, finding reasonable values of 
wind, temperature, and rain combinations 
under normal and emergency operation. 


Importance of Frequency 
and Duration of Overload 


The total expected duration of heavy 
loads affects permissible temperatures, 
acceptable minimum ground clearances, 
and probable adverse weather combina- 
tions. Therefore, any thermal limits 
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must be made with reference to specified 
frequency and duration of overload. 


I. Permissible Temperatures 


Ia. Maximum TEMPERATURE THAT 
WILL Not ANNEAL WIRE 


We will confine our metallurgical 
study to copper. The cold-worked cop- 
per used in overhead lines has its crystals 
so arranged that overheating will start 
new crystal growth that weakens the wire. 
Some X-ray diffraction tests (of which 
details will follow) indicate that the 
beginning of recrystallization coincides 
with a loss of five per cent of the tensile 
strength of the wire. We therefore adopt 
this as the allowable loss of strength by 
annealing. The problem is then to ex- 
press temperature and time that will 
produce five per cent loss of tensile 
strength. 

The solution cannot be found directly 
in the literature, because few of the 37 
authorities!—*” consulted give results in 
directly usable form. However, by cor- 
relating some curves (such as Figure 1) 
and many isolated points, the field can 
be roughly covered. Figure 1 is a sample 
of tests in which many pieces of one wire 
were heated for various times and then 
broken in tension after cooling. From 
these curves, the time-temperature com- 
binations for five per cent decrease in 
strength can be found. The curves pre- 
sented by different authorities show con- 
siderable variation, but results can be 
reconciled reasonably well by considering 
the chemical impurities, Fortunately, 
in this type of copper only oxygen and 
silver remain in important quantities. 

Figure 2 shows the permissible tempera- 
tures for one hour. Some of the points 
are from curves such as Figure 1, but 
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most are from isolated test runs of '/2 to 
2 hours. The latter were corrected to 
one hour by comparison with other in- 
vestigators’ strength-time curves. Some 
points are from hardness or elongation 
tests, corrected to equivalent breaking- 
strength results from interlocking reports. 
(A loss of one per cent in Vickers, Brinell, 
and scleroscope hardness corresponds to 
about five per cent loss of tensile strength, 
but Rockwell tests lagged about 50 de- 
grees centigrade in showing the change.) 

The trends of the points in Figure 2 
are indicated by the labeled areas. From 
these we see that permissible tempera- 
tures increase with silver content, with 
the most minute parts of silver having 
greatest effect. We also see that oxygen 
is only important when below 0.02 per 
cent. ~ 

Typical compositions of wire copper 
are indicated, but the range of individual 
coppers is great. ‘Lake’ copper, com- 
mon before 1924 but since then used only 
on mile-long seamless draws, varies 
naturally as mined. The amount of 
silver in electrolytic copper varies with 
the value of silver. Oxygen-free copper 
is not commonly used for conductors but 
shows what can be accomplished by fine 
chemical controls. 

We now turn to curves of temperature 
versus time (Figure 3). Considering the 
wide range of conditions represented by 
these authors, the agreement in trends 
is good. The shape of these curves, plus 
some isolated tests, were used therefore 
to draw a chart for four values of silver 
(Figure 4), whose intercepts at one hour 
were selected from Figure 2. From these 
curves, if silver is known, temperature 
may be estimated for any time of heating. 
If silver is unknown, tests may be run 
at 200 degrees centigrade for periods 
varying from one-half hour to a day (that 
is, data obtained as in Figure 1), and time 
at which the wire loses five per cent 
of its strength spotted on Figure 4. The 
nearest curve can then be taken to repre- 
sent the action of this material. Such 
tests substitute for chemical analyses. 
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Metallurgists will note the absence of 
history of the metal prior to cold-working, 
and degree of cold working, from this 
graph. The effects are relatively minor 
for the strengths, times, and tempera- 
tures involved in this problem. 

The results are admittedly crude. If 
the problem continues to be important, 
we might suggest that outdoor spans be 
set up, heated as desired, and tested 
regularly by X-ray diffraction until re- 
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were made by D. McCutcheon of the 
Ford Motor Company, at the author’s 
instance. Figure 5A shows an unannealed 
specimen; Figure 5B shows a piece 
heated for an hour at 150 degrees centi- 
grade; and Figure 5C shows a piece 
heated for an hour at 200 degrees centi- 
grade. The black spots in Figure 5C 
are from recrystallization. The speci- 
mens when broken in tension (points are 
shown by A, B, and C on Figure 1) 


Figure 3. Tempera- 
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crystallization begins. This method 
would not only avoid the duplication of 
samples that is necessary in destructive 
test methods to average out individual 
variations in material, but permits study 
of the effect of tension and vibration and 
also of intermittent heating. The latter 
three points have been completely ig- 
nored so far, and may be conceivably of 
major importance. 

The sensitiveness of the X-ray test is 
shown by Figure 5. These patterns 
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cent decrease in 
tensilestrength(cold) 


Copper 
Silver Oxygen 
Au- Initial (Per (Per Test 
thority Strength Cent) Cent) Method 
3a. .57-59 -.0.001 ...0.009 ...Vickers, 
tensile 
3d..50+ --0.0017 ...0.001 ...Vickers 
numbers 
15..36 Not stated . Tensile 
strength 
19...51, 557.57 ;.-O/ 0005"... 0:07 . .Scleroscope 
20..59 Not stated . Tensile 
strength 
20 AO. ..0.035— ...0.05 . - Tensile 
0.069 0.065 strength 
23..49-62  ..Notstated 0.066 ...Tensile 
strength 
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showed 58.3, 56.5, and 40.5 thousand // 


pounds per square inch strengths. 

Figure 5D is from another strand in the 
same wire, subjected to the same treat- 
ment as Figure 5C. Only a moderate 
number of new crystals appear, and the 
strength was about 50 thousand pounds 
per square inch. This strand had more 
silver than its mates. 

To round out the subject of wire 
strength, we may add that there is no 
evidence that nicks or burns too small to 
call for replacement under normal good 
practice impose any lower limit; tests 
have shown that modern joints are equal 
to their proper wires in carrying capacity. 


Ib. Wire COVERING 


The dripping of compound and loss of 
dielectric may impose limits on the heat- 
ing of covered wires.*® No results are 
yet available that include the time ele- 
ment. Recent tests on URC covering 
indicate that it may safely be taken to 
100 degrees centigrade for ten hours. 


Ic. CLEARANCES 


To operate lines at high temperatures, 
the increased sag should be computed and 
the line surveyed to see whether that 
much loss of clearance can be spared, 
considering the expected frequency of 
heavy electric loading. As an example, 
sags after heavy ice-and-wind loading of 
a number 000 copper line with 600-800 
foot spans is about 2.8 feet more at 210 
degrees Fahrenheit than at 120 degrees 
Fahrenheit and 4.5 feet more at 270 de- 
grees than at 120 degrees. 


II. Temperature That the Wire 
Will Attain 


Ila. Wire HEATING 


The studies of Schurig, Luke,*! 
and others,*?—*? have given a reasonably 
good basis for predicting temperature 
rise of wires under a limited range of 
temperature rise and wind speeds. Fur- 
ther tests over wider ranges, and includ- 
ing various wind dirctions, were made by 
the Detroit Edison Company last spring, 
when decisions were required on the 
rating of certain transmission lines. 
Figure 6 shows a typical set of data. The 
curves are self-explanatory. 

According to these later tests, when 


there is no wind the temperature rise 


depends on the 1.9 power of current, (run- 
ning from 1.8 to 2.0 for different wire 
sizes). As the temperature rose, the 
local air current induced by heating 
increased until at about 150 degrees 
centigrade rise the vertical air movement 
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Figure 4. Temperature versus time to reduce 
strength of copper wire by five per cent 


For various silver contents when oxygen is 

0.02 per cent or more. The curve for 0.1 per 

cent silver also may be used for typical oxygen- 
free high-conductivity copper 


C. After one hour at 200 degrees centigrade 


was one half mile per hour. This circu- 
lation was more effective, per unit speed, 
in carrying away heat than equal real 
wind speeds. This accounts for the 
difference in slope between the no wind 
and wind curves. 


B. After one hour at 150 degrees centigrade 


D. High silver-copper after one hour at 


200 degrees centigrade 


Figure 5. X-ray diffraction patterns for copper wire 
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Wind, even at low speeds, was found to 
decrease temperatures materially. The 
temperature varies as the 2.3 power of 
current. The direction of wind is now 
of prime importance; when parallel to 
the wire, a 2.4 mile per hour wind per- 
mits temperature to rise 205 degrees 
centigrade compared with 180 degrees 
for wind at right angles to the wire. 

From data available at the time, the 
nomograms of Figures 7 and 8 were 
drawn. Some inconsistencies are being 
checked by further tests, but the charts 
are believed reasonably accurate. 

It will be noted that sunshine has had 
no place on these charts. At the ele- 
vated temperatures, the influence is 
minute. More important, we should 
note that wind is a more critical factor 
than is a variation of temperature in 
the range of ambients ordinarily en- 
countered. For instance, the following 
combinations will heat number 0000 bare 
copper wire to 100 degrees centigrade: 


— —~ 


Wind Velocity 
Ambient (Miles Per Hour) 
Temperature 
(Deg C) 0 1 2 5 
10...-400....540....570....650 
gon ohn dey nie ano 5 SBT 


The temperatures listed, change the cur- 
rent about 12 per cent, whereas one mile 
per hour of wind increases the current 
about one third over the calm. 


IIb. WEATHER 


Weather is really a corollary to part 
Ila, but it takes so much effort as to 
deserve separate treatment. Because of 
the present shortage of copper, we cannot 
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AMPERES 
Figure 6. Temperature rise versus current 


In number 000 bare stranded copper wire for 
various wind and surface. conditions 
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TEMPERATURE 
RISE 2500 


°C 


300 2000— 


1000 
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404 200 
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| 
20 00 


50 


TEMPERATURE 
RISE 


f SIZE 
TEMP A 
°F Ww 
500 
KEY 
—400 
300 
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WIND AT 45° TO WIRE 
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200 SECOND HOUR z 
24! oO 
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‘ & 
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Figure 8. Temperature rise of 
bare copper wire and steel- 


reinforced aluminum cable 
0) 


From empirical data for average 
conditions (for wind=0, see 
Figure 7) 


work on the “safe side’? assumptions of 
most adverse weather conditions, 

The procedure in finding reasonable 
combinations of wind and temperature 
to use in Figures 7 and 8 depends on the 
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WIRE SIZE Figure 7. Tempera- 
ACSR COPPER ture rise of bare cop- 
pee MEM per wire and steel- 
reinforced aluminum 
cable 
500 When there is no 
wind 
666 —t- 400 Increase current five 
ee ptalgse per cent for black- 
ened conductors. 
300 Decrease current five 
per cent for bright 
250 conductor. Increase 
current 10 per cent 
-0000 rf 
for steel-reinforced 
aluminum cable con- 
oooo 4 009 B&S ductors 
00 
000 
— 6 
00 
) 
2 
2 4 
4 6 
i708 
WIRE SIZE 
ACSR COPPER 
6645S 
AMPERES 
10 
0 aie 
150 
200 2 wi 
) 
300- 
00-+0 
400 
500 000. 00 
0000+. 999 
MCM 267-+-0000 
1000 
335 [250 McM 
300 
1500- 398 
350 
477 
2000 400 
500 
3000- 
4000 
750 
5000 
1000 


refinement desired, and on the load cycles 
or emergencies being studied, Figures 
9, 10, and 11 show one form in which 
data may be presented for normal rating 
of a circuit that has continuous daytime 
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load. A preliminary study of the weather 
observatory records showed that in sum- 
mer, besides temperatures being high- 
est, winds were lowest. Therefore, rec- 
ords were compiled for summer only. 
Further scrutiny showed that the coin- 
cidence of rain and low winds was so small 
that rain can be neglected. 

Figure 9 shows the distribution of wind 
and temperature for each month from 
March through September, 1940 and 
1941, during the normal peak-load hours 
of 8 a.m. through 5 p.m. 

These data are condensed in Figure 10, 
with frequency plotted against wind speed 
for winds up to five miles per hour. The 
meagerness of high-temperature low- 
wind combinations is evident. 

Finally, Figure 11, showing frequency 
of various winds, regardless of tempera- 
ture, gives a straightforward curve for 
choosing wind speed after a permissible 
frequency has been selected. Data are 
for July and August (which Figure 9 
shows to have the worst combinations) 
for five years, and curves are plotted 
for both the part of the day when the 
electrical load is heavy and for the off- 
peak period. Percentage of calms is 1.5 
for on-peak hours, or on the average 6.5 
per month, 

On this basis, considering the number 
of hours the heavy load is expected to 
endure, the permissible operating tem- 
perature for the wire may be selected 
from Figure 4 and corresponding current 
from Figure 7. 

Frequency curves are more important 
under emergencies, when they give data 
for comparing the coincidence of heavy 
loads with various weather conditions 
according to the theories of probability. 

Figure 12 shows a special case; aver- 
age wind and.temperature following the 
passage of the intense phase of lightning 
storms, in an area where transmission 
line outages were almost all caused by 
lightning. There are no cases in which 
average wind was less than six miles per 
hour, and temperatures are generally 
80 degrees or cooler. Incidentally, on the 
average there were four hours of rain in 
the eight-hour period. With such data, 
wire rating may be specified for these 
conditions. This should be checked 
against the one-hour values, and allow- 
ance be made for the proper proportions 
of outages from other causes, 

This type of investigation requires 
much labor. It is often warranted, how- 
ever, by the increased rating that can be 
assigned to a line with reasonable assur- 
ance. Incomplete data may be mislead- 
ing—but still not so much as values 
chosen by common-sense estimates. 
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Summary of Conditions in References on Annealing of Copper 


Test Conditions 


Tension 
While 
Initial Conditions Heated 
ee (Thousand Variables 
Ref- Strength Type Copper Pounds ———__—___—_—. 
erence (Thousand Per Cent ———eoeeeeeeeeeee =~ Temperature 
Nuni- Pounds Per Cold Re- Per Cent Per Cent Square Test Time (Degrees 
ber: Author Square Inch) duction Strand or Gauge Silver Oxygen Commercial Inch) Method (Hours) Centigrade) 
1.,Wacker..... 62 ate sige wate ees ORI SE S OM rar rerces Gad hens 0 eee eee ... 100-200 
2.. Unknown, . .52 ait ic te eI ty Roc ns aCe Re NS ead i Vile: Jo, Samir Mr tah A ae ee 0 ee ee et ,. 250 and 300 
BORG Caml te htc dyieia sin ecg 14-6 vee GwOOke See OO OR RC 
Boab ee occ ere vues 146 .. 0,001 0) oe 0 iT ed . 80 
BPeaCe... «ics. BO=UE ed eA cedar emeee 14-6 .. 0.00006 ., 0,080 See 
504 ea) .. 0,56 inch 00017 0,001 .. OF HC Land 24, , .200 and 600 
0.001 ., 0,019 Hiren 10 ey tes and 
0 .. 0,080 EC *  .,,250 
4, Beedle...... CORN EP ment Arie caer 6 rae ee) piectaN io! i) NA AS Re hee 10 anit. .. 48 ..-100-150 
PEMRG SHUR EVA UNAS CAND LGR ee abe 8 34 vas Pe a Mate iia ee ole aininmtiata ak & ack wkd Care Mu F 0.05 .. 226-825 
6,. Bradley... .. RC ene) SMM E NEN a SIF Pu eeNinoa xt ken ey V4 A TR NS eens EET RUM IE yin ra Aiea nl clive: realy @twerdartgknk el anceal ee le 25-500 
TA EDO. 4 ws NS xev ave Hak Sh eat) ca a A Gedo rant apres 
2) a 48 aa |) sy Pen cee ads) .. Low ee 4 chic a EGP Gig ADE Rese iera.'e) Brel IPR 150-1,000 
Oy egeree......, Dt Ae ee aC nh atv ye ov NS AP AIS) res) ey 0 way hack ...180 
10, , Bassett... .. See reference 24 
11. Bassett... .. NS Erataes, See e Ss SD NS ara 
12. .Taylor...... eo Pe ee Siete AN 6 Peere sie | + Cele eke aie Sr A, | 
Pp 0.001 -. 0,085 ee 200 
18.,Parker,..... 30 cali) PL a }0..002 sy eet ates eee ie fe a 
0,054 Bren ., OF HC and 200 and 250 
silver 
NS Cey vee VS ae he) co Ne remy : Ne aread .. 165 
Sica NS MNS. ONS smear «a. NS et High... {7 +. 140 +. 800 
16 Alkins...... 63 RY Ber 086 male VS eae EAs Re Re CHIE cds 5 NAGE OS aE late r) .. 150-200 
meter 
58 vv 62 eee i) wea VO Naas ge) tee 
16. . Pratt. ...... \5a + 88 rN Ns DNS bic Reae ARETE, tira oats Te. oad rae 
58 Pi Oa yenre per a nie. tio OK AC 
17. Zeerléder,... NS Niue aS ree) ena hares ven VS Tae a. oc ES ...1,000 .. 80 
Mee IMOOre,. \CO$B8 ceca ee 14-19 a Ns A er) OMAN GS cer cate ae es 0 mee ae ht.) ... 100 
57 69 .. Strips 0.0005 i O07 ft Saal S(T) Ait/s .. 100-500" 
NS vewOn .. Strips One eon0 ... Pure +silver 
NS ManO7 .. Strips nO .. 0,09 ... Pure, oxidized 
53 Sek . Strips ea Pure copper (special) eng) SEAN ahclss ., 100-500 
19. .Caesar,..... NS .. 07 .. Strips 70 .. 0,08 Sylar tree 
PS: bane oxidized 
Pure,  oxi- 
NS aed .. Strips + «0,002 7. 0,08 dized plus 
silver 
57-51 .. 69-51 .. Strips ». 0.0005 on Ore Nd xO eae “iste .. 150-800 
62 before i 
D0) Offer........ aging ROVER New Acie es 6 aoe Present ap ve ean na 4 eee .. 100-200 
59 at test 
64 ...58,85 ...8 » + +0,024-0,058 ...0 ache OF Pa | BA EB iat > LO’ 
f silver 
21,,Wyman.,... 64 waNtoe vid ++ .0,024 Ae} we OP HC }., .26-34...8 Pes ., 108 
silver 
62 wieod. aia td Tce Se) neha eae .. .26-34,,.E Mtoe. | wee LOG 
62 a!) ari: py ree sf) PES) oe +424 Aci weet sect) 
20 
a7 .. Sheets ..+0,001-0,182 .,.0,05+ area fork! mrs nee | .. 200-400 
60 
70-75 ., 99,8 RAY | ...0,001-0,.182 ...0,05+ airiaobe Aart) Pie ete ten cOkdae Por | Wxaeyy 300, 
22,,Kinney...., 1 hee 
70-78 Sat el Lee Le + 0.001-0,82 ...0,08+ ees | roa i Pra! .. 150 and 200 
23, .Pilling...... 42-62 VIN RSROR TT SOIT ek LUN REA NS ». 0,066 eee SA) eee sora .. 100-900 
.,Bassett..... tay .,, J Nos. 0.05) §0.0005+) | ag On A TB 7 a Oe | 
pay opeeett hd ; { inch sheet { 0, 0868, ays ete FAG rye ore piss ne 
eee ee {20 oe } Brera \.. aang Aeon nee. Pe Ge mud AE hice ta .. 190-700 
59-68 62-91 tube 0.002 ee 1 ORHC Ack, Pee ies ome .. 250-400 
56 ,. 62-00 ,,,.6-0 oniNe «+ .0,0285 ype a = 
26, Webster... }59 62-00 .,,6-0 . 00216 + .. 0,088 ee, cue shi yb Ba is 
57 MMIC AEN ce a asta arene hte Remeiae +. 10,002 +1000 SOD 2 Se 0 
27..Angus....,.NS . «88-78 eed ea and) |. NS RNS) ae: 0 B 1 . 100-600 
0.81 inch 
DS, Orardscccs as 56 . 67 ...2 millimeters ... NS Cure ere 0 ape e 0.5 ... 100-300 
20. . Bardwell, ,. 66 POL won bs 12 eatey ».,0,026-0,.07,..E£ 0 ae 0,33 .. 100-400 
80. . Mathewson, , 51 ». 60 » 0,065 inch «. .0,0005 Aa aka! Tin de mer) eee 0.67 ...100-1,000 
81, .Zickrick..... 62=89 i tet Neato Gatieetaar Sar A Cerne NS Me er eid lyratua iteconin keer 0 a (yee .. .200-400 
82, .Archbutt,... 
88. ,J. L. Gregg... 
BO, ,UONE.....5. 
ay N45 Cell gene EER ULES) AAU aighow mt rice nln 0 
F 0,24 
as ae 2 LA On 1 ieee OMe Hepes} ... Pure-+- oo “dake _,, $ 800-500 
Se aan 50 ae cee bites 0.08 1. NS |. . Silver Mad e A 250-500 
oR. im " <0,01 .. 0,05 Qin ite pikes oS ae .. .200-800 
87, . Johnson, .,. , 28-59 sof ba foes Strip td eg S080 Prince Ege ee Beg “500-470 
By") 
Symbols; OFHC—Oxygen-free high-conduc- E-—Flongation In column ‘Time’ an x" indicates 
Tn column ‘Commercial Type” tivity R—Rockwell hardness that a time-temperature curve is 
P—"Pure” “NS" = Not stated B—Brinell hardness given 
E-—Hlectrolytic In column ‘Test Method” V—Vickers *Apparently tested while hot, Strength 
L—Lake J—Judgment S—Scleroscope lowered at lowest temperature tried. 
C—Chilean T—Tension test H-—VWardness { High in arsenic and antimony. 
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III. Combination of Data current against wind speed for number 


When we take into account all the 
considerations discussed, the situation 
seems involved. If it is visualized as in 
Figure 13, the relations become clearer. 
Curves are plotted showing permissible 


iS) 


Average Hours per Month 


% 


me 3 4 5 6 
Wind Speed — mph 


Figure 10. Incidence of low winds at various 


temperatures 


May to September 1940-41, 8 a.m—5 p.m. 

Figure shows small number of cases at 90 

degrees Fahrenheit all with two miles per hour 
or more 
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000 copper containing 0.004 per cent 
silver. Three conditions result: 
1. Continuous load (lowest curve). 


2. 20-hour single-circuit outage of a twin- 
circuit 120-kv line. 


3. One-hour outage of the same line. 


From Figure 4, the permissible tempera- 
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frequency of winds in July and August 
1935-40 
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Figure 12. Average wind—temperature 


For eight hours following storms that caused 
120-kv line openings in 1941. Values at 
centrally located observatory 
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Figure 13. Composite chart for selecting wire 
rating 


Number 000 HD copper 


tures are found to be 90, 150, and 200 
degrees centigrade respectively. Using 
these temperatures and reasonable am- 
bients, from Figures 7 and 8, we derive 
values of current for the expected range _ 
of wind. On this graph we indicate the 
probable wind-temperature combinations. 
Thus for case 1 the record shows an aver- 
age August wind of about six miles per 
hour. From Figure 13, we see that 
about 550-600 amperes can be carried. 
This is, not enough to satisfy the condi- 
tions for long-time loading. There may be 
other lower limits. For instance, the 1.5 
per cent of calms in August, plus other 
hours of low wind, may impose a lower 
limit, even though the permissible tem- 
perature is higher. 

If we knew more about the effect of in- 
termittent heating upon annealing, we 
would be justified in developing a method 
of integrating the temperature-time re- 
lationship in a manner similar to the pro- 
cedure on transformers. is : 

The other curves and weather data 
shown on Figure 13 should be considered 
similarly. Such visualization indicates 
the range of currents that can be reason- 
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ably used and shows the desirability of 
adjusting the ratings to each set of con- 
ditions encountered in operation. 

This report summarizes a great deal of 
information of electric rating of over- 
head wires on a thermal basis. It givesa 
teasonable working basis for most cases 
but indicates there are many gaps to be 
filled: in finding how intermittent heating 
under tension and vibration affects heat- 
ing, the temperature limits on wire 

' coverings, resolving some discrepancies 
in temperature-rise data, in computing 
expectancies of loads and weather com- 
binations, and in developing a simplified 
method of applying these data in the 
field. 
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Advantages of High-Speed Traction 
Motors 


Cc. A. ATWELL 


MEMBER AIEE 


HE present use of high-speed light- 

weight propulsion motors on various 
types of traction vehicles is the result of 
an engineering evolution. An important 
phase of this development began ap- 
proximately fifteen years ago, but the 
greatest progress has been during the past 
seven years. The motors resulting have 
definite advantages over their larger and 
heavier predecessors, and it is the purpose 
of this paper to point out and evaluate 
the more important of these advantages. 


Historical 


Prior to 1927 practically all of the trac- 
tion motors in use on streetcars and inter- 
urban and subway cars were of the axle- 
hung type, geared to the wheels by a 
pinion on the armature shaft and a gear 
on the car axle. During the middle 20’s 
there was a demand for motors of much 
lighter weight for use on gas-electric and 
trolley coaches. This demand was met 
by the design of motors of considerably 
higher speed and connected to the wheels 
through propeller shafts and automotive- 
type axles. These early high-speed 
motors were somewhat hybrid in con- 
struction, utilizing experience obtained 
from the lightest weight axle-hung street- 
car motors and those used on electric 
battery trucks at that time. It is sig- 
nificant that nearly all of them used com- 
mutating poles and all employed anti- 
friction armature bearings. 

In 1928, the Westinghouse double- 
reduction W-N gear-unit drive was de- 
veloped for streetcars. This required a 
high-speed motor which had approxi- 
mately 35 per cent of the weight and 
double the maximum armature speed of 
its axle-hung predecessor. Since that 
time, much design, research, and operat- 
ing experience has been combined to pro- 
duce the modern motors that are used to- 
day on the various forms of electrically 
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driven city and intercity transit vehicles 
and some types of mining and railway 
locomotives. The following discussion 
enumerates and evaluates the principal 
advantages of these motors: 


Reduced Size and Weight 


The principal feature that permits 
motor designs of decreased size and weight 
is the gearing used which allows higher- 
speed armatures. The maximum gear 
reduction usable on the axle-hung motors 
was around 6 to 1, and reductions used 
were usually around 5 to 1. This was 
because of an inherent limitation in gear 
reduction in the tie-up between the center 
lines of armature and axle, gear-tooth 
strength, and clearance from gear case to 
rail. With the motor separated from the 
gears, a gear ratio is selected which allows 
the motor armature to rotate at its highest 
economical speed. The result is that 
traction-motor gear ratios from 6 to 1 up 
to 22 to 1 are now used, depending on the 
application and type of vehicle. 

The size and weight of a motor arma- 
ture are approximately proportional to 
its torque. Horsepower is proportional to 
the product of speed and torque. If a 
given horsepower rating can be obtained 
from more speed and less torque, the 
armature is smaller in proportion to the 
decrease in torque. Another reason for 
smaller armatures on recent motors is the 
saving in space effected by modern in- 
sulation of the armature coils. The de- 
velopment of thinner and stronger mica 
and glass tapes and wrappers has made 
this possible. Any decrease in armature 
diameter by improvements such as this 
means that the rotational speed can be 
increased further, and thus a still smaller 
armature for the same horsepower can be 
used. A smaller armature carries with it 
a reduced field structure, and therefore 
the whole motor is reduced in size and 
weight. Figure 1 shows a comparison of 
motor weights. The comparison is be- 
tween the latest light traction axle-hung 
motors A, and modern high-speed motors 
developed since 1935-B. The weights 
given are exclusive of gears or gear hous- 
ings in both cases. 

Figure 2 shows comparatively how the 
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size of traction motors having a one-hotir 
rating of 125 horsepower has varied over 
a period of years. 

One of the advantages of the reduced 
motor size is the saving in material. The 
saving of copper is especially important as 
an aid to the war effort. The copper 
saving in motors used on 2,100 Presidents 
Conference Committee streamlined 
streetcars recently built in this country 
and Canada is approximately 1,250,000 
pounds. This saving is estimated by 


comparing the weight of copper in the 
present motors used on these cars with the 
weight of copper in the most recently de- 
signed axle-hung streetcar motors of the 
same rating. 


: 


| 
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Figure 1. Motor weight comparison 


A. Weights of most recent axle-hung street- 
car and interurban car motors 


B. Weights of modern high-speed traction 
motors 


Another important advantage of de- 
creased motor size and weight is the 
allowable reduction in truck or chassis 
size and weight. Modern streetcars, 
trolley-coach, or Diesel-electric-coach 
construction would not be possible if the 
modern light-weight motors were not 
available. 


Increased Ventilation 


The higher-speed armature permits a 
fan design that provides increased ventila- 
tion. This causes the continuous rating 
more nearly to approach the one-hour 
rating. The slower-speed motors had 
continuous ampere ratings that were be- 
tween 60 and 75 per cent of the one-hour 
rated amperes. The high-speed motors 
have continuous ratings between 80 and 
90 per cent of the one-hour rating. 4 
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A B 


Graphic comparison of traction 
motor body size 


Figure 2. 


A. Rated 600 volts, 125 horsepower, 275 
\\ rpm (developed in 1909) 

B. Rated 600 volts, 125 horsepower, 800 
rpm (developed in 1915) 


C. Rated 300 volts, 125 horsepower, 2,000 
rpm (developed in 1939) 


Higher Efficiency 


The high-speed motor is fundamentally 
more efficient than a lower-speed motor 
of the same voltage and rating. This is 
because fewer conductors of shorter length 
are required both in the armature and 
field coils. This reduces the copper J?R 
loss which is a major part of the total loss 
especially at heavy accelerating loads. 
The iron losses and friction losses of the 
high-speed motor may become greater 
at low values of tractive effort, but the 
small per cent of operation at these low 
loads makes the reduction of efficiency 
here unimportant. 

Figure 3 shows a comparison of motor 
efficiencies of two 125-horsepower, 600- 
volt traction motors. A has a rated speed 
of 2,440 revolutions per minute and maxi- 
mum speed of 4,500 revolutions per min- 
ute. B has a rated speed of 800 revolu- 
tions per minute, maximum 1,800 revolu- 
tions per minute. 


Better Commutation 


The modern high-speed motors have 
better commutation than their predeces- 
sors. This is partly inherent in the 
higher-speed design and partly due to in- 
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Figure 3. Comparison of motor efficiency 
A, Rated 600 volts, 125 horsepower, 2,440 
rpm 
B. Rated 600 volts, 125 horsepower, 800 
rpm 
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Figure 4. Commutation comparison 


A. Motor rated 600 volts, 140 horsepower, 
930 rpm 


B. Motor rated 600 volts, 140 horsepower, 
2,000 rpm 


creased knowledge. The so-called “re- 
actance’”’ voltage that tends to cause 
sparking at the brushes is dependent 
mainly on the number of armature con- 
ductors, armature size, and speed. The 
higher-speed armature has less conductors 
and is smaller, and this more than offsets 
the effect of increased speed. The use of 
the full number of commutating poles and 
brush arms, as well as greater care to 
avoid saturation of the commutating- 


Figure 5. High-speed 125- | 
horsepower 300-volt motor for 
use with double- or triple- 
reduction gearing on Diesel- 
electric switcher locomotives 


Figure 6. High- 
speed motors and 
W-N gear unit 
mounted in truck 


of high-speed trol- 
ley train 
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pole magnetic circuit at heavy loads, have 
also been factors in producing improved 
commutating and flashing characteristics. 
Figure 4 shows a comparison of reactance 
or ‘‘sparking”’ volts for a low-speed and a 
high-speed motor. 


Improvements in Mechanical 
Construction 


Mechanical improvements have gone 
along with motor speed increases. Some 
of them have been stimulated by the 
higher speeds. Examples of these are 
accurate dynamic balancing, better com- 
mutator seasoning, and more accurate 
commutator surfacing. Once shop 
methods for performing these operations 
were established, they were found to be as 
easy to do as the less adequate methods 
formerly used for slower-speed armatures. 
The types of motor mounting have been 
simplified so that motor frames have be- 
come simple cylinders of rolled steel. 
Easily removable, simple commutator 
covers are used, allowing easy inspection 
of commutator and brush holders. 
Motors are being mounted so that they 
have the same spring-supported ride as 
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the passengers, This permits construc- 
tional simplification not allowable on a 
motor receiving direct impacts through 
An example of this is the 
Field 
coils are now made accurately to size and 


wheels and axle. 
elimination of field-coil springs. 


clamped solidly between a flat washer at 
the pole tip and the frame at the base of 
the pole. In the design of the stator, any 
improvement that decreases the frame 
diameter for a given armature diameter 
pays almost double in weight reduction, 
It not only reduces the amount of iron in 
the magnetic circuit but shortens the 
length of magnetic path, thus rapidly 
reducing the field turns required for the 
same flux, 


Improved Insulation 


Improvements in insulating materials 
and treatment processes have been nu- 
merous during the past few years. These 
improvements have been incorporated in 
the new motors as they were designed. 
Class A insulation is rarely considered in 
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Figure 7. Mounting arrange- 
ment of motors, propeller 
shafts, gear units, and axles in 
Presidents Conference Com- 
mittee streetcar truck 


the design of new traction motors. Class 
B conductor coverings, tapes, and slot 
wrappers have been improved so that 
they are thinner, yet have increased di- 
electric and mechanical strength along 
with the ability to withstand high tem- 
peratures. Improved insulating varnishes 
and methods of treating coils before and 
after their assembly have made windings 
less liable to grounds. 


Ease of Maintenance Increased 


Ease of maintenance and therefore the 
cost of maintenance have been considered 
constantly in the design of modern high- 
speed traction motors. The reduced labor 
of handling because of the smaller size of 
complete motor and parts is an important 
factor. The use of grease-lubricated 
roller. or ball bearings and a bearing 
housing construction that permits re- 
moval from the frame without exposure 
of the bearings or lubricant to dirt is an- 
other. With the present bearing and 
shaft construction, shaft breakages are 


Figure 8. High- 

speed traction mo- 

tors mounted in Dif- 

ferential Car Com- 

pany “‘axleless’’ truck 

for mining locomo- 
tives 
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Figure 9. Armature of 140-horsepower trol- 
ley-coach motor complete with bearing hous- 
ings and bearings, weighs only 525 pounds 


practically unknown and bearing re- 
placements are very infrequent. The 
cost of renewal parts and the difficulty of 
their replacement both have been reduced 
in this type of motor. 


Conclusion 


The modern high-speed traction motor 
as used today may be said to be the 
product of an evolutionary development 
and is based on sound engineering funda- 
mentals. The outstanding advance that 
has been made in reduction in weight and 
size has been accompanied by better 
commutation, increased ventilation, 
higher efficiency, and improved me- 
chanical construction. The various im- 
provements that have accompanied the 
increase in speed have combined to pro- 
duce a motor that is easier to place in a 
truck or chassis and is more trouble-free 
and easier to maintain than its prede- 
cessors. 
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Pilot-Wire Relaying on a Metropolitan 


System 


T. G. LeCLAIR 


FELLOW AIEE 


NUMBER of papers have been 

written which discuss individual 
pilot-wire relaying schemes. A recent 
paper presented by the relay subcom- 
mittee of the committee on protective de- 
vices! analyzed the pilot-wire circuit used 
in these relaying schemes. The present 
paper is a discussion of pilot-wire systems 
on a large metropolitan system where 
they have been in successful use for many 
years. The paper brings out the fact 
that pilot-wire relaying has many advan- 
tages over other forms of relaying because 
of selectivity and high-speed operation. 
It has also been found that the reliability 
of a complete relaying scheme is substan- 
tially better than would be expected from 
the record of the pilot-wire circuit as 
reported in the subcommittee paper at 
the 1943 winter technical meeting. 

The general use of pilot-wire relaying 
on the metropolitan system referred to 
was necessitated by some special char- 
acteristics of this system. The system 
has a large amount of generating capacity 
closely interconnected through short 
transmission lines. Therefore, phase iso- 
lation is used to reduce the short-circuit 
duty on circuit breakers and limit physi- 
cal damage from faults. This isolated 
phase system includes the use of neutral 
resistors which limit the ground fault 
current to such low values that the trip- 
ping time would be too slow with conven- 
tional overcurrent relaying schemes. The 
use of pilot-wire relaying permits accu- 
rate selectivity with these low fault cur- 
rents regardless of the switching arrange- 
ments of the transmission lines for various 
operating conditions. 

Practically all of the large industrial 
customers are served by cable loops out of 
stations or substations. The large num- 
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ber of customers served by a single loop 
would require excessive time settings on 
overcurrent relays. Therefore, pilot- 
wire relaying was selected to permit an 
indefinite number of steps without in- 
creasing the relay timing. Figure 1 
shows the gain in relay time obtained by 
the use of pilot wires on the loop system. 
The overcurrent relays at the substation 
end of the loop (see Figure 1b) provide 
back-up protection; those shown in the 
center section provide primary protection 
for this section and at the same time limit 
outages caused by back-up operations to 
one half the loop. 

On this power system, where large 
amounts of power are transmitted over 
relatively short distances, the trans- 
mission lines are of unusually low im- 
pedance. For this reason the use of dis- 
tance relays is not feasible. The short- 
ness of the transmission lines also favors 
pilot wires because the cost of pilot wire 
between stations, when added to the cost 
of relays at the terminals, results in a 
total cost for relaying comparable with 
the cost of distance or directional relays. 

The, paper includes an economic com- 
parison to indicate that for reasonably 
short transmission lines, pilot-wire relay- 
ing is more economical than carrier re- 
laying in addition to having inherently 
simpler methods of obtaining selectivity. 


Description of Relaying Systems 


At the present, a number of different 
pilot-wire schemes are available for trans- 
mission-line protection.*5® = These 
schemes vary considerably in method, 
some using a direct comparison of cur- 
rents at the two ends of the line, while 
others use a derived d-c pulse to effect the 
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comparison. This paper describes only 
those pilot-wire schemes which are being 
used on the power system under con- 
sideration. The first published reference 
to these schemes, one of which has been 
used on this power system for the last 
30 years, is a paper by R. F. Schuchardt 
in 1917.7 These are circulating current 
schemes in which alternating current 
flows through the pilot wires. While all 
installations are of the same general type, 
they can be classified in the following two 


groups: 


Scheme 1 (Figure 2) is used on transmission 
lines consisting of three-conductor under- 
ground cable and operates for ground faults 
only. Under normal conditions, there is no 
residual current in the line with the result 
that there is no current in the pilot wires. 
Upon the occurrence of an external ground 
fault, current flows through the pilot wires, 
but the circuit is so devised that in each re- 
lay the currents in the two coils will be equal 
and opposite, with the result that the relays 
will not operate on an external fault. Foran 
internal ground fault, the current through 
the two coils of each relay will not balance, 
and the relay will operate. A description 
of the current flow for external and internal 
faults is given in the appendix. The relays 
used on this scheme are simple two-coil 
balanced differential relays which require 
11/. amperes difference in current to operate 
and trip in approximately two cycles. On 
most lines to which this system is applied, 
the current setting corresponds to a pri- 
mary fault current which is lower than the 
full load current of the line. Recently, a 
new telephone-type relay was developed 
for this system which operates in one cycle 
with the same current setting. 


Scheme 2 (Figure 3) is similar in principle 
to the first scheme except that a special 
pilot transformer is used instead of a two- 
coilrelay. By the use of four pilot wires and 
three sets of terminal equipment as shown, 
the scheme protects for all types of phase 
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(a) RELAY SYSTEM WITHOUT 
PILOT WIRES 


and ground faults, The special transformer 
serves two purposes: first, the differential 
current is obtained from the transformer 
and, second, the current supplied to the 
relay is stepped up in value by the trans- 
former, This special transformer makes pos- 
sible the use of standard overcurrent relays 
and also results in a lower burden on the 
main current transformers, since a smaller 
value of current can be circulated through 
the pilot wires, This scheme is used on high- 
voltage lines consisting of single conductor 
underground cables and operates for all 
types of phase and ground faults. The 
high-voltage lines on which this scheme is 
used are considerably longer than the lines 
protected by scheme 1, ‘This situation 
made it advisable to reduce the burden on 
the current transformers, and the special 
transformers were developed for this pur- 
pose, Most of these relay installations are 
set to operate at 0.7 ampere which corre- 
sponds to a primary fault current below full 
load current for the line, The latest installa- 
lions of this system use high-speed relays 
operating in one eyele, The flow of current 
in the pilot wires is not shown for this 
scheme, but it is similar to that shown for 
scheme | in the appendix, It will be noted 
that the resistors used for this scheme are 
one half the value used in scheme 1, This 
is necessary because the circulating current 
must pass through two resistors in series 
at each terminal for all types of faults, 


While the two schemes shown are the 
basic ones employed, a modification has 
been adopted to make possible the use 
of the two-wire scheme to protect for all 
types of faults, The method by which 
this is accomplished is shown in Figure 4, 
This method is applicable both for scheme 
| and also a two-wire scheme using pilot 
transformers, The principle advantage 
of using four pilot wires and three relays 
instead of two pilot wires and one relay 
is that the relay target will identify 
which cable has failed in a transmission 
line using single-conduetor cables. The 
modified scheme is used to protect three- 
conductor cables on 
important substations, 


tie lines between 


For scheme 1, which requires two pilot 
wires, three-conduetor, number 12 pilot- 
wire cable is used, This is lead-covered 
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(b) RELAY SYSTEM WITH 


PILOT WIRES 


underground cable with */-inch rubber 
insulation rated at 500 volts. All new 
pilot cables are tested at 3,000 volts, 
alternating current, for one minute. The 
third wire in this cable is a spare and is 
used in routine testing of the relays. For 
scheme 2, four wires are needed and 
five-conductor, number 12 cable is used 
of the same type as used for scheme 1. 

It is interesting to note that in all the 
schemes described the relay operation is 
independent of the source of fault current. 
Relay operation is the same whether the 
total fault current comes from either 
end or from both ends, The relay operat- 
ing currents at both ends of the line are 
equal and are a direct function of the total 
primary fault current. This condition 
holds even for the line open at one end, 

A scheme was developed for neutraliz- 
ing the effect of the capacitance of the 
pilot wires, but it has not been necessary 
to apply the scheme for this company. 
The longest line to which the relay system 
is now being applied has a length of ap- 
proximately 15 miles, and even for this line 
the capacitance of the pilot wires has no 
appreciable effect. Charging current of 
the main transmission line inherently ap- 
pears as fault current to the relay system, 
and with long, underground, high-voltage 
cables this factor is of some importance. 
For the long line previously mentioned 
it was found necessary to use a one- 
ampere setting of the relay instead of 0.7 
ampere used on shorter lines. 

Another characteristic of the schemes 
deseribed is that it is desirable to use 
similar terminal equipment at both ends 
of a line. Correct operation of the sys- 
tem depends on a definite division of the 
secondary currents, which, in turn, de- 
pends on the relative impedance of the 
terminal equipment. The use of dis- 
similar terminal equipment might result 
in a loss of sensitiveness, or the possi- 
bility of tripping on through faults. 

Obviously, all of the schemes described 
depend on the pilot circuit being in sound 
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condition for correct operation. Hither 
an open circuit in the pilot wires or multi- 
ple’ grounds on ‘these wires will result 
generally in incorrect operation. For the 
schemes which operate for phase faults, 
trouble in the pilot wires will result in 
tripping the line on heavy load currents 
when there is no fault. This is not seri- 
ous since it results in only one outage 
in a group of lines. For the schemes 
limited to operation on ground faults, 
trouble in the pilot wires will result in 
tripping of the line for an external fault. 
In all schemes, the special case of a short- 
circuit between pilot wires near the center 
of the line will prevent tripping for an 
internal fault on the power line. 

In recent years, the pilot-wire systems 
have been used to protect lines which are 
directly connected to transformers with- 
out a primary circuit breaker. The 
method employed is to use the pilot- 
wire system to protect the high-voltage 
line, and standard percentage relays to 
protect the transformer. The operation 
of the transformer relay open-circuits the 
pilot wire with the result that the line 
breakers at the far end of the line will 
open for a small value of fault current. 

This principle is also employed in some 
cases to trip the far end of a tie line be- 
tween important substations. The loca- 
tion of the current transformers used in 
the pilot-wire scheme is such that the 
zone of protection of the pilot-wire relay 


does not cover all the terminal equipment 


of the line. In many cases a fault-bus 
or overcurrent relay is available which 
protects the equipment not covered by 
the pilot-wire relays. In these cases, the 
operation of the fault-bus or overcurrent 
relay unbalances the pilot-wire system, 
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Figure 2. Scheme using two pilot wires and 
protecting for ground faults only 
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thereby causing the far end of the line to 
be tripped. 


Abnormal Voltages on Pilot Wires 


As shown in Figures 2 and 3, the pilot- 
wire systems are isolated from all ground 
connections. With this arrangement, one 
ground on the relay system will not cause 
an operation of the relays. Also, the 
longitudinal induced voltage on an un- 
faulted pilot cable is so distributed that at 
each end of the cable one half of the total 
induced voltage is impressed from con- 
ductor to sheath. 

In general terms, the longitudinal in- 
duced voltage is a voltage induced along a 
conductor, which builds up a voltage 
between the conductor and ground. In 
the underground power system being 
discussed in this paper, the longitudinal 
voltage induced under fault conditions 
has a somewhat different character. In 
this system practically all the current in a 
ground fault returns to the source over the 
lead sheaths in the duct run carrying the 
faulted cable. The sheath of the pilot 
cable is connected to the sheaths of the 
power cables at each manhole, and the en- 
tire group of sheaths is practically at 
ground potential throughout its length. 
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Figure 4. Method for modifying pilot-wire 
circuit to make it operative for phase-to-phase 
and phase-to-ground faults 
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Figure 3. Scheme using four 
pilot wires and protecting for 
all types of faults 
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Calculations and tests have shown that 
the longitudinal induced voltage can be 
calculated with sufficient accuracy with- 
out taking into account the flux linkages 
on the pilot cable. It is necessary to 
consider only the resistance drop in the 
lead sheaths caused by the return of fault 
current on this sheath. The longitudinal 
voltage in this case is the difference of 
potential between the two ends of the 
pilot-cable sheath. Also, it is the voltage 
that would appear between conductor and 
sheath at one end of the cable if the con- 
ductor were connected to the sheath at 
the other end. As noted previously, if 
the pilot-cable insulation is in good con- 
dition, one half of the longitudinal voltage 
would appear between the conductor 
and sheath at each end of the cable. 

All terminal equipment of the relay 
system is tested at 1,500 volts a-c for one 
minute, when placed in operation. The 
isolating current transformers are tested 
at 2,500 volts a-c for one minute. As 
previously noted, new pilot cable is tested 
at 3,000 volts a-c for one minute. 

The low values of ground-fault cur- 
rents which are obtained in this power 
system, combined with the fact that all 
transmission lines and pilot wires are in 
lead-covered underground cable, result 
in very low values of induced voltage on 
the pilot-wire system. Calculations and 
tests have shown that on practically all 
lines the maximum induced longitudinal 
voltage is considerably less than 1,000 
volts.| For about five per cent of the 
transmission lines, the induced voltage is 
above 1,000 volts, and in the maximum 
case there are approximately 2,500 volts 
induced. However, even in this maxi- 
mum case, the effect of operating pilot 
wires ungrounded results in the voltage 
stress on the pilot wires and terminal 
equipment being within their insulation 
strength. 

In many cases, the rise of ground bus 
potential under fault conditions, caused 
by high grounding resistance, creates a 
problem in the protection of pilot-wire 
systems.? However, on this power sys- 
tem this effect is practically negligible. 
As stated before, most of the fault cur- 
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rent returns to the station over lead 
sheaths, which, in turn, are directly con- 
nected to the ground bus at the station. 
This arrangement, combined with the 
fact that the total ground fault current 
is relatively small, results in extremely 
low values of ground bus voltages in the 
station supplying the fault current. 

As a result of the low values of induced 
voltage on the pilot-wire cables, it has not 
been found necessary to use any equip- 
ment on the cables to protect against 
transient overvoltages. 


Comparison of Privately Owned and 
Leased Pilot-Wire Circuits 


One important question that always 
arises.in the application of pilot-wire re- 
lays is the use of privately owned pilot 
wires versus leased telephone wires. Pri- 
vately owned circuits are relatively high 
in cost; on the power system under con- 
sideration, the pilot cables used cost up 
to approximately $1,500 per mile in- 
stalled. No cost for ducts is included 
in this figure because pilot cables are 
generally installed in center ducts which 
do not have good heat-radiating capacity 
for power cables. This cost for privately 
owned circuits compares with a cost for 
leased wires of approximately $60 per 
mile per year, in the metropolitan area. 

Privately owned wires have several 
operating advantages. They make pos- 
sible the use of lower resistance wires 
which are preferable for the circulating 
current schemes described in this paper. 
Also private cables are of higher insula- 
tion strength and, therefore, are less sus- 
ceptible to the effects of induced voltage. 
These circuits are better protected from 
external damage and their service records 
show the benefits gained. Over a period 
of ten years, on this power system, there 
have been only five service failures on 218 
circuits, consisting of approximately 300 
miles of cable. This power system uses 
leased telephone wires on a telemetering 
system which consists of approximately 
120 circuit miles. In a two-year period 
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Relay System Operations Remarks 


All classes,..........3.7... Majority of relays, sim- 
ple induction type 

Used on high-volt- 

age system........7.2...Includes many of the 

more complicated 
types 

. Speed of operation fas- 
ter than other relays 
on high-voltage sys- 
tem, in many in- 
stances 
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Figure 5. Current flow for internal fault with 
all fault current supplied from terminal 1 


there have been eight emergency out- 
ages on this system, the duration ranging 
from a few minutes to five hours. 


Data on Operating Record of Pilot- 
Wire Circuits 


The number of pilot-wire circuits now 
in use on the power system under con- 
sideration, are as follows: 


Schente Layee, vate nee soho inte 155 circuits 
Sehemrer2 7c. cacy. erate ware atl moet aetner sites 25 circuits 
Modified scheme 1030/5 "icv, ctereisso's'u eo le 38 circuits 

OCALA wee tieserons ay ee ERR eels tetas = 218 circuits 


The total length of cable involved on 
these circuits is approximately 300 miles. 
During the last ten years there have been 
164 operations of the pilot-wire relay 
systems, of which six have been incorrect. 
Of the six cases of incorrect operation, 
one was caused by terminal equipment 
and five by trouble on pilot cables. 
Following is a detailed analysis of these 
six incorrect operations: 


In one case a terminal resistor was damaged 
by overloading during the testing of the re- 
lay system. Asa result of this damage, the 
resistor was open-circuited and the line 
tripped out on a through fault. 


In one case a pilot cable was cut by mistake 
by an employe of another company, and 
the line opened on load current. In the 
process of locating the trouble in this pilot 
cable, a company employe cut another pilot 
cable by mistake with the result that a sec- 
ond line opened on load current. 


In one case a street-lighting circuit failed 
and caused the burning of a pilot cable, 


which caused an opening of the transmission 
line. 


In two cases a pilot cable was damaged and 
the conductors became short-circuited, with 
the result that the lines tripped on through 
faults. 


In all cases of incorrect operation, the 
lines were tripped out either on load 
current or on external faults. In the 
cases where the line tripped on load cur- 
rent, service was not affected because the 
line which was tripped out was only one 
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of a number operating in parallel. This 
situation also applies to those cases where 
a line tripped on through fault. There- 
fore, none of the incorrect operations re- 
sulted in service interruptions. 

The high degree of reliability of the 
pilot wires has made it unnecessary to use 
any form of continuous supervision to 
check the continuity of the wires. The 
wires are checked semiannually as part 
of the routine relay test. 

A comparison of results obtained by 
different methods of relaying requires 
consideration of the relay speed neces- 
sary on the different parts of the system. 
On this power system, the largest num- 
ber of line relays is on the intermediate 
voltage transmission system where lines 
are short, stability is not a factor, and a 
simple time selection scheme is satisfac- 
tory. On the high-voltage system, in- 
cluding all lines in the interconnected 
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wire cables out of service for cable re- 
arrangements and other types of work. 


These interruptions amount to a total of - 


approximately 75 outages each year, with 
an average duration of about four hours. 
However, these outages are not impor- 
tant because they generally come at a 
time of the day when the line can be taken 
out of service without jeopardizing the 
service to customers. In many cases the 
pilot-wire cable can be taken out of sery- 
ice without opening the transmission 
line, relying on back-up protection to 
clear faults that might develop during 
outage of the pilot-wire system. ‘ 


Comparison of Pilot-Wire Systems 
With Carrier Systems 


A brief study of the cost of ca‘rier- 
current installations for relaying purposes 
shows that using the type of system de- 
scribed in this paper, pilot-wire systems 
are competitive in cost for lines up to 
approximately 20 miles in length. Using 
telephone wires, the pilot-wire system is 
competitive with carrier current up to 
lines of approximately 35 miles in length. 
The cost comparison definitely favors 
carrier-current relaying on longer over- 
head transmission lines. 

Pilot-wire relaying of the type described 
in this paper is inherently simpler than 
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Figure 6. Current flow for internal fault with 
equal currents supplied from the two terminals 


group, the power concentration is greater 
and stability is a factor on the long over- 
head lines. For this high-voltage system, 
high-speed relaying is essential, and mod- 
ern distance and carrier relays are being 
used in these installations. 

Table I is a comparative record to show 
relay performance on this metropolitan 
system over a ten-year period. 

In addition to the service outages re- 
ferred to there are a relatively large num- 
ber of planned interruptions of the pilot- 
wire systems. These outages are occa- 
sioned by the necessity for taking pilot- 
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the carrier-current systems now in use’ 
In the pilot-wire system the comparison 
of conditions at the two ends of a trans- 
mission line is made directly, whereas, in 
the case of the carrier-current relaying, 
the comparison is an indirect one. In 
carrier-cutrent relaying it is necessary 
first to translate the conditions at each 
end of the line into a carrier signal, and 
the mechanism for doing so requires a. 
multiplicity of relay elements, each of 
which introduces some hazard to the 
reliability of the entire system. It ap- 
pears, therefore, that for lines where pilot- 
wire relaying systems can be justified 
from an economic viewpoint, they should 
provide a more reliable form of relay 
protection than carrier-current relaying. 
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Conclusion 


Pilot-wire relaying is applicable over 
a substantial field in transmisson-line pro- 
tection. This scheme provides high speed 
and selective operation under all switch- 
ing arrangements. There are many types 
of  pilot-wire-relaying schemes which 
have been developed over the past 30 
years. Only the schemes with which the 
authors have had operating experience are 
discussed in this paper. 

Induced voltage is one of the most com- 
monly discussed limitations to pilot- 
wire-relaying schemes. On overhead 
systems special precautions must be 
taken, but for this metropolitan system 
where both transmission lines and pilot 
wire are underground induced voltages 
have caused no trouble. 

On this metropolitan system the per- 
centage of correct operations, over the 
past ten years, is approximately the same 
as obtained from the very simple induc- 
tion relay schemes. On the other hand, 
the percentage of correct operations is 
appreciably higher than that obtained 
from the more complicated schemes, in- 
cluding high-speed distance relays and 
carrier relays which are required for 
modern high-speed switching. ; 

Pilot relaying is more economical than 
other schemes on relatively short trans- 
mission lines. Where pilot wires are 
usable, they are inherently more simple 
than other relays with comparable operat- 
ing speed. 


Appendix 


Figures 5, 6, and 7 show the flow of current 
in the pilot wires and relay coils for external 
and internal fault conditions. These dia- 
grams are based on scheme 1, but the same 
principles apply to the other schemes. 

In Figure 5 an internal fault is assumed 
with all current being supplied from one end 
of the line. The primary fault current is 
assumed to be of such a magnitude that the 
current in the secondary circuit of the iso- 
lating current transformer is four amperes. 
This current divides at the point where the 
isolating current transformer connects to 
the relay coils, in proportion to the imped- 
ance of the two paths. Three amperes flow 
into the coil connected to the resistor and 
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Figure 7. Current flow for external fault 


one ampere to the coil connected directly 
to the pilot wire. The current of one am- 
pere flows through the pilot wire, through the 
two relay coils at the far end of the line, and 
back to the first terminal over the other 
pilot wire. This three to one division of cur- 
rent between the two coils is the same for all 
conditions and in all the schemes described. 
The ratio of the two currents is fixed by the 
value of the resistor in the circuit at each 
terminal, which in the case of the two-wire 
scheme is equal to the resistance of one 
pilot wire. With the value of the fault cur- 
rent chosen, the vector sum of currents in 
each relay for the case of Figure 5 is two 
amperes. Since the relays are set to operate 
at a net current of 1!/. amperes, this fault 
current is sufficient to trip both relays. 
Note that the resultant current at the two 
terminals is identical, although the fault is 
fed from one end only. 

In Figure 6 an internal fault is again as- 
sumed, but, in this case, there is a current of 
four amperes supplied from each end of the 
line. The simplest method of analyzing the 
flow of current in the pilot-wire system is 
to use the principle of superposition. 
diagram shows separately the flow of current 
supplied from each end of the line. The 
division of current at the point where the 
isolating current transformer connects to 
the relay coils is based on the same principle 
covered in Figure 5; that is, three fourths of 
the current flows in the relay connected to 
the resistor and one fourth to the coil con- 
nected directly to the pilot wire. This dia- 
gram also shows the resultant of the two 
circulating currents, which is the actual cur- 
rent flowing in the system. It will be noted 
that the resultant differential current in each 
relay is four amperes instead of two as in 
the previous case. This illustrates the gen- 
eral principle that the net current in each 
relay is'a direct function of the total internal 
fault current. In this specific case of equal 
currents fed from the two ends of the line, 
the pilot-wire current is zero. This condi- 
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tion holds only for this specific division of 
fault current. 

Figure 7 shows the condition for an ex- 
ternal fault with the magnitude of the cur- 
rent equal to four amperes in the isolating 
current-transformer circuit. Again, this 
diagram uses the principle of superposition 
to show the flow of current. It will be noted 
that the flow of current from terminal 1 has 
the same magnitude and direction as for the 
case shown in Figure 6. For the current 
from terminal 2 the current has the same 
magnitude but is opposite in direction be- 
cause of the through-fault condition. The 
effect of this reversal of direction is to give 
equal and opposite currents in the two relay 
coils. This illustrates the general principle 
that for a through fault of any magnitude 
the currents in the relay coils will be equal 
and opposite, with the result that there is no 
tendency for the relay to operate on such 
faults. 
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Interim Report on Overloading 


Distribution Transformers 


AIEE COMMITTEE ON ELECTRICAL MACHINERY 


Transformer Subcommittee 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication, as well as other guides 
and reports in this series, has been prepared 
for the information of users during the war 
emergency. Upon termination of the war 
emergency, they will be reconsidered by the 
standards committee and the committees 
that prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in 
preference to the preparation of special 
emergency standards which might involve 
redesigning and drastic changes in manu- 
facturing practices. These guides will ac- 
complish the maximum conservation of 
critical materials, since they provide for the 
maximum use of existing equipment and 
systems, as well as new equipment, without 
changing the fundamental basis on which 
the present standards have been prepared. 


HE “Interim Report on Guides for 

Overloading Transformers and Volt- 
age Regulators,” which was presented at 
the AIEKE summer convention, June 22, 
1942, and was published in the September 
1942 issue of ELECTRICAL ENGINEERING, 
gave information on the overloading of 
all types of transformers and of voltage 
regulators. 

The interim report gave basic principles 
to be followed for determining permissible 
overloads with normal life expectancy 
based on the assumption that the trans- 
former would be operated continuously 
throughout its life on the basis of the 
assumed conditions. It also gave tables 
and charts covering permissible emer- 
gency overloads with moderate sacrifice 
of life expectancy. The data given result 


Paper 43-87, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 19438. Manuscript submitted 
April 16, 1948; made available for printing May 
11, 19438, 


Personnel of transformer subcommittee: M. S. 
Oldacre, chairman; F. S, Brown, E. S. Bundy, 
represented by R. T. Henry; J. EB. Clem, I. W. 
Gross, V. M. Montsinger, J. R. North, W. C. 
Sealey, F. J. Vogel, C. F. Wagner. 


This interim report was prepared by the AIRE 
transformer subcommittee of the committee on 
electrical machinery for the purpose of making 
essential information immediately available to war 
industries, thus furthering the conservation of 
valuable material for the war emergency, It is 
educational and in no way mandatory, It is not 
intended as a ‘‘Standard,’’ and has not been ap- 
proved formally by the standards committee nor 
the board of directors. 
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in conservative overloads for all types and 
sizes of transformers. 

It must be recognized, however, that 
such overloads may be too conservative 
for some small distribution transformers 
where the temperature rise is appreciably 
lower than the specified rise on account of 
the use of a tank larger than necessary for 
thermal requirements, because general 
rules and tables such as those given in the 
“Interim Report on Guides for Overload- 
ing Transformers and Voltage Regula- 
tors’? must be made to fit transformers 
of all kinds, varieties, and sizes (within 
certain limits) having different design 
characteristics. 

It is difficult: to fix specific limitations 
for operation of distribution transformers 
because of the multiplicity of factors 
governing such operation. 

For distribution applications the shape 
of the load curve imposed upon a trans- 
former will vary for each application. 
Although for larger-sized distribution 
transformers the load curve may be com- 
parable to that for a complete distribu- 
tion system, for the smaller units, such 
as used on residential and commercial 
applications, the load curves are usually 
very complex and are not classified so 
readily in terms of load factor as are the 
load curves for power transformers. 

The thermal characteristics of distribu- 
tion transformers also are affected by 
numerous factors. Small distribution 
transformers inherently have greater 
cooling ability per kilovolt-ampere than 
larger sizes with the result that they have 
greater thermal ability. In addition, the 
particular design has greater influence on 
the permissible load than any other factor 
being considered. The establishment of 
thermal characteristics for each size, type, 
and manufacture of unit would be a tre- 
mendous task. 

In distribution transformer applica- 
tion, consideration must always be given 
to permissible voltage drop and voltage 
variation in the transformers and the rest 
of the system as well as to the thermal 
characteristics of the transformers. In 
some cases, voltage drop rather than ther- 
mal capacity may be the limiting factor 
in the loading of distribution transform- 
ers. 


Report on Overloading Distribution Transformers 


While it would be desirable to have 
recommendations that would more nearly 
cover the ultimate load capabilities of 
these smaller units, specific recommenda- 
tions must depend on factors peculiar to 
individual systems and loads to such ex- 
tent that it seems impractical to produce 
data that can be applied generally. 

The overloads for transformers recom- 
mended in the “American Standards for 
Transformers, Regulators, and Reactors, 
C-57.3” and in the ‘Interim Report on 
Guides for Overloading Transformers and 
Voltage Regulators’’ are based on actual 
load values. Various methods of esti- 
mating loads on distribution transform- 
ers are in common use. These methods 
do not always give results on a basis com- 
parable to the actual load values given in 
the afore-mentioned reports. 

It seems necessary, therefore, that 
those users seeking the near ultimate in 
loading of distribution transformers base 
their thoughts and conclusions on the 
particular characteristics of the equip- 
ment and loads peculiar to their own 
systems. They will find some assistance 
in the guide and report referred to pre- 
viously and in the papers listed in the 
references, 
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Adequate Electrical Maintenance 


Essential to Transportation 


W. J. CLARDY 


\\ MEMBER AIEE 


Synopsis: The demand for public trans- 
portation is increasing rapidly under present 
conditions of accelerated industrial activity. 
Adequate maintenance of electrical appa- 
ratus on rolling stock is essential to avoid 
impairment to the war effort. Measures 
which will assist to retain generators, motors, 
and control in service practically 100 per 
cent of the time are proper operation, effec- 
tive inspection, preventive maintenance, 
keeping apparatus clean, accurate adjust- 
ments, prompt worn-part replacements, 
undelayed commutator conditioning, use 
of improved insulation, and correct lubrica- 
tion. More careful attention to all of these 
factors during the present emergency will 
assure maximum rolling stock availability. 


Maintenance of Transportation 
Electrical Apparatus and the 
War Effort 


MERICANS are confirmed opti- 

mists. They like to believe that 
life, somehow, works out for their indi- 
vidual good. But today, we are faced 
with a transportation situation which can 
ruin our entire internal economy just as 
surely as being bombed to destruction. 
Goods and people must be moved to 
places where they are needed to be effec- 
tive in the war effort. Electric locomo- 
tives, suburban cars, rapid transit trains, 
streetcars, trolley coaches, and Diesel- 
electric buses are doing their bit in meet- 
ing this demand. The adequate main- 
tenance of electrical apparatus on this 
rolling stock is a vital factor in providing 
the necessary supply of war materials. 


Armies and navies are useless without — 


the tools of battle. Materials and workers 
must be moved to and from industrial 
plants to produce these tools. The need 
for maximum productive capacity makes 
such transportation essential to the war 


effort. The “maintenance front” for 
generators, motors, and control on loco- 
motives, cars, and coaches must be one 
that utilizes all available facilities expedi- 
tiously. There can be no overestimating 
the importance of this action or the 
seriousness of the situation. The main- 
tenance of electrical apparatus on rolling 
stock requires planning, supervision, and 
execution that will assure continuity of 
service from every piece of equipment 
available. 


Adequate Maintenance Needed 


The steadily mounting demand for 
transportation has produced an acute 
condition, both on the city transit systems 
and the railroads. The total number of 
passengers handled by city properties in 
1942 was 24 per cent above the figure for 
the year 1941. In the case of the rail- 
roads, passenger traffic attained an all- 
time record as measured by passenger 
miles. In 1942 (11 months) the increase 
was 80 per cent in comparison with a like 
period in 1941. A corresponding figure 
for the step-up in freight ton-miles is 
35 per cent above the previous year. The 
allocations of material to build new loco- 
motives, cars, and coaches are far below 
needs, and this demands maintenance 
standards that establish maximum avail- 
ability for all existing rolling stock. 

The loss of trained personnel to the 
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armed forces and war industries contrib- 
utes to the difficulties of maintaining 
transportation electrical apparatus. This 
is reflected in improper handling of equip- 
ment as well as lack of knowledge of how 
to make repairs. The necessity for utiliz- 
ing operators and enginemen who fail to 
measure up to normal standards has pro- 
duced a substantial increase in damaged 
rolling stock. Also, the number of experi- 
eticed shop men is reduced, which further 
complicates the problem. Turnover has 
been stepped up, and more time is re- 
quired for training new employees. 

The lack of a sufficient supply of rolling 
stock and the constantly increasing traffic 
demands have established a definite need 
for adequate maintenance. The condi- 
tion issmade more serious by the decrease 
in the number of skilled workmen, A 
demand has been created for more effec- 
tive planning and more dependable main- 
tenance practices. The problem is one 
requiring ingenuity and resourcefulness 
to assure a reasonable measure of success 
in meeting an extremely difficult situation. 


Providing Effective Electrical 
Maintenance 


The demand for adequate generator, 
motor, and control maintenance requires 
improvements in supervision. There 
must be better administration and direc- 
tion in order that the available man 
power can be used to the best advantage. 
It is the duty of the supervisory forces 
to ascertain how to get a better job done 
with an expenditure of the same or fewer 
man-hours. The time which is saved by 
doing a job in a more simple manner is 
worth as much, if not more, than if it is 
secured by making additions to the work- 
ing force. Supervisory planning is useful 
as a means to avoid abusive operation of 
rolling stock, provide effective inspection 
procedures, and make full utilization of 
preventive maintenance. 


The attainment of efficient execution of 
maintenance procedures, once they are 
established, is vital under present war- 
time conditions. The limited supply of 
rolling stock, maintenance parts, and 
man-hours makes it imperative that there 
be no waste. Those who direct the activi- 
ties must follow all work closely and 
see that it is done in a manner conforming 
to practices which produce the best re- 
sults. This requires a broader knowledge 
of progress in the industry and more at- 
tention to details than has been custo- 
mary in the past. Some of the measures 
which are productive are keeping appa- 
ratus clean to improve operation, making 
accurate adjustments to insure correct 
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functioning, replacing worn parts im- 
mediately to prevent possible failures, 
conditioning commutators promptly to 
avoid major repairs, using improved insu- 
lating materials to prolong the life of 
windings, and providing correct lubrica- 
tion to assure greater dependability. 


Proper Operation 


Abusive operation of rolling stock 
should be aveided since the ultimate re- 
sult is lowering the standard of service 
provided. A schedule may be completed 
and a job done at the time the damage oc- 
curs, but the loss on some future occasion 
is likely to be many times the immediate 
gain. Safety can be a justification of 
emergency handling, or a ‘‘net’’ contri- 
bution to the war effort may warrant 
such action, 

On one city property, motor failures 
during the severe weather of the past 
winter resulted in the operation of as 
much as 5 per cent of the equipment with 
three motors instead of four. A three- 
motor car is overloaded and the machine 
operating alone severely punished. The 
ultimate result is an increase in total 
failures and the number of cars out of 
service. Perhaps a long-range plan to use 
higher-grade repair materials would avoid 
this procedure which is 
proving effective on many city transit 
systems. 


situation—a 


Another burden on the maintenance 
personnel is a substantial increase in 
damaged rolling stock. This is particu- 
larly true on city properties where it has 


been necessary to make use of many in- 
experienced operators. A similar condi- 
tion exists in locomotive operation be- 
cause of such practices as overloading 
Diesel-electric engines by hauling heavy 
tonnages at low speeds, damaging motors 
on switcher engines by exceeding maxi- 
mum safe-speed limits, holding on grades 
with power on, leaving partial power on 
the motors after making stops, and 
bringing trains in with motive power 
partly inoperative. The trend in damaged 
generators, motors, and control is upward 
at a time when every piece of rolling stock 


is needed. This is a supervisory problem. 


—one where co-operation between me- 
chanical and transportation or operating 
departments has demonstrated its value 
in securing maximum use of coaches, cars, 
and locomotives. 


Effective Inspection 


Regularity of inspection is a definite 
benefit in reducing failures and lowers the 
over all man-hours required for mainte- 
nance work. Road failures frequently 
prove costly, and measures to eliminate 
them are essential. Too frequent atten- 
tion is often as unsatisfactory as neglect. 
In the former case, an excessive amount of 
“tinkering” produces trouble, and it is 
better to let the apparatus alone until 
attention is known to be needed. One 
procedure under present emergency condi- 
tions is to do more ‘looking’ and less 
work. However, the examination must 
be by men experienced in detecting pos- 
sible sources of trouble. 


Figure 1. Elec- 
trically propelled 
transportation rol- 
ling stock which 
must be kept 
running to assist 
in the war effort 
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an opportunity for supervisory studies to 
adjust frequency to the exact require- 
ments of the particular location and 
equipment. Naturally, there is consider- 
able variation in needs, and schedules are 
fixed by items requiring the most fre- 
quent attention, Consideration of each 
part to determine its operating time with- 
out attention will disclose if this can ke 
made longer. Inspection of routine 
items may be extended, provided the 
condemning limit is reached after the 
next scheduled examination. Changes in 
design to extend the inspection time of 
parts which establish limitations have 
proved helpful. ; 

Definite inspection plans are employed 
which divide the work into classes based 
on frequency. The use of a central loca- 
tion for all rolling stock has demonstrated 
its advantages. Various jobs are special- 
ized, and, with men trained for specific 
duties, man-hour requirements are 
lowered. Also, the provision of tools to 
operate on a “‘production-line”’ basis de- 
creases the time for each job. Check lists 
are beneficial in securing complete cover- 
age. Each man must know his duties, 
and a check list gives the details of what 
is required. Such lists can be worked out 
for individual properties to meet the 
needs of the equipment operated. 


Preventive Maintenance 


Preventive maintenance—making re- 
placements or repairs before defects oc- 
cur—has been utilized with excellent re- 
sults. A part of such a program that 
has proved advantageous is the exact 
determination of the cause of failures to 
avoid repeaters. For example, a genera- 
tor or motor may break down because of 
a weakness within the machine, a defect 


_in the control, or an improper operating 


condition. The same may be true of a 
control failure. If the defect is outside 
the particular piece of apparatus that is 
injured and remains undiscovered, re- 
placement of the damaged part is almost 
certain to result in a recurrence of the 
trouble. 
many properties and is chargeable to in- 
adequate maintenance. 

Experience has demonstrated that “re- 
peaters” can be eliminated. An effective 
system on one city property is the pro- 
vision of a staff of assistant equipment 
engineers under the direction of the equip- 
ment engineer. Definite apparatus as- 
signments are made, and it is the duty 
of each assistant equipment engineer to 
follow continually all items under his 
jurisdiction. When failures occur, or 
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This happens frequently on - 


: 7) 
Results indicate that inspection offers // 


ve 


wear appears abnormal for a particular 
part, it is investigated and recommenda- 
tions made to eliminate weaknesses that 


may exist. Exceptional freedom from 
trouble has been attained on this property. 

Overhauls constitute the backbone of 
preventive maintenance. Under the 
present difficult conditions there is a de- 
cided tendency to neglect this work. 
Such a procedure will ultimately lead to 
a breakdown on the transportation system 
and require “‘heroic’’ measures to re- 
establish satisfactory operation. Results 
have shown that overhauls in accord with 
a regular schedule are essential, and they 
must be complete. 


Keeping Apparatus Clean 


Dirt can be defined as material which is 
foreign to any part of a piece of electrical 
apparatus. For example, oil or grease are 
classified as dirt when they are on cables, 
windings, and commutators. Dust par- 
ticles constantly are forming a blanket 
over windings and confining the heat. 
Dust accumulates between motor fields, 
plugs up armature ventilating ducts, 
enters armature slots, and reduces V-ring 
creepage distances. It serves as an 
abrasive on commutators and in brush 
boxes. Its spongelike nature permits 
soaking up harmful fumes, moisture, oil, 
and acid, thus bringing them in proximity 
to windings. It clogs controller cams, 
interferes with relay operation, causes 
interlock misfunctioning, and contami- 
nates oil. 

As a result of the presence of dirt, 
motors are overloaded, throw solder, be- 
come grounded, and require rewinding. 
Brushes stick in brushholders, brush 
spring action is impaired and commuta- 
tors damaged. The reduction of creepage 
distances causes grounds and flashing, 
thus leading to failures. The dust 
blanket overheats control coils, damages 
bearing surfaces, causes relays in inter- 


Aucust 1943, VoLuME 62 


Figure 2. Checking the length 
of traction motor brushes 


locks to misfunction, impairs cylinder 
operation on pneumatic switches, and 
clogs magnet valves. Dirt in bearing 
lubricant is certain to result in short 
bearing life. 

Experience shows that keeping motors 
and control clean is insurance of increased 
availability. Man-hours are saved by 
care and attention to a regular cleaning 
schedule for removal of dirt before trouble 
occurs. Compressed air is used for this 
purpose, but care should be taken that it 
is dry and contains no foreign material. 
Exposed surfaces can be wiped with clean 
dry cloths after compressed air is em- 
ployed. Locating ventilating intakes 
where clean air is obtainable and applying 
tight fitting covers to keep dust out of 
the apparatus has proven helpful. Regu- 
lar overhaul of motors and control affords 
an opportunity for much needed thorough 
cleanings. This is another reason why 
maintaining the overhaul schedule is es- 
sential. 


Accurate Adjustments 


Checking apparatus to see that adjust- 
ments correspond to values that give cor- 
rect functioning is necessary to secure 
satisfactory operation. Instruction books 
and check lists include data indicating 


Figure 3. Method of attach- 

ing fixture to grind commutator 

with armature running in its 
own bearings 
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what is needed to insure proper perfor- 
mance and avoid failures. The use of 
gauges wherever practicable gives uni- 
formity and limits the time consumed in 
making adjustments. 

Maintaining brush tension accurately 
is needed to secure good commutation and 
can be checked readily with a small 
spring balance attached to the brush pres- 
sure finger. Commutators must be con- 
centric and, when deviation is suspected, 
can be verified with a dialindicator. Unit 
switches need to be free from sluggishness 
when closing. In the case of pneumatic 
types, cylinder travel is required to meet 
specific limits and accurate adjustment of 
magnet valves obtained. Finger pressure 
on reversers and interlocks must be main- 
tained at recommended values. Correct 
relay settings, especially for overload and 
operating currents, contribute to protec- 
tion and proper functioning. In some 
cases gauges have been developed for 
verifying gaps and spring tensions, thus 
speeding up relay work. 


Prompt Worn-Part Replacements 


Worn parts demand prompt attention 
to assure that none are left in service 
except those which are certain to run 
until the next inspection. Otherwise, 
failures in service may occur which often 
prove costly. The inclusion of condemn- 
ing limits for various wearing parts in 
check lists provides a convenient reference 
for determining when a part should be 
removed. Such limits are subject to varia- 
tion for different localities and types of 
service. 

Generator and motor brushes require 
regular replacement, since they are in 
constant use. Current collection and 
mechanical friction cause them to wear 
out, the life varying with differences in 
operating conditions. Control parts that 
have maximum usage and require most 
frequent renewals are contact tips (main 
switch, cam switch, and interlock), arc 
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horns, and are chute sides. There may be 
occasional worn shunts, damaged resistor 
units, and, in the case of pneumatic 
switches, broken cylinder springs. 

When abnormal wear of parts occurs, 
it is an indication that an unsatisfactory 
condition exists. This is a warning which 
requires corrective action. Replacement 
of parts which appear to be possible 
causes of faults has done much to mini- 
mize maintenance work. There are items, 
such as brusttholder boxes, brushholder 
pins, controller bearings, switch armature 
shafts, and switch hinge pins that are 
subject to relatively slow wear. The 
normal procedure is to make necessary 
renewals during heavy inspections or when 
the equipment is overhauled. 


Undelayed Commutator 
Conditioning 


The appearance of commutators is an 
excellent indication of the condition of 
the complete equipment. Poor commuta- 
tion is evidence that something is wrong, 
and the cause may not always be within 
the machine. The condition is a warning, 
and it is usually ample since commutators 
seldom fail suddenly, to ascertain the 
reason for unsatisfactory performance. 
Investigation and prompt correction of 
conditions that produce poor commuta- 
tion always reduce ‘‘maintenance man- 
hours.”” It is essential that the surface 
of commutators be kept smooth and true 
as this has a direct bearing on their life 
and that of the brushes. Burned spots 
may result because of surge currents which 
flow during short circuits or when power 
and brakes are applied simultaneously. 
Such spots cause the brush to leave the 
commutator momentarily since it is un- 
able to follow the contour as fast as the 
commutator rotates. Thus, the burned 
spot becomes progressively worse. It is 
necessary to smooth the surface and bring 
the commutator back to concentricity. 
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Figure 4, Fixture to hold armature firmly in 
position when assembling bearings and 
housings 


One method of grinding is by means of 
a rig which is attached to the frame of 
the machine. A generator or motor is 
run at slow speed during the operation. 
When working on a motor the wheels are 
jacked up and power supplied from a 
welding generator or the trolley. In the 
latter case, the motor is brought up to 
speed by placing the controller on the 
first notch. Power is then shut off, and 
the grinding done while the speed drops 
to a lower value. Light cuts are made to 
avoid deflection of the rig and impairment 
of concentricity. A dial indicator serves 
to check accuracy, and after the operation 
has been completed, the slots must be 
cleaned and all dust blown out of the 
machine.’ A second method for grinding 
a commutator with the armature in its 
own bearings is the provision of a fixture 
for shop use when the armature is out of 
the machine. Such devices are easily 


Figure 5 (left). 
Inspecting _ the 
accelerator and 
contactor group 
of a modern 
street-car control 
equipment 


Figure 6 (right). 
Procedure _fol- 
lowed in tighten- 
ing the contact 
tips of a mag- 
netic contactor 
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constructed and support the complete 
armature with its bearings and enclosures. 


Improved Insulation 


Insulation (class B) is now obtainable 
made from asbestos, glass textiles, and 
mica that provides exceptional durability 
and is far superior to the high-temperature 
materials of a few years ago. The life of 
windings is being materially increased by 
making substitutions for combustible 
substances (class A), thus stepping up 
heat-resisting characteristics. Advantage 
is being taken of high-temperature insula~ 
tion when making repairs to improve the 
performance of older electrical apparatus. 
This procedure increases the “‘capacity 
margin” and assists in bettering avail- 
ability at a time when every effort should 
be made to reduce ‘repair man-hours.” 

Dipping and baking of armatures and 
fields at regularly scheduled intervals pro- 
longs the life of insulation. The frequency 
of such work is dependent on the condi- 
tions existing in the localities where the 
equipment is operated. For example, 
there will be differences for cold, hot, wet, 
and dry climates. Also the dust content 
of the atmosphere is an important con- 
sideration. A check of the condition of 
the insulated surfaces is the best indi- 
cation of what is needed. 

Improvement in varnishes is another 
factor having a direct bearing on dipping 
and baking practices. The heat-setting 
or heat-reactive synthetic-resin types 
represent an important development in 
varnish making. Curing is by heat reac- 
tion rather than oxidation as occurs with 
the oil types. The heat hardening pro- 
duces an ‘‘all through’ drying even for 
thick films and in restricted locations. 
Some of the characteristics of the var- 
nishes are excellent resistance to moisture, 
oil, weak acids and alkalies; good dielec- 
tric strength; long life; ready penetra- 
tion; complete drying by baking; tough 
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resilient surface film; reasonable curing 
temperature, and ability to withstand 
high class B temperatures. 

The measurement of insulation resist- 
ance is a valuable tool for ‘‘preventive 
maintenance”’ and is usable to save many 
service interruptions. It is subject to 
wide variations, and the factors which in- 
fluence measurements must be known and 
viewed in relation to each other. Tem- 
perature, moisture, test voltage, and the 
length of test are the important items to 
be considered. Standards can. be fixed 
for various pieces of apparatus and 
measurements taken at regular intervals. 
When unsatisfactory -values are observed, 
this is a warning that corrective action is 
needed. The measurement of insulation 
resistance will also assist in determining 
dipping and baking frequency. 


Correct Lubrication 


Care is required in the selection of the 
correct lubricant for various pieces of ap- 
paratus in order to secure satisfactory 
results. In the case of waste-packed axle 
and armature bearings, straight mineral 
oils appear best. Summer grades are 
required during hot weather and winter 
grades when it is cold, the suggested 
dividing line being 40 degrees Fahrenheit. 
This assures a more nearly constant rate 
of feed, since viscosity is the determining 
factor. Packing must be correct with a 
vertical wool yarn wick adjacent to the 
journal or shaft and a tightly filled box to 
hold the wick in place. 

Gears and pinions require special at- 
tention to assure proper operation. The 
lubricant which is used must maintain its 
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consistency and contain no nonlubricating 
components, have exceptional adhesive 
properties, be of sufficient body to with- 
stand high tooth contact pressure, have 
freedom from acids, be applied easily, 
have enduring qualities and possess noise- 
deadening characteristics. Possibly the 
properties of stickiness and load-carrying 
ability are most important. There is 
need for the careful selection of summer 
and winter grades where wide temperature 
variation occurs. 

It has been found that grease does the 
best job in lubricating antifriction bear- 
ings. Occasionally such bearings are al- 
lowed to run too long without lubrica- 
tion, but more often the attention re- 
ceived is too frequent. The result of 
overgreasing is an increase in the operat- 
ing temperature. Tolerances are excep- 
tionally close and are comparable with 
those in fine time pieces. Bearings must 
be kept clean, since dirt means damage. 
When greasing, take precautions to keep 
the cover on the grease can, use a clean 
instrument to remove grease from the 
can, and avoid overgreasing. Housings 
should be one-fourth to one-half full. In 
the case of a new bearing, the housing 
should be one-third full, but the bearing 
space should also be filled. A relief or 
drain plug for use when greasing will pre- 
vent the overgreasing danger. It is de- 
sirable to apply such plugs on older type 
bearings when machines are being over- 
hauled. 

Lubrication of control apparatus re- 
quires restraint in the use of the ‘‘oil can.” 
Some pieces of apparatus, such as master 
controllers, may be equipped with bear- 
ings requiring lubrication while others 
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have the oilless type. For example, a 
typical locomotive controller requires 
lubrication for the upper and lower bear- 
ings of the main drums, the reverse drum 
bearing, and the main handle bearing pins. 
On the other hand, the modern street car 
master controller needs no lubrication. 
Pneumatic switch cylinders must be oiled, 
but the hinge pins and armature shafts 
of magnetic contactors require no lubri- 
cation. Strict adherence to instructions 
which can be included in check lists pro- 
duces the best results. 


Progress in Realizing Adequate 
Maintenance 


The procedures which have been dis- 
cussed give a general outline of the best 
means for obtaining intensified use from 
electrical equipment of transportation 
rolling stock. Many properties are bene- 
fiting from proper operation, effective in- 
spection, preventive maintenance, keep- 
ing apparatus clean, accurate adjust- 
ments, prompt worn-part replacements, 
undelayed commutator conditioning, im- 
proved insulation, and correct lubrica- 
tion. The availability of generators, 
motors, and control is being stepped up 
in an endeavor to keep pace with the de- 
mand. The results are creditable as a 
contribution to an “‘all-out”’ cffort to pro- 
vide essential transportation. There is 
need for more general use of all factors 
which improve maintenauice efficiency in 
meeting the present emergency. There 
may be other profitable ideas which still 
lie dormant, and it is to be expected that 
the future will bring further progress. 
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Synopsis: The preceding paper of this 
series! presented the theory and principles 
of operation of a new type of a-c motor and 
its control circuit. This system of speed 
control has the advantage of being eco- 
nomical from the standpoints of initial cost, 
efficiency of operation, and ability to correct 
power factor. However, these advantages 
are not realized unless the machine is 
suitably designed and its control circuit 
properly adjusted to supply the necessary 
voltages and currents. The purpose of this 
paper is to explain the design proportions 
and the adjustments of the supply voltages 
to provide for optimum operating charac- 
teristics. 


HE characteristics of this adjustable- 

speed motor can be altered over a 
wide range by adjustment of either the 
magnitudes or phase relationships of the 
applied voltages, or by changes in the 
construction of the motor windings. 
While it may be desirable to make altera- 
tions to obtain certain characteristics, 
the more general problem is to make ad- 
justments that will provide the best over- 
all characteristics for all speed settings. 
As an example, it is usually desirable to 
operate a motor with highest possible 
efficiency, but, with this machine, mini- 
mizing armature circuit resistance may 
ruin the speed-regulation characteristics. 
Thus the design proportions enter the 
problem from several angles, and criteria 
of design should not be based on one 
feature of the motor without regard to 
all consequences resulting therefrom. 

In this particular system as in other 
adjustable-speed systems there are cer- 
tain requisites that must be fulfilled to 
make the system practical. These req- 
uisites are as follows: 


1. The design and adjustments of the ma- 
chine should be such that it will operate 
satisfactorily for all speed settings. 


2. The design and adjustments should be 
such that the best speed regulation is 
secured. 


3. Throughout the load range of each speed 
setting currents should not be excessive, 
This is important in this machine because 
of the possibility of large no-load currents as 
well as large load currents. 


4. The full load armature current should 
be approximately in phase with the arma- 
ture voltage so that maximum capacity is 
obtained from the machine. 
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5. The efficiency should be high. 


6. Commutation should be satisfactory. 


Prevention of Overheating 
at No-Load 


If the voltages supplied to the field and 
armature of this motor are adjusted to 
the proper phase difference at the high- 
est-speed setting, no danger will result 
from the standpoint of armature heating 
at lower-speed settings. However, the 
reverse is not true. For if the phase of 
the field voltage relative to the armature 
voltage be adjusted for maximum power- 
factor correction at no-load for low-speed 
settings, the armature will overheat when 
the motor ‘s operated at high speeds. 

These phenomena can best be seen 
from Figure 1 which shows 


(a). A circuit diagram used in supplying 
the motor. ; 


(b). A vector diagram of the motor itself 
when adjusted for high-speed operation. 


The dotted lines shown are for the same 
field adjustments (magnitude and direc- 
tion of field voltage with respect to arma- 
ture voltage), but with a  lower- 
speed setting. When the motor arma- 
ture is supplied with the voltage E,, and 
the time phase of the field voltage is such 
that the flux @ crossing the air gap 
lags the armature voltage by a degrees, 
the generated voltage in the armature 
must have a locus along the line ad. 
The locus of this generated voltage must 
be parallel to the flux vector ¢. The 
generated voltage must be of sufficient 
magnitude such that when it is added 
vectorially to the armature impedance 
voltage [,Z, the sum is equal and opposite 
to the applied voltage E, shown as the 
distance oa for this high-speed setting. 
The voltage J,Z, due to the armature im- 
pedance is shown as the distance op. 
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When load is applied to the machine, 
the speed drops slightly. The generated 
voltage ap decreases slightly causing the 
impedance voltage drop op in the arma- 
ture to shift clockwise with a corre- 
sponding shift in the resistance voltage 
drop of the armature shown here as the 
distance oy. Since the armature current 
ox is in time phase with the armature 
resistance voltage, an increase in motor 
load will likewise cause a shift of ox in a 
clockwise direction until the torque is 
sufficient to supply the load. This torque 
is equal to Kgox cos (8+a) where 
K = the torque constant, ox is the arma- 
ture current associated with the resistance 
voltage drop oy, and @ is the angle be- 
tween the armature current ox, and the 
armature voltage oa. When load is re- 
moved, the process is reversed, and the 
impedance triangle oyp revolves counter- 
clockwise until at no-load the J,R, vector 
oy and the J, vector ox are perpendicular 
to the flux vector ¢. For this condition 
the torque developed is zero. Thus for 
zero developed torque or true no-load 
on the motor, the armature current 
vector ox will always be perpendicular 
to the flux vector @. When the voltage 
E, supplied to the armature of the motor 
is reduced to a value oa’ as shown in 
Figure 1b, the speed decreases, and the 
no-load current remains perpendicular 
to the flux vector ¢. Since the angle a 
was not changed, the no-load value of the 
armature impedance voltage must be 
less. The new vector relations are de- 
fined by the dotted lines—that is, with 
an armature voltage oa’ the generated 
voltage will be a’g, the armature im- 
pedance voltage og, the armature resist- 
ance voltage ow, and the corresponding 
no-load armature current oz. Thus a 
reduction of speed caused by reducing 
armature voltage is associated with a 
reduction of no-load current, and vice 
versa. The phase of the field voltage with 
respect to the armature voltage must be 
adjusted so that the angle a between the 
flux vector and the armature voltage is 
sufficiently small to limit the no-load 
armature current for the high-speed 
setting to a value equal to or less than 
the rated current of the armature. 


Adjustments for Minimum 
Speed Regulation 


The preceding paper of this series 
showed that the speed of this motor de- 
creases with ‘increase in torque. Also, 
that the power factor becomes more lag- 
ging with increase in load. Change in 
speed with increase in load is usually un- 
desirable in the adjustable-speed motor. 


ELECTRICAL ENGINEERING 


y 
if 


re 


i i 


382-/a 


FIELD 
POLYPHASE 
SUPPLY 


COMPOUND 
FIELD 


(a) 


\\ 

It is therefore desirable to make the speed 
regulation a minimum. Proportioning 
the armature circuit resistance and arma- 
ture circuit reactance makes this possible. 
The proper proportions can be derived 
from the vector diagram of the motor 
shown in Figure 2. 

The expression for the torque developed 
by this motor is 


T=KolI, cos (+a) (1) 


where @ is the power-factor angle of the 
armature circuit considered, plus for 
leading power factors and minus for 
lagging power factors. K is a constant, 
and a is the angle between the flux 
vector @ and the voltage vector E,. 

By the law of sines 


fe eZ, 
sin (8+0) sin a 


Consequently 
2 I,Zq sin (8+8) 


E 
g . 
sin a 


But 
E,=K'oN 


where J is the speed of the motor and K’ 
is a constant. Solving for N and sub- 
stituting for E, from equation 2, the 
speed 


_ Ey _TaZq sin (8+8) 
K's K'osin a 


(3) 


Equations 1 and 3 provide expressions of 
torque and speed as functions of the 
variables 9 and J,. From the vector 
diagram and the law of sines 


Ty ae Tay 
sin a sin (180°—a—f—6) 

E, 

Zs 


~ sin (180° — a—B—6) 


Ey 
In=— 
earz: 


‘Therefore 


E, sin a 


= : 4 
Ta Zq sin (180° —a—B—6) - 


Substituting equation 4 in equation 1, 
the expression for torque in terms of the 
one variable 6 is obtained. 
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Figure 1 
(a). The motor and supply cir- 
cuit d 


(6). Vector diagram of the 
motor for two values of applied 
voltage 


KE, sin a cos (a+6) 
Zq sin (180° —a—6B—6) 


Differentiating 


aT —K®@E, sin a cos B 
d@  Z, sin? (180° —a—6 —8) 


(5) 


Substituting equation 4 in equation 3 


= E, sin (6+) 
~ K'@ sin (180° —a—B—6) 


Differentiating 

aN _ E, sin a (6) 
dd K’sin® (180°—a—B—6) 

But 

dN _dN d0 E, sin a 


dT dé aT K'¢ sin? (180° -a—B—@) a 


—Z, sin? (180° —-a—8—86) 


KE, sin a cos B 


ON es Zen te 
dT K’K¢?cosp K'K¢?R, 


(7) 


dN —R, X_? 
dT KK’¢? KK’#?R, 


From equation 7 it is evident that the 
slope of the speed-torque curve is a func- 


\ 
Tap 


Figure 2 (above). Phase rela- 
tions of currents and voltages 
in the vector diagram 


Figure 3 (right). Wector repre- 
sentation of the effect of a 
change in the angle a 


|. Circle locus of extremity 
of the no-load armature-cur- 
rent vector 
Il. Circle locus of extremity 
of the no-load 1,R, voltage 
vector 
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LOCI OF EXTREMITY 
OF I, VEETORS 


tion of the flux ¢ and the impedance of 
the armature circuit Z,. Both of these 
are essentially constant for all conditions 
of load. Therefore the slope of the 
speed-torque curve is a straight line. 
Experiments show this to be true. Fur- 
ther analysis of this equation reveals 
that to make the slope small (low-speed 
regulation) the flux @ should be large 
and the impedance of the armature cir- 
cuit Z, should be made as small as practi- 
cable. To determine the armature im- 
pedance angle 6 that will give a mini- 
mum slope to the speed-torque curve, 
equation 8 can be differentiated with 
respect to R,. Let S equal the slope of 
this curve, then 


dS —1 x Xe 
dR, KK'g?' KK’p?R,? 

When 

as 

(Hina 

R,=X, (9) 


B=45° 


Equation 7 shows that best speed regu- 
lation is obtained when the flux is large. 
Therefore the field circuit should be so 


I 
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designed that when connected into the 
circuit the stator iron operates just below 
saturation, Turthermore, this flux should 
be unchanged by speed adjustment. ‘The 
changes in speed can be made best by 
changes in the armature voltage. How- 
ever, the phase angle a can be changed 
without changing the value of the flux. 
Inereasing the phase angle a for a given 
flux changes the magnitude and direction 
of the no-load current. Thus in Figure 3 
with the flux vector displaced by the 
angle w from £,, the no-load generated 
voltage is £,, and the no-load current 
7, is at an angle 90 degrees with respect 
to the flux veetor, Tf the flux is held con- 
stant and the phase angle a shifted to 
the angle a’, the generated voltage will 
be changed in magnitude and direction 
to the position of £,', This causes an 
inerease in the armature impedance volt- 
age from 1,Z, to I,/Z,. The armature 
current is from J, 
to £,/, and the change in direction of this 


likewise increased 
(rue no-load current corresponds to the 
change in direction of the flux vector, 
Since the no-load eurrent vector is always 
perpendicular to the corresponding flux 
vector, it is also perpendicular to the 
corresponding generated voltage vector, 
pince the vector 7,R, must be perpen- 
dicular to the vector £,'at no-load, the 
intersection of the vector 7,R, with the 
vector £, must be located on a semicircle 
the diameter of which is £ 


ay «Ne ex- 
tremity of the no-load armature current 
vector for different values of the angle « 
niuist also fall on a semicircle the diameter 
of which is coincident to the vector £,, and 
of magnitude £,/R, units in length, 
Thus the magnitude of the no-load arma- 


lure current for a given motor operated 


at its normal field strength will be de- 
pendent on the angle a. This angle a 
should never be larger than that value re- 
quired to make the no-load armature cur- 
rent for the highest-speed setting equal to the 
raled armature current. Larger angles will 
cause overheating at no-load. 

An analysis of equation 7 shows that 
a reduction of X, to an ohmic value less 
than the ohmic value of R, results in an 
improvement in the speed regulation. 
Therefore the armature circuit should be 
designed with the lowest leakage re- 
actance practicable. This can be done by 
placing short-circuited compensating 
turns on the stator that are well coupled 
with the armature. These short-cir- 
cuited turns should be well distributed, 
preferably in all slots. They should be 
made from copper straps or bars to save 
space and should be located as near to 
the armature conductors as_ possible. 
Having made the leakage reactance of the 
armature circuit as low as possible, the 
resistance of the armature circuit should 
be made equal to the ohmic value of the 
armature circuit leakage reactance. As 
shown in equation 9, this is necessary in 
order to obtain good speed regulation. 
If the leakage reactance of the armature 
circuit is greater than the resistance, the 
motor should have an external resistor 
connected in series with the armature in 
order to obtain the best speed regulation. 
The motor will then have a characteristic 
armature impedance such that the angle 
6 is equal to 45 electrical degrees. The 
vector diagram for such a motor is shown 
in Figure 4, This diagram shows that 
when the angle 8 is 45 degrees and the 
angle a is sufficient to make the no-load 
armature current 100 per cent of rated 


Figure 4. Vector 

diagram for motor 

having R, equal to 
Xa 


|, Circle locus of 

extremity of the no- 

load  armature-cur- 
rent vector 


Il. Circle locus ot 
e extremity of the no- 


524 ‘TRANSACTIONS 


load 1,R, voltage 
vector 


Ill. Circle defining 

the 100 per cent 

value of armature 
current 


IV. Locus of the 
extremity of the 
armature-current vec- 
tor for different 
values ot load 
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A 


Figure 5. Vector diagram for armature circuit 
of the motor 


(a). Angle @ is 10 electrical degrees 
(b). Angle a is 6 electrical degrees 
(c). Angle @ is approximately 16 electrical 
degrees 
|. The locus of the extremity of the no-load 
armature-current vector 


Ill. The locus ot the extremity of the no-load 
1,R, voltage vector 


value, the application of load causes the 
current to shift in direction until at full 
load the armature current op is directly in 
phase with the flux vector ¢. Thus when 
the armature circuit resistance and re- 
actance are made equal, the motor can 
correct power factor at no-load to the full 
extent of its rating, and under conditions. 
of full load its current will be in phase 
with its flux giving maximum torque per 
unit of armature current. 

Motors of this type can be designed so- 
that the resistance and reactance of the 
armature circuit are approximately equal. | 
If experiments indicate that the resistance 
is lower than the reactance, the addition. 
of a small amount of resistance to the 
armature circuit may be desirable. For 
frequencies above 60 cycles, this may be 
necessary. If the motor is to be de- 
signed for frequencies less than 60 cycles, 


say 25 cycles, the reactance of the arma- 
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ture circuit may be less than the resist- 
ance. This is not objectionable, and by 
proper adjustment of the angle a the 
motor can be made to operate satis- 
factorily. Figure 5 shows the vector 
diagrams for such a motor having an 
armature impedance angle 8 equal to 
25 degrees. Figure 5a shows that if the 
machine is adjusted to take a 100 per 
cent power-factor armature current at 
full load, it cannot correct power factor 
to the full extent of its rating as was pos- 
sible when the angle 6 was 45 degrees. 
Figure 5b shows the diagram of the same 
motor as illustrated by Figure 5a ex- 
cept the angle a is made slightly less so 
that the armature will develop maxi- 
mum torque with rated current. There 
is little difference in these adjustments 
since the power factor of the full load 
current is very nearly unity in both cases. 
More leading current at no-load with 
this same motor can be obtained by in- 
creasing the angle a as is shown in Figure 
5¢. The objections to this adjustment are 
evident from the diagram. The maxi- 
mum available torque has been reduced, 
and consequently the horsepower rating 
of the machine with this adjustment is 
less. Thus if the armature circuit re- 
sistance is greater than its reactance, 
adjustment of the angle a should be such 
as to give conditions illustrated in Figure 
5a or Figure 5b, but not those of Figure 5c. 


Determination of Phase Angle of 
Armature and Field Voltage 


The method of determining the proper 
phase angle between the armature and 
field voltage can best be explained on the 
basis of the vector diagram of Figure 5a. 
This method applies to any motor of this 
type having an armature circuit react- 
ance equal to or less than its resistance. 
Armatures not so proportioned should 
have additional resistance connected in 
series with them to give such proportions. 
The steps in the procedure of making 
proper adjustments are as follows: 


1. Determine the value of the standstill 
armature current J,, for maximum arma- 
ture voltage E,. This can be obtained from 
low-voltage determinations of the armature 
impedance. 


2. Draw the vector E, as areference for the 
maximum armature voltage to be applied 
to the motor and its corresponding stand- 
still current Jyy at the proper angle 6 with 
respect to E,. 


3. Draw the circle locus I of the no-load 
armature current for different values of the 
angle a so that its diameter is coincident 
with the vector E, and its length is E,/Ry 
units in magnitude. 


4. Using o as a center, draw the circle 
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locus III of the 100 per cent value of the 
armature current. 


5. Determine the locus of the extremity of 
the armature current vector by drawing a 
line through the extremity of the vector Igy 
and the 100 per cent power-factor armature 
current op. 


6. Extend the armature current locus to 
the no-load armature current circle. Deter- 
mine intersection at X, 


7. The proper value of the angle a be- 
tween the flux vector @ and the armature 
voltage E, can now be determined from the 
angle made between the lines representing 
the standstill armature current and arma- 
ture current locus (the angle between J 
and the line xp extended). 


8. Apply maximum values of armature and 
field voltages to the motor such that the 
field voltage is approximately 90 degrees 
minus @ ahead of the armature voltage. 


9. With the motor running at no-load 
change the phase relation of the field and 
armature voltage by proper selection of tap 
x on the adjusting transformer until the 
armature current has a value corresponding 
to that of ox shown in Figure 5a, 

This provides proper adjustment of the 
control circuit supplying the motor. 


Efficiency 


When the motor is adjusted as de- 
scribed in the preceding section, it will 
take a full load current at 100 per cent 
power factor. Such an adjustment will 
give optimum full load efficiency. De- 
partures from these adjustments are apt 
to cause excessive currents because of 
low power factors, and damage to the 
machine may result from overheating. 
The full load copper losses of this 
machine are somewhat larger than 
those of a d-c motor of the same 
rating. The iron losses and the loss in 
the armature coils undergoing commuta- 
tion tend to make the machine less effi- 
cient than the d-c motor. Efficiencies 
of 70 per cent have been obtained on two 
horsepower motors. Larger motors will 
have higher efficiencies. Curves of effi- 
ciency} with proper adjustments on this 
motor care presented in Part I of this 
series of papers.! 


Commutation 


Commutation on this motor is compa- 
rable with that of the a-c series motor. 
The causes of brush sparks on this ma- 
chine are essentially those caused by the 
inductance of the coils undergoing com- 
mutation and the induced voltages in 
those coils because of transformer action 
from the field. Since the brushes are 
located on a magnetic axis with respect 
to the stator field, they are located essen- 
tially in a neutral plane with respect to 
this field. Since the field is pulsating in 
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nature and not rotating as in other poly- 
phase a-c machines, it is much easier to 
obtain sparkless commutation on this 
motor, than on a motor which has its 
armature subjected to a rotating field 
flux. 


There is a shift of flux in space with 
load on this motor because of armature 
reaction just as there is in a d-c motor. 
Consequently good commutation is ob- 
tained by shifting the brushes backward 
slightly with respect to the direction of 
rotation. This is satisfactory for small 
motors. Larger machines should be pro- 
vided with interpoles. 


The effect of the transformer voltages 
induced in the armature coils undergoing 
commutation can be made small in this 
motor by designing the armature for 
operation on low voltage. The control 
circuit makes this feature possible. By 
adapting a low-voltage armature to a high- 
voltage supply, by use of the autotrans- 
former, and by shifting brushes slightly 
good commutation may be obtained. 


List of Symbols 


Eq—The voltage applied to the armature. 

E,—The effective value of the generated 
voltage in the armature. 

Ig—The effective value of the armature 
current expressed in amperes. 

Tqo—The effective value of armature current 
expressed in amperes when the motor is 
at standstill. 

K—Torque constant of the motor. 

K’—Generated voltage constant of the 
motor. 

R,—The equivalent resistance expressed in 
ohms of the armature and compensating 
winding. 

S—Slope of speed-torque curve 

T—The developed torque of the motor ex- 
pressed in pound-feet. 

x—The point on the adjustable transformer 
at which the field is connected. 

Xq—The equivalent reactance of the arma- 
ture and compensating winding ex- 
pressed in ohms. 

Zq—The equivalent impedance of the arma- 
ture and compensating winding ex- 
pressed in ohms. 

a—The phase angle expressed in electrical 
degrees between the applied armature 
voltage vector and the vector represent- 
ing the air gap flux. 

8—The angle having a cosine that is equal 
to the ratio of the armature resistance 
R, to the armature impedance Zg. 

0—The phase angle or power-factor angle 
in electrical degrees between the im- 
pressed armature voltage E, and the 
armature current Iq. 

¢—The total flux per pole crossing the air 
gap expressed in maxwells. 
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High-Voltage Power-Transformer Design 


M. B. MALLETT 
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Synopsis: A core-type power-transformer 
design with shielded high-voltage winding 
and graded insulation has been developed 
for application in the higher-voltage classi- 
fications, and up to the present time more 
than one-quarter million kilovolt-ampere 
capacity of this kind of transformer has 
been manufactured and placed in service. 
The design employs a new form of constrtuc- 
tion for high-voltage power transformers 
which has been called ‘‘distributed concen- 
tric’? construction. Outstanding character- 
istics of the distributed-concentric-type 
transformer include: 


1. Reduced inherent reactance resulting in a re- 
duction of critical materials for a given specifica- 
tion. 


2. Ready adaptability to forced oil flow directed 
through the winding ducts resulting in a reduction 
of critical materials for a given thermal capacity. 


3. Strategic distribution of voltage stress through- 
out the dielectric structure. 


4. Simple and stable mechanical construction of 
windings, insulation, and shield. 


OWER transformers for service in the 

higher-voltage transmission systems 
generally operate with grounded-neutral 
star-connected high-voltage windings, and 
the core-type transformer design de- 
scribed herein has been developed prin- 
cipally for this type of application. 

In most core-type power transformers, 
as usually manufactured on this conti- 
nent, the high-voltage winding of each 
core leg comprises the familiar stack of 
horizontal disc coils assembled over a 
conventional-type low-voltage winding. 
It is common practice to provide shielding 
and grade the insulation of these disc-coil 
stacks when designed for star connection 
and grounded neutral operation at the 
higher-voltage levels.!. In general this 
shielding is secured by enveloping the 
high-voltage stack with a number of line 
potential shields which are so shaped and 
disposed as to supply each individual disc 
coil with its required charging current, as 

_ illustrated in Figure 1.2 Grading of the 
major insulation in these transformers 
is ordinarily attained by special series— 
multiple connections of the high-voltage 
winding, in combination with variable 
diameter of individual disc coils, also 
illustrated in Figure 1. 


Paper 43-88, recommended by the AIEE committee 
on electrical machinery for presentation at the AIEE 
national technical meeting, Cleveland, Ohio, June 
21-25, 1943. Manuscript submitted November 9, 
1942; made available for printing May 12, 1943. 


M. B. MaAttettT is transformer engineer, English 
Electric Company of Canada, Ltd., St. Catherines, 
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In the core-type design under con- 
sideration, termed “distributed concen- 
tric’ design, the high-voltage winding of 
each core leg comprises a group of vertical 
helical coils which are concentrically dis- 
tributed between a line potential cylindri- 
cal shield and the low-voltage winding, as 
illustrated in Figure 2. In general the 
high-voltage coils of each leg are series 
connected between line and neutral ter- 
minals and progressively spaced from the 
low-voltage winding and grounded end 
surfaces in relation to the individual coil 
potentials from ground. With this dis- 
tributed arrangement of the high-voltage 
winding, adequate shielding is secured 
with a single cylindrical shield on each 
leg of the core, and the several coil-to-coil 
insulations not only serve individually as 
internal winding insulation but also func- 
tion in series as graded major insulation 
to the low-voltage winding and ground. 


I. Evolution of Design 


From the viewpoint of shielding, the 
distributed concentric construction em- 
ploys, in effect, a concentric series of rela- 
tively long and narrow “‘barrel’’ coils 
which are progressively disposed between 
the two plates of a condenser, an obvious 
general arrangement suggested in prin- 
ciple many years ago as a means of shield- 
ing.’ As usual, however, the gap between 
principle and practical application is not 
readily bridged. In this regard, it is well 
known from service experience with or- 
dinary single barrel applications in power 
transformers, that conventional-type bar- 
rel-coil structures without radial spacers 
tend to break down between turns under 
conditions of short circuit. Progressive 
arrangements of conventional-type barrel 
coils are commonly used in high-voltage 
testing-transformer design, but here there 
is no mechanical problem. 

According to responsible engineers* re- 
cently escaped from Europe, the Allge- 
meine Elektricitdts-Gesellschaft have 
used power-transformer-winding arrange- 
ments in Germany within the past few 
years which comprise 


1. A concentric series of barrel coils with- 
out radial coil spacers. 


* Two members of the Association of Polish Engi- 
neers in Canada who are thoroughly familiar with 
recent transformer practice in Germany. The 
names of these engineers are withheld, since their 
families are still in Europe. 
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2. Each coil directly supported by a wound 
untreated paper cylinder with slit flanged 
ends and cooled by an outer axial duct. 


3. The complete group of coils and un- 
treated paper layers progressively wound 
with one set-up to form a virtually insepa- 
rable winding structure. 


It is submitted, however, that such a 
construction is mechanically inadequate 
and unacceptable in respect to service 
conditions on this continent, since posi- 
tive turn-to-turn separation is not pro- 
vided, and neither secure factory clamp- 
ing nor field replacement of individual 
coils is feasible. 

The distributed concentric structure, as 
developed and specifically described, is 


offered as a new form of construction for . 


high-voltage power transformers. In 
this construction positive axial separa- 
tion of conductors is provided, and indi- 
vidual coils may be readily clamped and 
handled in the shop or replaced in the 
field as independent units—fundamental 
mechanical characteristics which have 
been standardized on this continent for 
many years by conventional disc-coil 
construction. 

It will be shown that the distributed 
concentric transformer possesses highly 
desirable electrical and thermal char- 
acteristics, including low inherent re- 
actance and ready adaptability to forced 
oil flow directed through the coil ducts, 
and the advantages of the general winding 
arrangement are by no means confined to 
the application of shielding. 


II. General Description 


Figure 3 illustrates some of the avail- 
able high-voltage coil connections as ap- 
plied to single-phase and three-phase de- 
signs. Ordinarily from four to six coils 
are used for each leg, corresponding ap- 
proximately to a test level range from 277 
kv to 576 kv respectively. In general 
top-to-bottom outside coil crossovers are 
cumbersome and to be avoided, particu- 
larly in the: case of directed forced oil 
flow, and some of the connections shown 
are unique and have been devised to meet 
this condition. 

Each high-voltage coil employs a new 
form of helical coil structure, as shown 
in Figure 4, in which a continuous 
wound-in spacer of channel section func- 
tions as the key feature. High-voltage 
taps are located in one or more coils of 


each leg and symmetrically spaced with — 


respect to the coil center line, as illus- 
trated in Figure 5, the tap straps being 
carried along the face of the coil in the 
axial cooling ducts and then outward 
through radial end ducts. 

The low-voltage winding may be either 
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of conventional type horizontal 
ducts and intermittent spacers or of the 
same general type as the high-voltage 
winding. In the latter case, which is used 
in conjunction with directed forced oil 
flow, the number of coils will be substan- 
tially less than the number of high-voltage 
coils. 

Insulation between adjacent high- 
voltage coils includes one winding cylin- 
der and one axial oil duct in combina- 
tion with independent flanged collars at 
the cylinder ends, as illustrated in Figure 
4. The end insulation structure is de- 
signed around the coil-to-coil insulations, 
and the progressive radial end ducts are 
. used for bringing out coil leads and tap 
straps. 

The single shield of each core leg con- 
sists of a simple paper cylinder envelop- 
ing the outer coil and containing an em- 
bedded layer of circumferentially wound 
metal strip. 


III. Inherent Reactance 
Characteristic and Associated 
Reduction in Critical Materials 


The distributed concentric Hesign has 
low inherent reactance resulting from the 
radial distribution of high-voltage am- 
pere turns through the major insulation. 
This characteristic is illustrated in Fig- 
ure 6, which compares the effective leak- 
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Figure 1 (left). General 


HIGH VOLTAGE SHIELD 
LINE-I7 a 


Figure 2 (right). General ar- 
rangement of distributed con- | 
centric design 


age width of two approximately equiva- 
lent hypothetical designs; one of the dis- 
tributed concentric type and the other 
of conventional disc-coil construction. 
It will be seen that the reactance of the 
latter is approximately proportional to 
5.5, a value more than 40 per cent greater 
than the corresponding figure of 3.9 for 
the distributed concentric design. 

In this illustrative comparison, refine- 
ments in reactance calculation have been 
neglected for the sake of clarity, and the 
reactance ratio would vary somewhat 
from that shown, depending on the actual 
rating ‘under consideration. It will be 
apparent to the transformer designer, 
however, that in general the distributed 
concentric construction employs a core 
some 20 per cent smaller in section than 
that required by conventional disc-coil 
construction for a given reactance and 
specification. 

In addition to reducing the consump- 
tion of core steel by about one fifth, the 
decreased core dimensions result in a 
smaller volume of over-all physical struc- 
ture with corresponding reductions in 
tank plate, clamp structure, oil, and in- 
sulation, and the total weight of critical 
materials is reduced by approximately 
one tenth. Thus, it is evident that the 
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low inherent reactance characteristic 
of the distributed concentric design is of 
considerable practical significance, par- 
ticularly under present wartime condi- 
tions when the necessity for conservation 
of critical materials is paramount. 


IV. Thermal Characteristics and 
Associated Reduction in Critical 
Materials 


The outer surface of each high-voltage 
coil is directly exposed to vertical oil 
ducts and heat flow from conductors is 
principally outward, although some loss 
is transmitted through the foundation 
cylinder. Thus, for any horizontal sec- 
tion taken through a coil, the temperature 
rise of each strand above local oil is 
readily determined by solution of an 
elementary series—-multiple thermal cir- 
cuit, once the thermal constants are es- 
tablished. The constants for solid 
insulation are well known, and a series of 
experimental direct-current heat runs 
indicated that the continuous spacer 
flanges, extending into the axial duct, only 
increase the oil-film constant of the verti- 
cal surface by about one degree for the 
usual design proportions. This surpris- 
ingly small effect of the spacer projections 
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is apparently due to relatively high veloc- 
ity eddy currents in the oil flow over the 
serrated coil surface. In general the 
relation between copper-oil gradient and 
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load current is similar to that of conven- 
tional designs, and accepted rules de- 
fining permissible overloading of con- 
ventional-type transformers should be 
equally applicable to the distributed con- 
centric design. 

In order to reduce the consumption of 
critical materials, the application of 
external forced-flow heat exchangers to 
large transformers is rapidly increasing. 
With this type of cooling, a further re- 
duction in materials results from direct- 
ing the existing forced oil flow through 
the coil ducts, a condition readily at- 
tained in the distributed concentric 
construction merely by adding a simple 
pressboard barrier, as illustrated in Fig- 
ure 7. It is evident from this drawing 
and Figure 4, that the inherent construc- 
tion of the distributed concentric design 
is uniquely suited for directed-flow cool- 
ing, as contrasted with the unduly elabo- 
rate means obviously necessary in the 
case of conical-shaped stacks of horizontal 
disc coils. 

The increased cooling effect of directed 
flow as compared to natural flow is 
illustrated by Figure 8, in which average 
and hottest copper rise above average 
oil are shown for both types of cooling. 
The curves are plotted for a typical coil, 
in which the increased insulation of the 
buffer wire is overcompensated by doub- 
ling the cooling surface per watt of the 
end turns, as shown in Figure 4, and the 
hottest strand is located in that turn of 
main wire which is adjacent to the upper 
buffer portion of the coil. Directed flow 
reduces the rise of the hottest strand 
above mean oil temperature in two ways, 
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Figure 4 (right). 

Section through end 

portion of a typical 
structure 


first by lowering the oil-film constant, 
and second by reducing the axial thermal 
gradient in the oil. The average copper 
rise above mean oil temperature is 
only affected by the first factor of reduced 
oil-film constant. For a given average oil 
temperature, the double-cause effect of 
directed flow on hottest copper rise is 
indicated by the considerable differenice 
between curves B and B’ of Figure 8, 
and the single-cause effect on average 
copper rise is indicated by the lesser differ- 
ence between curves A and A’, 

This substantial reduction in hot spot— 
average oil gradient resulting from di- 
rected flow—is important, since the actual 
thermal capacity of a transformer is 
determined by permissible hot-spot tem- 
perature. For example, a given trans- 
fornter rated at 100 per cent continuous 
load with natural internal circulation 
and a given external cooler could be re- 
rated by the addition of a simple press- 
board barrier to approximately 120 per 
cent continuous load at the same hot- 
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spot temperature. Conversely, directed 
flow would result in a reduction of ap- 
proximately 15 per cent in the total 
weight of critical materials required for a 
given continuous rating. Accordingly 
it is evident that the ready adaptability 
of the distributed concentric construction 
to directed forced oil flow may be con- 
veniently utilized to substantially in- 
crease the kilovolt-amperes obtained per 
pound of critical materials consumed. 


V. Distribution of Voltage Stress 


Unless some form of shielding is pro- 
vided, it is well known that the initial 
distribution of impulse voltage along a 
transformer winding departs radically 
from uniformity, and subsequent voltage 
oscillations ordinarily raise the potential 
of intermediate winding points to values 
which preclude any grading of the in- 
sulation. It is clear, however, that 
shielding to establish a perfectly uniform 
initial distribution, with absolute elimina- 
tion of subsequent. oscillations, is neither 
attainable nor necessary in practical de- 
sign. The degree of shielding to be used 
in a transformer with graded insulation 
is therefore a question of economic bal- 
ance and is determined by that combina- 
tion of compromise shielding and par- 
tially graded insulation which has mini- 
mum over-all cost. 

With a vertical front impulse applied to 
the line terminal, the initial or electro- 
static voltage distribution along the 
winding of the distributed concentric 
transformer is fixed by the combined 
network of radial shunt capacities and 
axial series capacities, including the shunt 
capacities associated with the physical 
coil crossovers. The initial voltage dis- 
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REACTANCE APPROXIMATELY 
PROPORTIONAL TO: 
(2)(43)+ (1+ (150) + (SXEK SG) = 36 


tribution, corresponding to application 
of an infinitely long rectangular wave, 
is shown in Figure 9 for two alternative 
coil arrangements. Local oscillations of 
transition from initial to final straight 
line gradient overshoot the final gradi- 
ent as an axis, and maximum voltage 
levels throughout the winding are indi- 
cated by the approximate ceiling shown 
as a straight broken line. In actual 
design, insulation strength is provided 
between parts of the winding and from 
winding to ground, corresponding to the 
maximum stresses thus created by ap- 
plication of an infinitely long rectangular 
wave. Since all real waves encountered 
in service must be of finite length and 
slope, the values of insulation strength 
as provided correspond to the upper 
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limit of stresses attainable for a given 
crest voltage. 

The re-entrant coil arrangement in- 
cluded in Figure 9 was devised princi- 
pally to eliminate the objectionable out- 
side vertical crossovers of the alternative 
straight-coil scheme. Examination of the 
respective voltage distributions, bearing 
in mind that the final impulse distribu- 
tion also corresponds to the low-frequency 
gradient, will show that each arrange- 
ment requires approximately the same 
coil-to-coil allowances. The shunt capaci- 
ties associated with the internal vertical 
leads of the re-entrant coil scheme are 
controlled by adjustment in physical 
width of lead conductors, and these ca- 
pacities are conveniently utilized to sub- 
stantially improve the initial voltage 
distribution as compared to that of the 
straight coil arrangement. 

Because of the physical distribution of 
the high-voltage winding through the 
major insulation, it is evident that both 
low frequency and impulse voltage 
stresses, as shown in Figure 9, are ad- 
vantageously distributed throughout the 
whole dielectric structure. Adequate 
control of impulse voltage on each leg of 
the core is readily secured with a single 
shield surface of plain cylindrical shape. 
Also greatly reduced and simplified shield 
insulation is sufficient, since the maximum 
voltage from shield to adjacent winding is 
ordinarily less than one third of line 
voltage, as compared to approximately 
full voltage in conventional construction. 


VI. Mechanical Construction 
Including Shop Processing 


The practicability of the distributed 
concentric transformer hinges on the 
mechanical characteristics of the physical 
structure, which in turn depend on 
specific details of construction, as illus- 
trated in Figure 4 and explained below. 

In each high-voltage coil the multiple 
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rectangular conductors are encased channel spacer from 


throughout their entire length by the 
continuous pressboard spacer of channel 
section, the conductors and spacer being 
simultaneously wound directly on a hard 
composition foundation cylinder. Ordi- 
narily this spacer is '/3, inch thick, and 
the spacer flanges extend radially at least 
1/, inch beyond the coil. Cross-grain 
pressboard end rings, in combination with 
the hard foundation cylinder, permit 
ready clamping and handling of each 
individual coil prior to assembly. Indi- 
vidual coils are progressively mounted in 
the main assembly as independent units, 
being finally supported and clamped to 
firm dimension by the end insulation 
structure which is progressively built 
around the independent flanged collars. 
The simple cylindrical shield structure is 
ordinarily wound on a hard foundation 
cylinder and also assembled in the main 
structure as an independent unit. 
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flat pressboard strip 


Under conditions of short circuit, the 
conductors of any cylindrical coil struc- 
ture are subject to the formidable com- 
bination of pulsating axial force, pulsat- 
ing circumferential stress, and elevated 
copper temperature with attendant ther- 
mal expansion. Thorough: consideration 
of these factors and the unsatisfactory 
service record of conventional-type barrel 
coils lead to the conclusion that (1) posi- 
tive axial separation of conductors, (2) 
firm coil clamping, and (3) freedom ot 
coil-diameter expansion, are inescapable 
requirements for the prevention of con- 
ductor squirming and turn-to-turn break- 
down. It is clear from Figure 4 and the 
preceding description that these specific 
requirements are all met in the distributed 
concentric construction. 


It is further evident that all coils and 


Figure 11 (left). Partially 
wound high-voltage coil illus- 
trating simultaneous feed of 
conductors and _ continuous 
channel spacer 


Figure 12 (right). Core and 
coils of single-phase 30,000- 
kva_ distributed concentric 
transformer, 323-kv test level 
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parts may be disassembled and _ re- 
assembled as separate independent units 
of the main structure. Thus, individual 
items, such as a high-voltage coil, could 
be furnished by the factory for field re- 
placement and local damage repaired at 
the site without shipping the complete 
machine back to the shop. This feature 
is considered essential by most pur- 
chasers on this continent. 

These fundamental mechanical char- 
acteristics, as specifically enumerated in 
respect to coil stability and field repair, 
have been standardized on this continent 
for many years by conventional disc-coil 
practice. 

As further compared to conventional 
dise-coil construction however, the unique 
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coil structure of Figure 4 comprises a 
solid cylindrical column of copper and 
insulation in which the shearing and canti- 
lever actions of conical shaped disc-coil 
stacks are eliminated. Also the bearing 
surface between turns is continuous and 
uniform without the compression stress 
concentrations associated with inter- 
mittent radial spacers, and the entire 
cross section functions in the trans- 
mission of axial forces. It is further evi- 
dent that the continuous-spacer feature 
eliminates the possibility of misaligned 
spacer columns, and the hazard of cutting 
the conductor insulation at the spacer 
edges. Intermittent radial spacers are 
used in the supporting-end insulation 
structure, but the continuous-bearing 
feature within the coil is maintained at 
the coil ends by the beam strength of the 
end ring and adjacent flanged collar 
combined. 

Pre-forming of the continuous channel 
spacer from flat pressboard strip is illus- 
trated in Figure 10. The automatic 
machine shown was designed especially 
for this purpose and normally produces 
channel spacer at the rate of one hundred 
feet per minute without an attendant. 
The advantages of this continuous spacer 
forming process from a production view- 
point are obvious, particularly when com- 
pared with the manufacture of a vast 
number of intermittent radial spacers 
which are individually sheared, punched, 
and assembled. 

Figure 11 shows a partially wound 
high-voltage coil and indicates the man- 
ner in which the conductors and encasing 
channel spacer are simultaneously wound 
into the coil. It is evident that the wind- 
ing process is substantially continuous, 
and the delays necessarily associated 
with intermittent spacers are eliminated. 

Progressive assembly of the individual 
high-voltage coils as independent units 
is indicated by Figure 5, which shows a 
tap coil being lowered into a partially 
built structure. 


VII. Summary 

More than one-quarter million kilovolt- 
ampere capacity of the distributed con- 
centric-type transformer has been manu- 
factured and placed in service up to the 
present time. Figure 12 indicates the 
general external appearance of a typical 
core and coil assembly and illustrates the 
cylindrical shields, end-insulation struc- 
ture, and horizontal coil crossovers. 

Outstanding characteristics of the dis- 
tributed-concentric-type design inclue: 


1. Reduced inherent reactance, resulting 
in a reduction of approximately 10 per cent 
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Synopsis: For three years surveys have 
been made of the operation of small single- 
pole automatic reclosing oil circuit breakers 
(also called ‘‘oil circuit reclosers’” and 
“service restorers’!) on rural electric dis- 
tribution systems financed by the Rural 
Electrification Administration. Results of 
these surveys indicate that the ratio of 
lockouts to operations is less than five per 
cent in most cases, and that there are from 
four to nine operations per month per 
breaker during the spring and summer, 
with each breaker controlling about 20 miles 
of line. The number of breaker failures and 
other breaker difficulties have been a small 
percentage of the total number of breakers 
installed. These surveys, together with dis- 
cussions with system managers, have indi- 
cated that automatic reclosing breakers offer 
many advantages for rural line sectionaliz- 
ing. Presently available breakers can be 
much improved in operating characteristics, 
and new sectionalizing devices are needed. 
This paper presents suggestions for such im- 
provements. 


HERE are now over 800 energized 

rural electric distribution systems 
financed by the Rural Electrification Ad- 
ministration, and these systems serve 
over 1,000,000 consumers. The average 
number of miles per system is about 470, 
and usually these lines radiate out of and 
are fed from a single supply substation. 
These rural lines extend out 40, 50, and 
sometimes over 60 line-miles from the 
power source. In general, the systems 
follow the radial design. In a few cases 
alternate feeders extend into the same 
area, but normally these feeders are not 
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interconnected. The main feeders, two 
or more in number, consist of three-phase 
four-wire multigrounded neutral wye 
circuits with a nominal voltage of 7,200/ 
12,450. Circuits, with two-phase wires 
and neutral, branch off from these feeders, 
and these ‘‘vee” circuits again split into 
single-phase circuits with one-phase wire 
and multigrounded neutral. Approxi- 
mately 80 per cent of all distribution 
lines are single-phase 7,200 volts, and the 
greatest percentage of the consumer load 
is single phase. Outdoor unattended sub- 
stations are used principally. 

Individual systems will of course vary 
in detail from the average. Some are 
smaller and some larger. The larger 
systems usually divide the area into sec- 
tions serviced by submaintenance cen- 
ters. In the western mountainous regions 
the areas served are usually long and 
slender, and the lines follow the valleys. 
In these areas and in hilly regions, the 
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in total weight of critical materials required 
for a given transformer specification. 


2. Ready adaptability to forced oil flow 
directed through the windings, resulting in 
an increase of approximately 20 per cent in 
thermal capacity of a given transformer 
and external cooler, or a reduction of approxi- 
mately 15 per cent in total weight of critical 
materials required for a given kilovolt- 
ampere output. 


3. Strategic distribution of low frequency 
and impulse voltage stresses throughout the 
whole dielectric structure, including a reduc- 
tion of approximately 70 per cent in the 
voltage between shield and winding, the 
advantageous distribution of all voltage 
stresses resulting from the physical distri- 
bution of the high-voltage winding through 
the major insulation. 
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4. Simple and stable mechanical construc- 
tion of high-voltage winding, insulation, 
and shield, including a new and improved 
form of helical coil structure and associated 
assembly which are mechanically suitable 
for application in large high-voltage power 
transformers. 
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Total operations where operations and 
number of breakers were both re- 


Total number of breakers where opera- 
tions and number of breakers were 
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Percentage of design 1 breaker failures 
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months of operation were both re- 
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Most systems are equipped with open-gap-pro- 
tected transformers. 


All of the preceding information fur- 
nishes a picture to haunt the dreams of 
an operating man responsible for the con- 
tinuity of service consistent with good 
operating practice. Rural service must be 
good, Farmers, using electricity for food- 
production purposes, need and are entitled 
to better service than urban resident 
consumers. In order to provide means 
for improving rural service continuity, 
the developpent of  carrier-current 
communication, hot line work, routine 
testing, and so forth, for use on systems 
described, has been carried on. A heavy 
share of the responsibility for continuous 
service, however, must be borne by the 
sectionalizing devices. These must iso- 
late trouble properly with a minimum of 
attention, and REA has been very inter- 
ested in adequate sectionalizing appara- 
tus and methods. 

In the early stages of the REA program, 
most systems were designed to be sec- 
tionalized with fuses. Three-shot re- 
peating cut-outs were installed on main 
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sary outages occurred with the single-shot 
cut-out, the trend has been toward using 
fewer single-shot cut-outs and using more 
of the repeating type. 

In 1936, 7,500-volt automatic reclosing 
and recycling single-pole circuit breakers 
were available, which were recommended 
for use on circuits up to 7,500 volts. 
These were installed on single-phase lines 
on a number of rural systems in conjunc- 
tion with open-gap-protected distribution 
transformers. One object of these instal- 
lations was to reduce construction costs 
by eliminating lightning arresters, and 
another object was to determine if such a 
device would be advantageous in de- 
creasing service interruptions. In par- 
ticular, many Iowa systems and some 
Ohio systems used this construction. 

Experience with the 7,500-volt breaker 
installations proved that a device which 


breaker failures were experienced, most of 
these from lightning surges (see Table I). 
Because of these difficulties, use of this 
device was largely abandoned. 

About 1939, stimulated by REA engi- 
neers and others, a 15-kv single-pole self- 
contained automatic reclosing oil circuit 
breaker was developed. The breaker 
opening time was very short (usually less 
than 0.1 second), and the time between 
all three reclosures was about three sec- 
onds and was unadjustable. Systems 
along the eastern seaboard decided to 
try out this device. In about a year’s 
time 1,000 such circuit breakers had been 
installed. Each of these systems was 
separately studied for proper application 
of these devices.? Following a thorough 
study, taking into consideration the 
proper application of these breakers from 
the viewpoint of safety, accessibility, 


Table Ill. Report of Single-Pole Reclosing-Circuit-Breaker Operation on REA-Financed 
Systems Which Reported the Same Number of Breakers for the Three Consecutive Months of 
July, August, and September 1941 


Systems With Systems With 
Gap-Protected Arrester-Protected 


Number of states represented.... . Abalivetade del apehae nets 
Number of systems reporting.) ........-.+.+.105+ 
Number of breakers reported..5:.)., f..0.2.s-50+< 


Miles: of line controlled iy. ic. nee sl ae ae 11,441 


Average miles of line per breaker.............+5. 
Numberof breaker operations: .!.......0. 60... 
Total operations per breakefi en sricic een sete ore eee 
Total operations per month per breaker,......... 
TLotal-operations: per miles 2% cc tithe siete > eecke arsed 
Total operations per month per mile............. 
Nutiber of breaker ockowtsiia i. cre. +-ie aus 
Lockouts per month per ‘breaker... 55.5202 <i 05.. 9) 
Lockowts per month per mile, < cai oar wn = aeleras eset 
Per cent lockouts of operations............2¢8++% 
Operations: per lockout.e. 2 ov slecciisinmia o> eae eeaemauene 
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RAO cht 4,150 alec tereretgeOu 
Pe MT) caenercagir 20745 7 athapeees 29.6 
80006 yt ates 81208) hu eee 4,866 
USO Pe event Se Bo ot er rae 19.8 
{oO LOSI SCR SEM BS ane sais 6%6 , 
(OVW ANY reece OL 77S ae 0.668 
NOHQSO AN. rere = ORG ORC re: 0.223 
QOS eae sire akan Y (her eataadens et 3 131 
OV LO4 eerie OP1Z6 eae 0.177 
0. 0080725. icicle Q 006255. Aer. 0.00598 
DAS Ma eee BSB) Nera 2.69 
B82 eee AV 9) NER arate 37.1 


co-ordination, and cost, a definite pro- 
gram was recommended for breaker 
installations so as to attain the maximum 
benefit from their use. This study indi- 
cated that the breaker investment would 
pay greater dividends when the device 
was located at the more remote section- 
aes points, and hence the first breakers 
were installed at a distance from the 
power source, and as additional breakers 
were obtained, installations were made 
progressively nearer to the power source. 
No discrimination was made as to the 
type of transformer protection. Existing 
cut-outs were left in place at sectionaliz- 
ing points on the load side of the breakers 
and used as disconnects. Experience with 
these circuit breakers has been so favor- 
able that since then many additional sys- 
tems have installed such devices and 
REA-financed systems now have over 
5,500 such single-pole automatic circuit 
breakers. 

The first detailed survey of circuit- 
breaker performance was made in 1940, 
when the Iowa systems were asked to 
give their experience from the date of 
installation to November 1, 1940. Un- 
fortunately, most of the systems kept no 
adequate records of some phases of such 
breaker operation, and the investigation 
was made more difficult by the fact that 
the counters of the older 7,500-volt 
breakers were internally placed. How- 
ever, out of the replies furnished, the 
most adequate data were assembled as 
shown in Table I. It is remarkable how 
closely such data check with the more 
accurate information obtained during 
the next two years. 

Most of the failures on the design 1 
breaker were due to lightning damage to 
the pocket-type bushing and insulated 
lead. The next greatest failure cause was 
overload, which in turn was due to in- 
correct application. The design 2 break- 
ers showed a very much lower failure rate. 

In order to obtain more detailed and 
accurate data and to cover more cases, 
during the 1941 lightning season all REA- 
financed systems with circuit breakers 


Table IV. Report of Single-Pole Reclosing- 
Circuit-Breaker Operations on REA-Financed 
Systems, May to November 1941 


Cause of Breaker Lockouts 


—— 


Number of states reporting................ 20 
Number of systems reporting.............. 72 
Total lockouts reported. ..........0.-00-055 773 
Percentage lockouts due to: 


1) Conductor break:...'..... Ata thc 
2 Pole break. ..... Bo Loe! 
3. Insulator failure 7.5 
4. Arrester failure...... 4.5 
5. Transformer failure 9.8 
SME L LOGE, ow atyst cysinsista's raQiy: 
7s Other. 7: ... PSE 
Bere NOt MMOWOS! aac) icicles eleiesa'a'a 16.0 
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Figure 1. Estimates of average 

cost to re-fuse one cutout by 

132 REA-financed systems 

with 1,337 breakers. January 
1 to October 1, 1942 


PERCENT OF SYSTEMS REPORTING GOST OF 
FUSE REPLACEMENT GREATER THAN ABSCISSA 


were asked to make breaker counter 
readings each month and to report the 
number of lockouts and the cause of 
each. Tables II through V give the re- 
sults of this survey. (The term “Gap” 
means ati open air gap of definite dimen- 
sions which has no means of extinguish- 
ing the flow of power follow current.) 

Systems which reported the same num- 
ber of breakers for the three consecutive 
months of July, August, and September 
were segregated, and Table III gives the 
breakdown or analysis of data for these 
systems. 

Table IV shows the cause of all the re- 
ported lockouts, irrespective of month or 
system, and Table V shows the breaker 
difficulties experienced, 

Since any failures or other difficulties 
with breakers were reported separately, 
and since systems which did not furnish 
operation and lockout data often did 
report such difficulties, the tabulation in 
Table V represents many more breaker 
installations than reported in the other 


DOLLARS COST TO REPLACE FUSE LINKS 
* AT ONE LOCATION 


tables and covers the entire year. Hence, 
the percentage of failures to installations 
could not be determined, although appar- 
ently it is very low. 

During 1942, because of the gasoline 
and tire shortage, REA-financed systems 
were asked to make complete counter 
readings only on April 1 and on October 1 
but to make lockout reports each month. 
In 1941 two additional manufacturers 
had breakers available, and some systems 
with these makes were included in this 
survey. These new makes have different 
characteristics and construction from the 
older makes, but in general the operation 
is the same. Table VI gives a summary 
of the data collected in the 1942 survey. 

In the 1942 survey, lockouts were re- 
ported each month, and, if no report was 
obtained after a letter follow-up, it was 
assumed that no lockouts occurred. 
Hence, some lockouts may have been 
omitted, accounting for the lower per- 
centage of lockouts to operations than in 
1941. 


Table V. Report of Single-Pole Reclosing-Circuit-Breaker Operation on REA-Financed 
| Systems 
Reported Difficulties Experienced With Breakers—1941 


Number 
of 
Breakers Probable Cause of 
State Affected Description of Difficulties Difficulties 
Orig Hore totais cuales ia dicate Biter emtt tapers Oil gauges'did not work. .526 0. saci eee Fiber gauge rod in- 
jured in shipment 
OE eee ce crch rag Breaker jacket injured..........0.00.-%. Lightning 


Georgia ARS oy Wh DD GiNOt! TECLOSE shavaym-ntueyrie Genetica sind oerere roan Rust on trip counters 


He A CIOS Gears stripped on recycling device...... Breakers improperly 


located on system 


My enact Coil lightning protector failed ............ Lightning 
WT icfave yar suateusrsie Failure to operate.........0.eeceseeceee Not known 
IMimimesotar isis cise ieye.arerateiees CD Pe pemeatee RP aLECe TOROPCLALE Le. jseaaicicreitoiely wislers irises Lightning* 
North Carolina,.......... Desa ptonens BURNER OUCH, «ex isin t\Asiaels Ade melee Not known 
South, Carolinas 0 <jds Ine Yehabey at se Registers did not operate..............5. Not known 
ERESAS See mraeitaraes <tekcatera vie Teed tateatintslone Coil protector failed—breaker case 
BH AEECLOG AD. Per weve woh draioretn ra ve tmiyr scare eaten emererara Lightning 
IWHSCONGIENE rs 2's arshtiatts Dated ask, carers Breakericase’shattered! -<iicesiere cnt oe Not known 
Ofealie rere scat ape vionsress 21 


* These are an older model. 
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Curve 2 shows esti- 
mates of savings in 
operation and main- 
tenance costs by 100 
REA-financed  sys- 
tems with 1,078 
breakers. Curve 1 
shows estimates in 
savings in operation 
and maintenance 
plus savings in retail 
sales by 53 REA- 
financed systems 
with 507 breakers. 
January | to 
October 1, 1942 


DOLLARS SAVED PER MONTH PER BREAKER 


In view of the fact that in the field there 
occasionally seems to be no clear-cut 
distinction between a gap and a lightning 
arrester, a few errors may exist in the 
1941 and the 1942 surveys in separating 
the systems with gap-protected trans- 
formers and the systems with arrester- 
protected transformers. However, errors 
from this cause are small and should have 
little effect in the over-all results as shown 
on the summary for the period covered. 
The surveys indicate that there were 
about 26 per cent more operations of the 
breaker per mile of line with gaps than 
with arresters in 1942 and about 16 per 
cent more in 1941. Lightning protection 
is provided only at each distribution 
transformer, or on about 20 per cent of 
the poles on rural circuits. Each unpro- 
tected pole provides a potential point of 
flashover, and each such flashover will 
probably cause an operation of the 
breaker. Since the arrester will usually 
stop follow current without breaker op- 
eration, while the gap will not, the addi- 
tional operations per mile with gap- 
protected transformers can be expected. 

Table VII shows the reported cause of 
all reported 1942 lockouts. Table VIII 
gives a summary of the breaker difficul- 
ties experienced. Asin 1941, Table VIII 


Figure 2. Estimates of monetary savings using 
breakers over previous practice 


represents more breaker installations than 
reported in the other tables, and covers 
the entire year. 

Records for circuit-breaker operation 
have not been obtained for winter months. 
Experience has shown that during this 
period the number of operations reduces 
considerably. Numerous letters and 
reports from system managers indicate 
that the oil circuit breaker is very effective 
in preventing outages caused by unequal 
snow loading and tree limb contacts. 
Particular attention is called to the fact 
that these systems have been operating 
with reduced personnel under national 
defense and wartime conditions. Be- 
cause of this situation an interesting as- 
pect of the use of the circuit breaker 
which showed up on some systems was 
that tree trimming and right-of-way clear- 
ing were often deferred if other work was 
pressing, allowing the breakers to take 
care of the situation. 

In the 1942 survey an attempt was 
also made to ascertain the monetary 
savings experienced by REA-financed 
systems using breakers. Systems were 


Table VI. Summary of Survey of Single-Pole Reclosing-Circuit-Breaker Operation on 
REA-Financed Systems, April 1 to October 1, 1942 


= = —== 


Systems With 
Gap-Protected 


Systems With 
Arrester-Protected 


All Systems Transformers Transformers 
Number of states represented............... 31) Oars EE iat y Rise 29 
Number of systems reporting............... 162° Ciasaetoue rt SS dee eae. 99 
Number of breakers reported............... 2455) ee ae DEK Meme Piatto. o 1,141 
Malesiofvineicoutrotled.an,. 9 shiny aida aan B5j238 — 2) well temas 26 O80 en errr 28,558 
Average miles of line per breaker............ 22.56: a Bracke 20.3 minennarete 25.0 
Number of breaker operations,.............. 98;858" feud peeintaiecs BS37 V4 eo) OP kes hheteeers 45,144 
Total operations per breaker................ 40\/3/) > seeps 40)28: 9) Sislans aii ; 39.5 
Total operations per month per breaker...... 6.7 cpeereeeee 648 Bs eset ee 6.6 
Totaloperations per miles... ws see cas LO At noha DOU Becca Are 1.58 
Total operations per month per mile......... On2Z98 > seotonetens ORCI IO aidene tte 0.264 
Number ot breaker lockouts...............,. 1,840) ~o Xr cee Sh Mewar caneue 963 
Lockouts per month per breaker............. ODL 2D ieee tere Oc Necetenetss. 0.141 
Lockouts per month per mile.............., O,O05SS eyes. 0.00548...... 0.00562 
Per cent lockouts of operations.............. lL. ST ee are IG 3a toyee sie 2.14 
Operations per lockout.) 205 ink oye canton cs 53:72" Bee (pl Ng Aaa 46.8 
Per cent consumer hours outage time.......,. ONLO5 eee On OO teeereareier 0.111 
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Table VII. Report on Operation of Reclosing Be 
Oil Circuit Breakers on REA-Financed Systems 
April 1 to October 1, 1942 


Cause of Lockouts 


Number of states reporting............... 31 
Number of systems reporting............. 163 
Total lockouts: reportedly... 5)... es eee 1,930 
Percentage of lockouts due to: 
1. “Conductoribrealke:, (aces cee 10.1 
2. 1.9 
3. TL. sve 
4, 5.4 
5. 5.6 
6. 25.5: 
ce 18.5 
8. 21.2 


asked to furnish estimates on such say- 
ings. Figures 1 through 3 give the results 
of this survey. Figure 1 shows a per- 
centage distribution of estimated savings 
for replacing fuses in a cut-out at one 
location. Experience has shown that 
circuit breakers usually show a greatly 
higher operation rate than the previous 
rate of fuse blowings at the same location. 
This may be caused by breaker operations 
occurring during the time which was 
formerly taken to replace the blown fuses. 
It is therefore not proper to multiply the 
number of breaker operations by the cost 
to replace fuses at a given location in 
order to obtain the total savings. Hence, 
the systems were asked to give estimates 
on the monthly savings effected by break- 
ers, and these are shown in Figure 2. 
Figure 3 shows the estimated breaker 
maintenance and replacement cost. 
These three charts are for the period of 
January 1 to October 1, 1942. Main- 
tenance costs on the breakers, now low, 
will probably increase as the units be- 
come older. 

Correspondence and discussions with 
various REA system managers indicate 
that the continuity of service brought 
about by the breakers is of far more im- 
portance than the savings in mainte- 
nance and operations expenses afforded 
by them. It is difficult to get at any 


Table VIII. . Report on Survey of Single-Pole 
Reclosing Circuit Breakers on REA-Financed 
Systems, 1942 


Summary of Reported Difficulties 


Number of 
Probable Cause of Difficulties Breakers 

Lightning. ys c)slais.0 else) sia e¥eippetasetelern satel ea 120 
Defective or broken ratchet mechanism..... 7 
Warped or defective lockout mechanism.... 8 
Overload vss abs 0/4 sate eieiey ie) 8cr6 ea,c ee 3 
Burned contacts or worn parts.. «leone , 
DDISty ihe cece octet eis cls ene sveve eats ete. ean .3 
Excessive or insufficient fault current........ 4 
Noninterruption of fault.................. 1 
QE CL enetantasoliel «1 wl e/a) a) ein aho nial aaa ae 3 
Notikemowans 5 is.0.00: cise sicte ois srecets ia 10 

Lotal s:cc.0.sieutic ois ois oan. 66 ee 56 
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Figure 3. Estimates of breaker maintenance 
costs by 47 REA-financed systems with 624 
‘breakers, January 1 to October 1, 1942 


figures on the number of consumer-hours 
outage time saved by the breaker system 
over the fused system, as few of the fused 
systems kept any detailed records of 
outage time. Indications are, however, 
that the improvement in most cases is 
substantial. 

These surveys and other experience 
have indicated that the automatic re- 
closing oil circuit breaker offers great 
possibilities for rural electric system sec- 
tionalizing. Since most of the REA lines 
are single phase, the greatest requirement 
is for single-pole breakers. Some systems, 
particularly those serving a large amount 
of irrigation load, use automatic reclosing 
three-pole breakers. In order to prevent 
voltage from appearing on an opened 
phase through ungrounded wye trans- 
former banks and also to prevent single- 
phase power being applied to three-phase 
motors, it appears that three-pole break- 
ers on feeders may become more neces- 
sary as the many small industries con- 
tinue to spring up around established 
REA systems requiring more and more 
three-phase power. 

The circuit breaker will probably not 
entirely replace the fused cut-out im- 
mediately or even in the future. In some 
locations, where the routine patrolling is 
of sufficient frequency, the fused cut-out 
may be more economical and the service 
maintained as satisfactorily as with the 
automatic breaker. Also, if a breaker 
such as described hereinafter can be ob- 
tained, single-shot fuse cut-outs can be 
used on short branch lines beyond such 
breakers. 

One of the major questions in the future 
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development of the small distribution- 
type circuit breaker is the question of 
time delay in opening. From the stand- 
point of protection to equipment and 
prevention of conductor failures caused 
by arc-overs, the breaker should open as 
rapidly as possible. On the other hand, 
one of the objections to the fast-opening 
breaker has been that occasionally a 
damaged distribution transformer takes 
a line section out of service because the 
breaker locks out prior to the blowing of 
the primary transformer fuse. Lockouts 
from this cause seldom occur, but, when 
they do, a large number of consumers 
may experience a long outage. Also, it 
is believed that time delay should afford 
an opportunity to co-ordinate a greater 
number of breakers in series and should 
provide better operation when picking up 
motor loads. 

Limitations are often imposed by the 
power supply agency, which usually speci- 
fies the supply side fuse size on the sub- 
station. If the purpose of this limitation 
is to insure co-ordination with relays 
further back on the transmission system, 
it can be understood, but unfortunately 
in many cases the supply side fuse size 
seems to be specified on no particular 
technical basis. Proper sectionalizing 
depends on system fault currents and 
time-current characteristics of apparatus, 
and the supply side fuse or other device 
is intended to operate only for short cir- 
cuit in the substation or in case the load 
side device fails. As pointed out by 
Marsh and Dodds,’ it is not always pos- 
sible to expect complete co-ordination 
of the substation fuse with transmission- 
line relays over the entire range of fault 
currents and still allow adequate section- 
alizing by the consumer. In particular 
instances, discussion of the problem with 
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supply agencies has usually resulted in a 
revision of requirements, and it is hoped 
that eventually all supply agencies will 
co-operate with consumers in reaching a 
solution satisfactory to both parties. 


In any case, the protection of equip- 
ment and the increasing use of high-speed 
relays puts a ceiling on the amount of 
time delay used, particularly since the 
breaker reopens three or four times for a 
lockout. Present indications are that 
the device should have fast opening on 
the first one or two openings and moder- 
ate time delay on succeeding openings. 
This would effect a compromise and allow 
the use of single-shot fused cut-outs be- 
yond the breakers on short branch lines. 


A possible specification for a small dis- 
tribution circuit breaker would have it 
satisfy the following requirements: 
rugged and de- 


(a). The breaker be 


pendable. 


(b).- Be self-contained, requiring no current 
or voltage transformers. 


(c). Be entirely automatic. 


(d). Be equipped with two instantaneous 
openings and two subsequent time-delay 
openings to lockout, with recycling to 
original position for a temporary fault. 


(e). Contain lightning and overload protec- 
tion. 


(f). Have a high insulation level. 


(g). Have a fairly simple mechanism, easy 
to repair. 


(h). Be inexpensive. 


Future developments in rural electri- 
fication point to increased use of three- 
phase lines and interconnection of lines 
into networks. This trend will call for 
some sort of directional control on 
breakers. Devices which will distinguish 
between load and fault currents of the 
same magnitude are required. There is 
much to be done in the rural electric 
distribution field, particularly in circuit 
control. 
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Interim Report on Application and 


Operation of Automatic Reclosing 


Equipment on Stub Feeders 


AIEE COMMITTEE ON AUTOMATIC STATIONS 


Subcommittee on A-C Automatic Reclosing Equipment 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and re- 
ports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
Standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in pref- 
erence to the preparation of special emer- 
gency standards which might involve rede- 
signing and drastic changes in manufac- 
turing practices. These guides will accomp- 
lish the maximum conservation of critical 
materials, since they provide for the maxi- 
mum use of existing equipment and systems, 
as well as new equipment without changing 
the fundamental basis on which the present 
standards have been prepared. 


Synopsis: This report presents the results 
of a survey which has been made to obtain 
data on typical present-day a-c automatic 
reclosing equipment and practices as ap- 
plied to stub feeders having a single end 
source of power. The data received provide 
a good summary of the reclosing practices 
in general use and the performance being 
obtained. It also gives an indication of the 
possibilities of using immediate initial re- 
closure more extensively for some types of 
loads. This subject is of timely interest 
because of the possibilities of conserving 
critical materials in such cases where the 
application of automatic reclosing equip- 
ment will defer the necessity of providing 
additional circuit facilities. 


Paper 43-84, recommended by the AIEE committee 
on automatic stations for presentation at the AIEE 
national technical meeting, Clevelanu, Ohio, June 
21-25, 1943. Manuscript submitted April 7, 1943; 
made available for printing May 10, 1943. 


Personnel of the subcommittee on a-c automatic 
reclosing equipment: J, A. Elzi, chairman; J. T. 
Logan, G: S. Whitlow. 


This report was prepared by the AIEE subcom- 
mittee on a-c automatic reclosing equipment of 
the committee on automatic stations for the purpose 
of making essential intormation immediately avail- 
able to war industries, thus furthering the conserva- 
tion of valuable material for the war emergency. 
It is educational and in no way mandatory. It is 
not intended as a “‘Standard’’ and has not been 
approved formally by the Standards committee 
or the board of directors. 


It will be noted in the tabulation that 41 users 
furnished the data summarized in this report. 
The committee on automatic stations expresses its 
sincere appreciation to these organizations for their 
co-operation, 
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HE value of the use of automatic re- 

closing equipment is generally recog- 
nized, but there is quite a bit of latitude 
possible in the application of equipment 
and the extent to which the greatest 
benefit will be derived from it. Operat- 
ing experience plays an important part 
in determining the most suitable type of 
equipment and the optimum settings. 

The scope of this survey was limited to 
stub feeders which are energized from one 
source only and which do not require 
voltage-checking devices nor synchroniz- 
ing relays. 

The data presented in this report are 
based on information supplied by 41 users 
and represent a total of over 100 typical 
applications covering a little more than 
70,000 miles of circuits in use by various 
companies or governmental units in the 
United States and Canada. The oper- 
ating voltages range from 2,300 volts 
and above, and the data submitted cover 
both isolated and grounded neutral sys- 
tems. A summary of the data regarding 
types of equipment used, reclosing cycles, 
and performance is given in Table I. 


Reclosing Cycle 


In analyzing the data regarding the re- 
closing cycle most commonly used, it was 
felt that it would be most significant to 
study the information on the basis of the 
interval of time used for the first reclosure 
and to apply a weighting factor propor- 
tional to the circuit miles for which any 
particular initial reclosing cycle is used. 
The time interval used for the second and 
third reclosures varies rather widely and 
depends on such factors as allowable 
breaker duty, relaying requirements, and 
allowance for clearing of temporary faults 
caused by tree limbs and swinging con- 
ductors. An analysis of the data re- 
ceived made on the aforementioned basis 
is shown in Figure 1. Immediate initial 
reclosing was reported for 70 per cent of 
the circuit miles for all types of loads. 
For circuits supplying 75 per cent or more 
residential load, immediate initial reclos- 
ing is used for 88 per cent of the circuit 


get 


j /, 
miles, while for circuits supplying loads 
comprised of 25 per cent or more motor 
load, immediate initial reclosing is used 
for only 30 per cent of the circuit miles 
and an initial interval of 15 seconds or 
more is used for 68 per cent of the circuit 
miles. 


Successful Reclosing Operations 


The results of the questionnaire indi- 
cate that most users do not provide a 
means of differentiating between success- 
ful initial, second, or third reclosures. 
They appear to have definite data as to 
the per cent of successful reclosures and 
the per cent of lockouts, but in most 
cases have estimated the number of suc- 
cessful reclosures which were second and 
third intervals. Figure 2 has been pre- 
pared to show the successful initial re- 
closing performance in terms of circuit 
miles, and Figure 3 gives the average for 
all companies weighted in proportion to 
the circuit miles. From Figure 2 it will 
be seen that 80 to 90 per cent successful 
initial reclosing performance was re- 
ported for 53 per cent of the circuit miles 
and 70 to 80 per cent successful reclosure 
for 34 per cent of the circuit miles. Fig- 
ure 3 indicates that service is restored on 
the initial reclosure for 76 per cent of the 
circuit miles. 


Change of Relaying Time After 
Initial Reclosure 


For about 75 per cent of the types of 
circuits reported, no provision is made for 


A- IMMEDIATE INITIAL RECLOSURE 
B- 5 SECONDS INITIAL RECLOSURE 
C- 10 SECONDS INITIAL RECLOSURE 
D- 15 SECONDS OR MORE INITIAL RECLOSURE 


GROUP 2. 


GROUP 3. 


PER CENT OF CIRCUIT MILES 


Summary of initial reclosing 
intervals ue j 


Figure 1. 


Group 1. Average for all types of loads 


Group 2. Average for circuits having 75 per 
cent or more residential load 


Group 3. Average for circuits having 25 per 
cent or more motor load 
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Figure 2. Summary of successful initial re- 
closures 


changing the relaying time after the 
initial reclosure which would permit the 
circuit breaker or service restorer to clear 
the fault initially, providing selectivity 
with fuses or other fault clearing devices 
for subsequent reclosures. Of the 25 per 
cent of the users who do use this type of 
relaying, several have kept quite complete 
records and appear to be obtaining satis- 
factory results. Various schemes of pro- 
viding this type of relaying were de- 
scribed. Some companies make use of a 
contact on the reclosing relay, others pro- 
vide separate plunger-type relays, and in 
some cases this feature is incorporated in 
the service restorer. 


Available Reclosing Relays 


A large majority of the users reported 
that the present available reclosing relays 
are satisfactory for their systems. There 
was am expression on the part of some 


PER CENT RECLOSURES 


AND LOCKOUTS 


Summary of successful initial re- 
closures 


Figure 3. 


A. Successful initial reclosures (including 
immediate and time delay) 

B. Successful second reclosures 

C. Successful third reclosures 

D. Lockouts 
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users that it would be desirable to have 
provision made for a quicker reset time 
on reclosures so as to avoid lockouts on 
recurring faults. 


Available Oil Circuit Reclosers and 
Service Restorers 


Quite a few of the users did not have 
this type of equipment in service or had 
insufficient experience to comment on 
this question. Of those that do use this 
equipment, approximately 50 per cent 
express the opinion that the present 
equipment is satisfactory and adequate, 
while the remainder indicated desired 
modifications. The features most fre- 
quently mentioned as being required are 
as follows: 


(a). Greater interrupting capacity. 


(b). Better time-delay features to permit 
co-ordination with fuses and other fault- 
clearing devices. 


(c). Higher continuous current ratings. 


Most of the users indicated a decided 
preference for three-pole devices when 
used on three-phase circuits and single- 
pole devices on single-phase circuits. 


Repeater Fuses 


Some 90 per cent of the operators using 
repeater fuses do not seem to find that the 
lack of the self-resetting feature results in 
excessive lockouts. Most of the users re- 
port that customary patrols of circuits 
are adequate to prevent excessive lockouts 
from this cause and do not indicate an 
excessive amount of patrolling being re- 
quired to obtain this performance. 


Maximum Time of Circuit 
Interruption Without Dropping 
Motor Load 


Only a relatively few users have factual 
data regarding the maximum time a dis- 
tribution circuit can be de-energized with- 
out dropping an appreciable part of motor 
load. However, those who did present 
data appear to have analyzed the situa- 
tion rather carefully, and it is felt that 
the information given is therefore quite 
significant. Figures of 0.5 to 2 seconds 
appear the most frequently. One user 
reports the results of tests which indicate 
that for 98 per cent of the motors tested, 
an interruption of from 1 to 2.2 seconds 
would not result in dropping the induction 
motor load. 

There is quite a divergence of practice 
in the application of immediate reclosure 
for motor loads. Some users have 


adopted the practice of providing no 


immediate reclosure for any motor loads, 
but many report satisfactory performance 
with immediate reclosure for induction 
motors, and a few use this type of re- 
closure for synchronous motors as well. 
In this connection there are several con- 
siderations mentioned which are worthy 
of note: 


(a).. For the successful application of im- 
mediate reclosure for motor loads, special 
consideration may need to be given to the 
type of load served and the product being 
manufactured. 


(b). Time delay is provided for undervolt- 
age release devices where used. 


(c). For some synchronous motor loads it 
may be necessary to provide suitable equip- 
ment such as field removal relays, unloading 
devices,and so forth, to insure satisfactory 
operation. 


The replies to this part of the question- 
naire indicate that there is a need for 
special study in applying reclosing equip- 
ment to some motor loads, especially syn- 
chronous motors and that there is a defi- 
nite possibility of utilizing the benefits of 
immediate reclosure on motor circuits to 
a much wider extent than is now being 
done. 


Minimum Permissible 
Reclosing Cycles 


Here again it was found that there is a 
dearth of factual data regarding the mini- 
mum time required between reclosures to 
assure deionization of the arc path. Many 
of the users reporting on this part of the 
questionnaire expressed the opinion that 
an interval of approximately 0.5 second 
is satisfactory, while it was pointed out 
also by several that the time interval ob- 
tained by the use of normal speed breakers 
and immediate reclosing relays has re- 
sulted in no trouble because of restriking 
of the arc. Some do, however, feel that 
a period of 3 to 5 seconds should be al- 
lowed to permit swinging conductors to 
separate and falling tree branches to clear 
from the lines before they are re-ener- 
gized. Other users rely on the second 
reclosing interval to take care of these 
types of faults. 


Co-ordination Between Reclosing 
Equipment and Fuses 


Many of the users who replied to the 
questions regarding experience in obtain- 
ing successful co-ordination between re- 
closing equipment and fuses or reclosers 
and fuses report satisfactory results if 
care is taken in making the co-ordination 
study before the equipment is applied. 
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Difficulties which have been encountered 
in making these applications are: 


(a). Trouble in obtaining co-ordination 
with ground relays except in such cases 
where fuses of low current rating are ap- 
plicable. 


(b). Failure to obtain co-ordination be- 
tween service restorers with instantaneous 
trip and fuses unless the fuses are of such 
low current rating that they will blow at 
currents near the pickup value of the 
restorer. — 


Conclusions 


As the result of this survey, the follow- 
ing conclusions may be reached: 


1. In terms of circuit-miles, immediate 
initial reclosing is most commonly used for 
residential loads and 15-second initial re- 
closing for induction motor loads. 


2. Successful initial reclosing was reported 
for approximately 75 per cent of the trip 
outs. The second and third reclosures will 
be successful in approximately 15 per cent 
of the cases, and lockout can be expected in 
ten per cent of the cases. 


3. Present reclosing equipment appears to 
meet the requirements of most of the users 
except that a necessity for changes as noted 
previously in available oil circuit reclosers 
or service restorers is indicated. 


4. Circuits should be re-energized in 0.5 
to 2 seconds if the dropping of induction 
motor loads is to be avoided. 


5. No trouble from restriking of the arc 
was reported with immediate reclosure with 
normal speed breakers. Some users, how- 
ever, feel that an interval of 0.5 second 
should be provided. 


6. The possibilities of using immediate re- 
closing for motor circuits should receive 
further study, as there are indications that 
the advantages of immediate reclosing can 
be extended to include a much larger per- 
centage of motor circuits than is now being 
done. 
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A pplication and Operation of Automatic Reclosing Equipment 


AIEE Committee on Automatic Stations Questionnaire 
on A-C Automatic Reclosing Equipment 


Appendix. 


Please give data for each set of circuit and pe conditions for which different reclosing 
practice is used. 


Reporting company ve fest owl sve lores bu mln ibn yekene dete eet Location wee ecg p06 0 ais takahe 
A. Circuit and Load Data 
ve 

Woltage rts css Three-wire......... Four-wire......... Deltas 2. srr Wee estes wis 

Isolated i205 xs Unigrounded........ Multigrounded........ 

Dees ye een per cent overhead..........per cent cable 

Load... .per cent residential. ...per cent induction motor... .per cent synchronous motor 

B. Equipment 

Repeating fuses two-shot...... three-shot...... f : 

Circuit breaker........ pole (single or three) with........ reclosing cycle. Specify most 
usual reclosing cycle as: instantaneous; 0-30-60 seconds; 15-30-75 seconds; 0-30 
seconds, and so forth. 

Service restorer.......... pole (single-pole or three-pole) 

Oil circuit reclosers...........- pole 

Protective relay............ (instantaneous overcurrent, titne delay overcurrent, and so 


forth) 
Does the equipment automatically change the relaying time after first, second, or third 
reclosure? Give brief description of sequence of operation. 


C. Experience Data 


Approximatere ml aerate VOaLS se aMteseaye circuit-miles 

Successful reclosures for reclosing cycle given above 
Initial immediate ........ percent. Initial time delay........ per cent 
Second yee per cent. ea birde. ws acre per cent. Lockout........ per cent 


What has been found to be the most convenient way of determining the number of first, 
second, or third reclosures? 

Most common cause of outage cleared fast enough for successful immediate initial reclosing. 
Lightning... tLEGSi2Gh em oree ele 

Reclosing cycle found to be particularly suitable for: 


(@).,  Lightimg: loadais 2%, <js:siniaredleiive cnyersicla 6 one's davai: Mlayore wnt oot eaeaiie toledo, Mens, anaes St en 


(6). Synchronotis motor load. ...5 06 0s ci cc are ose ee vw eles nes sud) 0 clelelSipie ities ys le/« ei mi ota |ajel o/s iat 
(@). Induction moto loads ic ciirea% «odie ue 0ts aleve oie sin/elp allele’ e oh eueiale,«) Ceara teellet a) ciate) 0) te =e 
(d). Combined motor and lighting loads. ........0.cccceccseceenser creer eneneses « ss eee 


(e). Selective operation with branch circuit fuses. ......... cece eee eet r tent eee res eressuene 
(f). Selective operation with branch circuit reclosers or service restorers. .... 66.000 -seesseeees 


D. General 


Do available reclosing relays meet operating requirements, or is some modification in the 
operating cycle desirable? If so, please give suggested modification. 


Do available oil circuit reclosers or service restorers meet operating requirements, or is some 
modification desirable? If so, give suggested modification. Also give reasons for pre- 
ferring the single- or three-pole device. 


Does the lack of the self-resetting feature in the case of reclosing fuses result in excessive 
lockouts? What steps do you take (such as patrolling) to cern the number of lockouts 
to a minimum? 


What has been found to be the maximum time that the circuit breaker may remain open 
during a reclosing cycle, without dropping any appreciable part of the motor load? 
State whether load is predominately induction or synchronous. 


Give operating data which indicate minimum time that circuit breaker may be reclosed 
with assurance that fault arc path has been given sufficient time to deionize. In answer- 
ing this question, consideration should be given to the effect of counter electromotive 
force from synchronous machines (connected to the feeder) which tend to sustain the 
fault are while the circuit breaker is open. 


What has been your experience in obtaining successful co-ordination between reclosing 
equipment and fuses, the latter being located in some subdivision of the feeder? 


What has been your experience in obtaining successful co-ordination between oil circuit 
reclosers or service restorers, and fuses, the latter being located in some subdivision of 
the feeder? 


Any additional comments: 


This questionnaire is limited to stub feeders which are energized from one source only and which do not | ites 
quire voltage checking devices, synchronizing relays, and so forth. 
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Synopsis: A capacitance bridge for the 
calibration of instrument potential trans- 
formers up to 300 kv is presented in this 
paper. This bridge provides measurements 
which are correct within 0.1 per cent on 
ratio and 3 minutes on phase angle. There 
are within the bridge arrangements for 
testing its accuracy as determined by the 
stability of its component arms. It is par- 
ticularly desirable to have this means of 
self-testing if transformers are to be tested 
in a laboratory which does not have exten- 
sive standardizing facilities. Further ad- 
vantages beyond accuracy for standardiza- 
tion purposes are flexibility and ease of 
operation for production testing, and low 
cost and small volume as compared to a 
high-voltage resistance potentiometer. 


e 


N the determination of ratio and 
phase angle of potential transformers, 
measurements are required which are 
correct within 0.1 per cent on ratio and 
three minutes on phase angle. Such 
measurements are made on transformers 
with voltage ratings as low as 110 volts 
and as high as 161 kv. It is probable that 
higher voltages may be used in the future. 


A capacitance bridge has been de- 
veloped for this purpose. This bridge is 
connected first as a Schering Bridge in 
order to establish the relative impedance 
of its arms; then it is connected one part 
to the primary winding of an instrument 
potential transformer and the other part 
to the secondary winding of the trans- 
former in order to determine the ratio 
and phase angle between the windings of 
the transformer. 

This method of measuring the proper- 
ties of transformers may be compared to 
the resistance potentiometer method!? 
and to previous proposals for capacitance 
bridge methods.?45 The most con- 
spicuous advantage of this method over 
the resistance-potentiometer method is 


Paper 43-81, recommended by tne AIEE committee 
on instruments and measurements for presentation 
at the AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1948. Manuscript submitted 
March 9, 1943; made available for printing May 6, 
1943, 


H. W. Bousman is in the general engineering labora- 
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ant, General Electric Company, Pittsfield, Mass. 
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the reduction in weight and space re- 
quired. The advantage over previous 
proposals of a capacitance bridge is pro- 
vision for reconnecting the bridge in order 
to establish its accuracy in place. 


Performance 


A bridge of this design was installed 
in the transformer section of the Pittsfield 
works’ laboratory and used in conjunc- 
tion with the 132-kv shielded resistance 
potentiometer! already there. It was 
operated for a period covering both the 
winter and summer seasons. 

The relative size of the capacitance 
bridge made it very attractive, as it re- 
quired 200 square feet of floor space 
whereas the resistance potentiometer re- 
quired 900 square feet. The saving of 
factory space allows a saving in testing 
because it facilitates the handling of trans- 
formers during this stage of manufacture. 

Transformers have been tested 
throughout the range 110 volts to 161 kv. 
The extreme flexibility of the capacitance 
bridge was an appealing point to the 
operator. A 1400:1 ratio could be 
checked as easily as a 20:1. The change 
from one voltage or ratio to another 
could be done without changing high- 
voltage taps on the equipment. Odd 
ratios were just as simple to measure as 
were the integral ratios. 

A 60 micromicrofarad high-voltage 
compressed-gas capacitor was used for 
ratios down to 10:1. Below 10:1 ratio 
a 200-micromicrofarad shielded air ca- 
pacitor was used. This combination of 
standard capacitors provided good sen- 
sitivity over the whole voltage range. 

After this experience a permanent in- 
stallation was decided upon. A new 
bridge was built and installed and has 
been in use for over a year. This bridge 
provides measurements which are cor- 
rect within 0.1 per cent on ratio and three 
minutes on phase angle throughout the 
voltage range used thus far. The bridge 
voltage rating is 300 kv, and no difficulty 
is expected in extending measurements to 
this voltage. 
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The Bridge Circuit 


This bridge has two resistance arms and 
two capacitance arms as shown in Figure 
la. Two of these arms, R3 and Cy, are 
fixed in magnitude. C, is a shielded gas 
capacitor for high-voltage use. The other 
arms, R, and C\, are continuously ad- 
justable. If R, is adjusted to a con- 
ductance +/n times that of R;, where n 
is the ratio of the transformer to be 
tested, the bridge can be balanced by 
adjusting C, to a capacitance +/n times 
that of C;. Now suppose C, and C, 
interchanged and the transformer con- 
nected so that the high-voltage winding is 
connected to C; in series with R, and the 
low-voltage winding to C; in series with 
R;, Figure 1b. The smaller capacitance, 
C2, is now in series with the larger con- 
ductance, Rs, but the voltage applied to 
this combination is 7 times that applied 
to the larger capacitance in series with 
the smaller conductance. Thus the volt- 
age drop across R; is again equal to that 
across R, and the bridge again in balance 
excepting a small phase shift explained 
in Appendix I. If the transformer ratio 
differs slightly from n, the small change 
in R; or Ry required to restore balance is 
a measure of this departure. Used in 
this manner, the bridge gives evidence of 
its own stability before each measure- 
ment on a transformer. This self-stand- 
ardizing feature is particularly desirable 
if transformers are to be tested where 
extensive standardizing facilities are not 
available. 


A detailed explanation of this bridge 
circuit for measuring the ratio and phase 
angle of a transformer is developed in 
Appendix I. The bridge connections 
finally arrived at are shown in Figure 4. 
In this figure R33; is a bridge resistance 
arm adjustable from 9,900 ohms to 
10,110 ohms, set at 10,000 ohms when the 
ratio correction factor is unity. The ad- 
justing dials are marked directly in ratio 
correction factor. Adjustment for phase 
angle is made by changing C33, and Cys 
is marked in such units that it reads 
directly in phase angle at 60 cycles when 
R33 is at 10,000 ohms. Departure from 
direct reading in phase angle at other 
values of R33; may be corrected by refer- 
ence to a curve in any case and is mini- 
mized by care in the design of the Rs3C33 
arm of the bridge so that no correction is 
required on the greater portion of trans- 
former tests. 

Rs, in the bridge is made of a conduct- 
ance decade; that is, of resistors con- 
nected in parallel by a switching se- 
quence, marked in terms of »/n where 
n is the nominal transformer ratio. The 
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Figure 1. 


(a) 


conductances of the principal resistors in 
Rs are 1, 2, 2, 5, 10, 20, 20, and 50 times 
the conductance of the 10,000-ohm setting 
of R33. 

Note particularly that errors in the ratio 
of Rss to R3; are doubled in their effect 
on the determination of potential trans- 
former ratio. This is not a serious dis- 
advantage because the conductance dec- 
ade arrangement, in which most of the 
conductance of Rj, is made up of steps of 
1/., 1, and 2 times 10” where m is an 
integer, lends itself especially to precise 
and accurate determination of the ratio 
between R33 and R3;. 


Figure 2. 


Connection diagram of Schering 
bridge including shielding 


Capacitor Cz. in Figure 4 is of fixed 
capacitance and suitable for use at 
high voltage. Cs; is an adjustable low- 
voltage capacitor with worm drive for 
precise setting while balancing the bridge. 
Any difference in dielectric loss angle 
between these capacitors appears double 
as an error in transformer phase-angle 
measurement. This error will not ex- 
ceed one-quarter minute of angle so long 
as the capacitor at C3, is kept fairly dry.’ 


The Bridge 


The high-voltage capacitor which con- 
stitutes one bridge arm, Cz of Figure 4, 


Connection diagram, capacitance 
bridge for comparing two voltages 


Figure 3. 
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Basic connection 
diagrams 


(a). Schering bridge 
R, (6). Transformer bridge 


Cb) 


has shielded concentric cylindrical elec- 
trodes operated in carbon dioxide at 
about 100 pounds per square inch gauge 
pressure. Figures 5 and 6 show the con- 
struction. The essential properties and 
advantages of standard capacitors con- 
structed in this manner have been set 
forth elsewhere®? and will merely be 
summarized here. 


(a). Change of dimensions with voltage is 
calculably negligible. 


(b). Change of dimensions with tempera- 
ture and its effect on capacitance is cal- 
culable. : 


(c). Change of capacitance with align- 
ment is calculable; thus, limits within which 
it is negligible may be established. 


(d). The maximum dielectric loss angle en- 
countered in such capacitors is small as 
compared to usual phase-angle accuracy 
requirements, that is, much smaller than 
one minute at 60 cycles. 


With respect to factor b, the massive 
tank by its thermal slowness limits tem- 
perature gradients inside the capacitor. 
A steady-state temperature change of 
five degrees centigrade or a change in the 
temperature difference between electrodes 
of two degrees centigrade is required to 
produce 0.01 per cent effect on measured 
ratio. In order to produce this effect, 
these changes must occur between the 
standardization in terms of bridge re- 
sistors and the measurement on the trans- 
former, a matter of a few minutes at 
most. 

This capacitor may be operated at 
voltages up to 300 kv rms. 

The other parts of the bridge are 
housed in the case shown in Figure 7 
and Figure 8. Note at the top of Figure 
8 the parallel plate capacitors used at 
Cx of'Figure 4. One of these has a worm 
drive%which allows adjustment to 0.005 


N 
[ca ct 


M 
oN [cae 


Figure 4. Connection diagram of bridge for 
measuring the ratio and phase angle of po- 
tential transformers 
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micromicrofarad. The other two are’ of 
fixed capacitance and may be switched 
into circuit to extend the capacitance 
range. All have plates supported from a 
guard structure with the solid insulation 
shielded from the field between plates. 
Dielectric loss angle of these capacitors 
is ordinarily less than 0.00002 or four 
seconds of angle. The accuracy of phase- 
angle measurement depends upon the 
maintenance of a small loss angle. Proof 
of such maintenance is obtained from the 
standardization balance of the bridge 
before each measurement. Any change in 
C3, of Figure 4 from the customary value 


Figure 5. Compressed-gas capacitor, 300 kv 


is evidence that the relative dielectric loss 
angle of the air capacitors has changed. 
In practice, only the low-voltage capaci- 
tor changes, and it changes only because 
of humidity and dirt.’ Ordinary care 
in maintenance will avoid such changes. 
The resistance arms of the bridge are 
partly visible in Figure 8, behind the 
galvanometer amplifier case. The prin- 
cipal resistors are of manganin. The one 
micromho steps are of advance alloy, 
and the smaller conductance decades are 
carbon resistors. These latter serve only 
for fine adjustment of the 1/7 arm, hence 
errors of several per cent are allowable. 
The galvanometer and its amplifier 
are in a case within the main bridge case. 
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Cross section of the 300-kyv 
capacitor 


Figure 6. 


The capacitance between cases is a part 
of Cy. It is not affected by switching 
connections and therefore not a factor in 
the accuracy of the bridge. 

The lower part of the bridge case has 
relays which connect an auxiliary power 
supply for the calibrating balance of the 


Figure 7. Bridge for measuring ratio and 
phase angle of potential transformers 
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bridge and which may be used for remote 
control of high-voltage switching. 


Measurement Procedure 


The operation of the bridge is as fol- 
lows: 


1. Set ratio-correction-factor dials at 
1.0000; set phase-angle dials at a value 
determined by the ratio of the transformer 
to be tested; set ./z dials at the square 
root of the nominal transformer ratio; then 
turn selector switch to “calibrate.” 


Figure 8. Back view of the bridge, case open 


2. Apply power to calibrating circuit, and 
balance the bridge by adjusting the low- 
voltage air capacitor C3, and the capacitance 
Cz4 of Figure 4. 


3. Connect transformer to be tested and 
turn selector switch to ‘‘measure.”’ 


4, rae power to transformer and bal- 
ance the bridge by adjusting the ratio-cor- 
rection-factor and phase-angle dials at each 
desired burden and excitation. Ratio cor- 
rection factor of the transformer is read 
directly from the dials. Phase angle is read 
directly from the dials on tests at 60 cycles. 
At other frequencies the dial reading must 
be multiplied by the ratio of the test fre- 
quency to 60. 


Standardization of the Bridge 
Resistance Arms 


Accuracy of the  transformer-ratio 
measurement rests on the accuracy with 
which resistance ratio between the bridge 
arms is known. The ratios of the vari- 
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ous Rg, settings to R33; are preferably 
determined in place using a step-by-step 
procedure which imposes conditions 
equivalent to those of actual use. A 
schedule has been established whereby 
these ratios can be determined after 
about one hour’s systematic work. This 
procedure has been confirmed by meas- 
uring the resistances separately in terms 
of resistance standards which in turn have 
been compared to standards maintained 
at the National Bureau of Standards. 

Changes in the present bridge since 
the initial standardization have been 
confined to the expected trivial slow drift 
in relative resistance of the arms, but it 
must be recognized that a significant 
change is possible at any time, although 
it is not expected. Therefore, the oper- 
ator should be alert for any irregularity 
in the “calibrate” balance before each 
measurement and, in addition, should 
carry out occasionally the schedule 
established for determining resistance 
ratio between the arms. That this can be 
done without external standards is an 
advantage. 


Summary 


A bridge has been developed for meas- 
uring the ratio and phase angle of in- 
strument potential transformers. The 
measurements are correct within 0.1 per 
cent in ratio and three minutes in phase 
angle. The bridge rating is 300 kv, but 
actual use thus far has been limited to 
tests at 161 kv and below. This limit 
was imposed by the transformers requir- 
ing test, and extension of tests to higher 
voltage, when transformer design re- 
quires it, offers no difficulty. 


Appendix | 


Consider Figure la in which C, and C, in- 
dicate capacitance while R; and R; indicate 
electrical resistance... If an alternating cur- 
rent is supplied by generator 5, the condi- 
tion for no resultant potential across a cir- 
cuit element 6, such as a galvanometer, is 
that: 


Ci/Co= Rs/R | (1) 


When it is sought to realize the circuit of 
Figure la in practice, it becomes necessary 
to take into account any departure of actual 
capacitors from being pure capacitance and 
any residual inductance or capacitance of 
the resistors which may be used where re- 
sistance is indicated in the figure. In addi- 
tion, capacitance from conducting parts of 
the apparatus to earth and to other appara- 
tus not shown may affect the distribution of 
current from the generator. Figure 2 shows 
diagrammatically the arrangement of appa- 
ratus which results when these factors are 
considered. 
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In Figure 2, Cu, and Cy are capacitors 
each having electrodes 7 and 8 and further 
electrodes 9 which entirely surround elec- 
trodes 8, excepting the exposure of elec- 
trodes 8 to electrodes 7. Electrodes 7 and 8 
are supported from electrodes 9 by separate 
pieces of solid insulating material so that no 
solid insulation lies in the region between 
electrodes 7 and 8. This region is filled with 
air or other gas. 

Rj; indicates the resistance of a resistor. 
The residual inductance or capacitance of 
this resistor, expressed as capacitance, to- 
gether with any deliberately introduced 
capacitance, isshownas C3. Similarly, Ri 
and C\, indicate another resistor with its 
associated capacitance, whether deliberately 
introduced or accidental. A galvanometer 
or other voltage-detecting means is shown 
at 16. A conducting case 18 may enclose 
circuit elements 13, 14, and 16 to shield 
them from external electric field. If the 
galvanometer 16 is shielded by a shield 19 
sonnected as:shown in the figure, the ca- 
pacitance from shield 19 to case 18 must be 
included as part of the capacitance Cy. 
There are also other means of successfully 
shielding galvanometer 16. 

Suppose alternating current is supplied 
by generator 15, and suppose further that 
the circuit elements are adjusted until no 
voltage exists at galvanometer 16. Suppose 
that impedance 17 has been adjusted until 
no voltage exists between conductors 8 and 9 
of the capacitors. Under these circum- 
stances the current through the impedances 
indicated by the subscripts 13 and 14 will be 
exclusively the charging current through the 
direct capacitance between plates 7 and 8 
of capacitors Cy and Cy, respectively. The 
necessary and sufficient relationships be- 
tween the impedances indicated by the 
subscripts 11, 12, 18, and 14 are: 


Cu/Ce= Riz /Ris (2) 
and 
Rya(C3+ Cu) —Ri3(Cis+ Cis) =0 (3) 


combining equations 2 and 3 gives the simple 
relation between the impedances indicated 
by subscripts 13 and 14: 


RuCu—RisCis=0 (4) 


If, now, an imperfect dielectric, is intro- 
duced between the plates 7 and 8 of one 
capacitor, say capacitor 12, the angle A by 
which the vector representing the charging 
current of this capacitor lags that represent- 
ing the charging current of a pure capaci- 
tance is given by the expression, valid for 
angles so small that the angle expressed in 
radians approximately equals the tangent of 
the angle: 


A =0(RuCy— RisCis) F (5) 


where w=27 times the frequency in cycles 
per second. This is the Schering bridge 
(Thomas bridge) commonly used for di- 
electric measurements.10)1! 

Consider now Figure 3, similar to Figure 2 
except that generator 25 supplies current to 
capacitor C2, while separate generator 20 
supplies current to capacitor Co. Suppose 
that these generators have voltages in 
phase with one another, but that the voltage 
of generator 25 is m times the voltage of 
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generator 20. The condition for no voltage 
at galvanometer 26 is: 
Res oe Se Ro 
1+jwRosCos ~~ ar 1+jwRosCory (6) 
Rog 1 Roy 1 


ap ; Tae 
1+joRo3Co23  jwC2 1+jwRe Co joCo 


The expanded statement of the relation be- 
tween the impedances indicated by the sub- 
scripts 21, 22, 23, and 24 necessary to satisfy 
this condition is unwieldy inlength. If the 
impedances are selected so that 


The impedance of Cy is much greater than 
Ros 

The impedance of Cy: is much greater than 
Ros 

wRbo3Co, is much less than 1 

wRo4Co4 is much less than 1 


certain approximate relations are sufficient. 
These follow: 


Co / Cro. = nRo3/ Rox i (7) 
Roi(Co4+ Cor) — Ros (Co3+ Coz) =0 (8) 


If there is a difference B in phase angle 
between the voltages from generators 25 
and 20, small enough that the angle expressed 
in radians may be assumed equal to the 
tangent of the angle, 


B= Ros(Coy+ Cnr) — Ro3( C23 + Cro) (9) 


It is evident that the bridge of Figure 3 
may be used for the measurement of the 
ratio and phase angle between voltages such 
as the primary and secondary voltages of an 
instrument potential transformer, since 
equations 7 and 9 enable the calculation of 
ratio and phase relationship from the ob- 
served values of Cx, Co, Ros, C23, Ros, and 
Cog. 

If such comparison is to be made with 
great accuracy, it is necessary to consider 
the accuracy with which the value of the 
several circuit elements may be known. 
Consider equation 7. Resistors are com- 
monly prepared of alloy wire little enough 
affected by temperature variations and of 
such permanence that the resistance may be 
known within 0.01 per cent. Air capacitors 
are not made readily with such accuracy. 
Consider now equation 9. This equation is 
based on equality of phase angle between 
current and voltage in the two air capacitors 
represented by Cy, and C2». This condition 
may be realized within some few seconds of 
angle. However, uncertainties in the value 
of Cx3 and Cs, may lead to errors in usual 
practice nearly as large as one minute of 
angle in the determination of the phase 
angle B. 

It would be desirable to determine the 
ratio and phase angle between two voltages 
in terms of the more accurately definable 
quantities, that is, the resistances Ro; and 
Rx and the purity of the capacitances at 
Cy and Cx. For a method of accomplishing 
this end, refer to Figure 4. In this figure, 
Cs is a fixed air or gas capacitor, shielded 
and guarded in the fashion previously de- 
scribed.. C3, isan adjustable air capacitor so 
shielded and guarded. It is required of 
Cs that once it is adjusted, it shall, if not 
touched, remain constant in direct capaci- 
tance between its electrodes 7 and 8 until 
the measurements described hereafter are 
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completed. It is not required that any par- 
ticular adjustment shall be reproducible at 
a later time. Resistances R33 and R34 shall 
be adjustable so that 

R33/Rg4=P (10) 


where © ly 2==p (11) 


and m is the nominal or approximate ratio 
of two voltages, nearly in phase, which are 
to be compared with respect to ratio and | 
phase angle. In making this adjustment it 
is convenient but not necessary to have the 
resistance in ohms of R33; a round number 
while Rs is adjustable to secure the ratio 7. 
The capacitance associated with Rs is, for 
convenience in showing the working of this 
test method, assumed to be made up of two 
parts, an adjustable calibrated portion Cys 
and a small unknown capacitance X, which 
will not change provided R33 is unchanged 
during the course of the measurements. 
Similarly, with Rj, is associated the known 
adjustable capacitance C3; and the unknown 
fixed capacitance Y. 

In the use of this method, a source of 
alternating voltage is connected from Jf 
and N to G, Figure 4, and the switch 35 is 
positioned to connect C3: to Ra, and Cz to 
R33. C33 is adjusted to some arbitrary small 
capacitance; R34 is adjusted in accordance 
with equation 10; then C3, and C3: are ad- 
justed until galvanometer 36 indicates 
equality of the voltages across R33 and Ray. 
By analogy to equation 2, this is true when 


Cai/ Coo = Ras / Rss (12) 
whence, from equation 10, 
Cu/C2=r (13) 


From analogy to equation 4 


Raa(Caa+ VY) — R33(C33 +X) =O ; (14) 
whence 
Cu + Y= (Res/Rsa) (Css +X) (15) 


usmg equation 10 
Cas+ VY=r(Cys+X) (16) 


Now the switch 35 is changed so that 
Ca is connected to R33 and C32 to Rs, while 
separate voltage. sources are connected 
from MtoG and from NtoG. The voltage 
at M is n times that at N and in phase with 
that at VN. Now by analogy with equation 
7, equality of voltage across R;,; and Rss 
will be secured when 


Ca/ Coe = nNR3a/ Rss (17) 


substituting from 10 and 18, r= (/r) there- 
fore, n=r? which is simply equation 11. 
Thus, R33, Rss, Cs, and Cs: need not be 
changed if the ratio between voltages at 
N and M is actually . However, C33 or 
Cx, will have to be changed, as may be 
seen from analogy to equation 8. Suppose 
C33 is unchanged, but Cy, is changed to a 
new value C34’ in order to secure equality of 
voltages across R33 and R3s: 


Rsa( Cai’ + iets C2) —Rss( Css +X + Cai) =0 


(18) 
Coa + ¥ =2(Cos + X + Car) — Coo (19) 
Subtract equation 16 
Cut VanCeeR) (16) 
Cu SCRAPE CH (20) 
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but, from equation 13 


7.031 =77C39 = 1.00 (13) 
therefore, 
Ca’ — C4 = (n — 1) Con (21) 


Note that X and Y need not be known. Any 

departure of the ratio between the two 
‘voltages from the assumed value will re- 
quire a proportionate change in either R3; 
or Ry. Similarly, if the two voltages do not 
agree in phase, either C33 or C34 will need to 
be changed. Specifically, if Cz, is changed 
to C3,’ as indicated in equation 21, any fur- 
ther change necessary will be due to a phase 
difference D, expressed in radians. 


D=wkR:3; times the change in Cs; 
or 


D=wRs times the change in C34, whichever is 
changed. 


In the operation of the bridge for instru- ; 


ment potential-transformer calibration, it 
has been found most convenient to mark 
C33 in minutes of angle at 60 cycles. Then 
the calibrating balance of the bridge (as a 
Schering bridge) is made with C33 set at such 
a value (in minutes at 60 cycles) as that re- 
quired for the change from C3, to C33’ when 
the arms are reversed. 


Css — Cos’ = [(n —1) Coo] /r (22) 


This makes (C;;’ the capacitance marked 
“(Q) minutes”’ on the dial. 
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Carrier-Current Differential Protection 


for Transformer Banks 


T. A. CRAMER 


ASSOCIATE AIEE 


HEN carrier current was first ap- 

plied to protective relaying of the 
directional type, it consisted of a simple 
telegraph channel. Subsequent develop- 
ments have expanded the capabilities to 
the extent that each carrier channel for 
pilot relaying now may provide one or 
more of the following additional services: 


1. Simplex telephony for testing or emer- 
gency use. 


2. Telemetering or load control. 


3. Supervisory control of unattended sub- 
stations. 


4. Remote control of circuit breakers or 
sectionalizing switches. 


5. Transferred tripping to provide differ- 
ential protection for transformer banks used 
with only a low-voltage circuit breaker. 


Situations frequently arise where a 
power-system planning or designing engi- 
neer finds it necessary to install a power 
transformer with only a _ low-voltage 
breaker. This is particularly true under 
present conditions where new plants must 
be served with as little additional equip- 
ment as possible. In many cases, this 
resolves into extending a line from an 
existing station or bus and terminating it 
with a transformer bank. Another com- 
mon arrangement is to tap the trans- 
former bank on an existing line, using only 
a low-voltage breaker. 

Both of these arrangements present a 
problem for the relay engineer, especially 
the protection of the transformer bank. 
The standard line relays give some protec- 
tion for transformer faults but usually 
cannot be set for the required sensitivity. 
Some conventional type of differential re- 
lay can be used to detect faults in the 
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transformer and cause tripping of the 
local low-voltage breaker, but this does 
not clear the fault. If the fault is on the 
low-voltage winding, or close to the 
ground end of the high-voltage winding, 
there is a good possibility that the remote 
relays will not have the required sensi- 
tivity to trip the remote circuit breaker. 


In this case it becomes necessary to 
convey the tripping indication from the 
local differential relay to the remote cir- 
cuit breaker, and this can be accomplished 
by pilot-wire circuits, carrier-current 
channels, and so forth. Another method 
of tripping the remote breaker is to place 
a fault on the high-voltage side by means 
of a shorting switch which will produce a 
fault of sufficient magnitude to operate 
the remote trip relays. It is the purpose 
of this paper to describe a simple and 
reliable method of remote tripping trans- 
mitted over a carrier-current pilot relay- 
ing channel. 


The accepted practice for carrier-cur- 
rent pilot relaying channels is to operate 
them as simple telegraph channels which 
transmit carrier to hold a blocking relay 
in the nontrip position at the ends of the 
line section. In this type of operation, the 
channel is in use only a short portion of 
the time for relaying or test, and it is 
customary to include modulation equip- 
ment to provide a testing or emergency 
telephone channel. The addition of the 
remote tripping function to the carrier- 
current channel improves the use factor 
and requires less critical material than 
other methods. 


As previously stated, the pilot relaying 
equipment for protection of the trans- 
mission line operates on a blocking prin- 
ciple. The carrier transmitter is main- 
tained in a stand-by condition at all 
times, with full voltage on plate and 
cathode-heater circuits, but the screen 
grids of the transmitter tubes are main- 
tained at a negative potential with respect 
to the cathodes, which prevents the trans- 
mitter from operating. When the con- 
tacts of the fault-detector relays operate, 
the screen grids immediately change to a 
positive potential, and the carrier trans- 
mitter is started. If the fault is within 
the range of protection of the relays, the 
directional relays operate to re-establish 


TRANSACTIONS 545 


the grid bias on the transmitter tubes and 
stop carrier transmission. As soon as the 
carrier blocking signal is removed, the 
receiver relay is free to complete the cir- 
cuit through the contacts of the tripping 
fault-detector relay to the trip coil. 
After the blocking signal is removed, the 
receiver relay drops out in about five milli- 
seconds. The completion of the trip cir- 
cuit operates a seal-in relay which by- 
passes all-other relay contacts and holds 
the trip circuit energized until the circuit 
breaker opens. 

It can be seen that with this mode of 
operation, momentary blocking of the 
receiver relay by interference produced by 
extremely short-time transients, such as 
lightning, will have no appreciable effect 
on the successful operation of the relaying 
system. 


CIRCUIT BREAKER 


YSCARRIER CURRENT 


COUPLING 
CAPACITOR 


CARRIER CURRENT 
EQUIPMENT 


When the blocking system is inverted 
and a tripping signal is sent instead of a 
blocking signal, it will be noted that an 
operation of the receiver relay by inter- 
ference cannot be tolerated. Since there 
are no remote fault detectors which recog- 
nize the fault in the transformer bank, itis 
necessary to entrust to the carrier-current 
channel the complete job of tripping the 
remote breaker. 

There are many possible methods of 
conveying this remote tripping informa- 
tion over the carrier-current channel. 
Some of these may be summarized as 
follows: 


1. Keyed code. This requires no change 
in carrier set but requires mechanical coder 
and decoder or selector mechanism. 


2. Modulating tone applied to carrier. 
This requires an oscillator at the transmit- 
ting end and a filter unit at the receiving 
end. 


3. Frequency shift of carrier. This re- 
quires a means for shifting the carrier fre- 
quency at the transmitter end and a special 
receiver to recognize this shift in frequency 
either by a heterodyne method, by a bal- 
anced discriminator, or by simply shifting 
carrier far enough to avoid interference from 
the normal carrier frequency. 


4. Some combination of the foregoing 
methods, such as keyed modulation, modu- 
lation applied as frequency modulation, or 
combinations of more than one modulating 
tone. 
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Operating time is an important con- 
sideration in any protective relaying 
scheme, and this speed must be accom- 
plished with satisfactory accuracy. Where 
this tripping signal is being superimposed 
on an existing channel, also having high 
speed requirements, it becomes necessary 
to make some compromise in order to ob- 
tain simplicity of equipment. Insofar as 
the transformer bank is concerned, the 
tripping time should be instantaneous to 
limit the extent of the damage. In many 
cases where no provision is made for 
tripping the remote breaker, the trans- 
former fault will remain on the system 
until a telephone call can be put through 
to the remote station, or events will follow 
their usual course with the fault spreading 
until the current is sufficient to operate 
the remote line-protection relays. 


Figure 1. One-line 
schematic diagram of 
CARRIER CURRENT oat te-tri 
LINE TRAP typical remote-trip 
installation 


A. Transmits and re- 


ceives remote-trip 
signal 
B. Transmits and re- 
ceives remote-trip 
signal 
C. Receives remote- 
trip signal 


Between the two extremes of instan- 
taneous tripping and not tripping at all, 
a maximum relay time of 0.5 second was 
selected as a reasonable value which would 
make it possible to obtain the required 
accuracy with simple equipment. 


The keyed-carrier method was first in- 
vestigated since it had the outstanding 
advantage of requiring no changes in the 
carrier equipment. There are various 
factors, however, which offset this ad- 
vantage since the complications are trans- 
ferred to the selector mechanism, and 
these complications increase as the trip- 
ping time is decreased. Where this re- 
mote tripping function is to be added to 
an existing carrier channel of older design 
equipment which did not provide modula- 
tion facilities, or a receiver with a satis- 
factory audio output, there is consider- 
able merit in an arrangement which em- 
ploys keyed carrier and a selector, al- 
though the relay time is increased. 


One such arrangement may consist of a 
transmitter which sends short impulses at 
a uniform rate of ten per second, and a 
selector mechanism which will reject any 
other combination of dots, dashes, or 
spaces in transmission. Ten consecutive 
impulses must be received in order to 
trip the breaker, and the code is either re- 
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peated several times or the transmitter 
runs continuously until the hand-reset 
auxiliary tripping relay associated with 
the transformer differential pretection is 
reset. The ten-impulse code thus is re- 
peated several times to assure tripping, 
since any interference received just before 
or during a tripping signal may mix up the | 
code and prevent operation. The con- 
tinued-impulse type of code provides a 
short recovery time after such an inter- 
ference. 

The carrier-frequency shift or fre- 
quency-modulation method requires a 
separate receiver and introduces some 
complexity in the transmitter. While this 
arrangement has been applied in certain 
cases, the audio-tone method is easily 
added to existing equipment and has some 
very practical advantages. 

After due consideration of the various 
points of each method, the arrangement 
using an audio modulating tone was se- 
lected to convey the tripping information 
over the carrier channel. Factors in- 
fluencing this decision were: 


1. The necessary speed of operation could 
be obtained with the required selectivity. 


2. The equipment could easily be added 
to the standard equipment for pilot relaying. 


The design of this modern carrier equip- 
ment provided the necessary modulator 
and a receiver with satisfactory audio- 
output characteristics, while the oscilla- 
tor and filter units were in production as 
components of other standard carrier- 
current equipment. 

The details of the over-all operation of 
this system may be summarized as follows: 
At the sending end, the occurrence of a 
fault in the transformer bank operates the 
differential relay, which in turn operates a 
hand-reset multicontact auxiliary relay. 
One set of contacts on this relay starts 
carrier transmission, and another contact 
starts the audio-oscillator unit which usu- 
ally is adjusted for a frequency of 3,000 
cycles. This 3,000-cycle tone modulates 
the transmitter output. At the receiving 
end of the carrier channel, the receiver de- 
modulates the incoming signal, and the re- 
sulting 3,000-cycle audio tone is fed into 
the input of the filter unit. The filter unit 
consists of a vacuum tube operated as a 
relay tube with sufficient negative bias to 
prevent plate current from flowing under 
stand-by conditions. The tuned circuit 
is connected across the input to the con- 
trol grid and adjusted to 3,000 cycles. 
This arrangement attenuates all fre- 
quencies except the 3,000-cycle signal, 
which, when applied to the grid of the re- 
lay tube reduces the bias voltage, and 
plate current flows in the relay circuit to _ 
operate the audio relay. The audio relay 
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is provided with an adjustable time delay 
of 0.1 to 0.5 second to further improve the 
over-all selectivity of the equipment by 
preventing operation on nearby lightning 
strokes or other causes of interference. 
When this relay operates, it energizes a 
hand-reset auxiliary which trips the circuit 
breaker. 


Details of Equipment 


The basic carrier equipment for pilot 
relaying consists of a transmitter-receiver 
unit, a coupling capacitor to couple the 
signal to the high-voltage line, and a line 
trap to terminate the protected line sec- 
tion in a high impedance to prevent the 
short-circuiting of the carrier channel by 
external line-to-ground faults on the 
coupling phase. The equipment is built 
in units of a standardized width of 19 
inches, and a panel space height that is a 
multiple of 13/, inches. The following 
paragraphs give a general description of 
each of the various units which are used to 
make up a given assembly. 


TRANSMITTER-RECEIVER UNIT 


This standard equipment is designed 
for operation directly from either a 125- 
volt or 250-volt station storage battery, 
with a carrier frequency range of 50 to 150 
kilocycles. The transmitter employs five 
type-25B6G tubes in a master-oscillator 
power-amplifier circuit. The receiver 
employs two tubes, one 25A7G as a de- 
tector and audio tube, and one 25B6G as 
a relay tube. 

An important feature of the receiver is 
the separation of the telephone function 
from the pilot relaying function. The 
incoming carrier signal is rectified by a 
diode unit in the 25A7G tube. The result- 
ing voltage is filtered slightly and fed to 
the grid of the relay tube. This circuit is 
designed to have a limiting characteristic 
so that the relay current is essentially 
constant for all signals within the working 
range of the receiver. Since changes in 
incoming signal voltage produce practi- 
cally no change in plate current, it is ob- 
vious that this tube cannot be used to 
obtain audio output from the receiver. 
For this reason the multisection type- 
25A7G tube is used since it contains an- 
other section which can be used as an 
audio amplifier. A portion of the a-c volt- 
age developed across the diode-rectifier 
load resistor is coupled to the input cir- 
cuit of this amplifier. This arrangement 
provides the desired characteristics for the 
relaying and the telephone function and 
permits obtaining sufficient audio output 
to operate the audio relay units used for 
the remote-tripping function. 
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The modulator unit employs two type- 
25B6G tubes in a push-pull amplifier cir- 
cuit, the output of which is applied to the 
screen grid circuits of the transmitter to 
modulate the carrier-current output. The 
3,000-cycle tripping signal from the os- 
cillator is fed directly into the modulator 
unit ahead of the speech input volume 
control in order to obtain independent 
control of both of these functions. A 
3,000-cycle filter is added to the micro- 
phone circuit to eliminate this frequency 
from the voice circuit. This filter has 
negligible effect upon the intelligibility of 
the voice signal since the bulk of the voice 
frequencies lie below 2,000 cycles. 


AUDIO-OSCILLATOR UNIT 


The oscillator unit required for the re- 
mote tripping signal usually is adjusted to 
3,000 cycles. This adjustment is made by 
changing the capacitor combinations and 
moving the iron core in the inductance. 
The oscillator tube is a twin triode, one 
side of which is used for the oscillator, 
while the other side serves as a buffer 
amplifier to prevent changes in frequency 
due to changes in external loading. A 
filter is provided on the power supply to 
eliminate the possibility of any ripple on 
the station battery voltage supply from 
being amplified and fed into the modulator 
unit. The oscillator is normally in a 
stand-by condition and is started by com- 
pleting the cathode circuit to the negative 
power supply. The output voltage of the 
oscillator is adjustable to control the de. 
gree of modulation applied to the carrier 
wave. 


FILTER UNIT 


The filter unit is designed to work with 
the audio-oscillator unit, and contains two 
tuned circuits which are adjustable over 
the same range as the oscillator unit. 
Each tuned circuit is connected across the 
input circuit of a relay tube which is nor- 
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Figure 2. Block diagram of 
carrier-current equipment 
showing arrangement for 
pilot relaying, sending and 
receiving remote-tripping 
signal, and telephone 


mally biased so that no current flows; 
that is, the control grid is maintained at a 
voltage which is more negative than that 
required to cut off the plate current. 
When an incoming signal of the proper 
frequency is received, the circuit tuned to 
this frequency offers a high impedance to 
that frequency and permits a voltage to 
appear on the control grid circuit of the 
associated relay tube. This voltage is 
alternating, of course, and on the positive 
swings the control grid voltage is made 
positive thus causing plate current to flow 
in the relay circuit. 

Sockets are provided on the filter unit 
for mounting two relays. In this case, the 
relay associated with the 3,000-cycle tone 
is located on the switchboard while the re- 
lay for other tone is mounted on this unit. 


RevLay Unit AND ACCESSORIES 


The adjustable time delay on the trip- 
ping relay is obtained by means of a small 
auxiliary relay with a copper slug on the 
coil, and the time is adjustable by varying 
the air gap and spring tension. This relay 
is picked up normally, and the time is 
obtained on the drop-out. The coil of this 
time-delay relay is energized from the 
station battery, through normally closed 
contacts on the audio receiver relay which 
is mounted in the same enclosing case. 
When an audio signal is received to pro- 
duce tripping, the audio receiver relay 
picks up, thus interrupting the coil circuit 
of the time-delay drop-out relay, and at 
the same time it closes one set of contacts 
in the circuit to the type-7ZA hand-reset 
auxiliary relay. When the time-delay 
relay closes its contacts, it completes the 
circuit to the HEA and trips the circuit 
breaker. 

Every protective device requires provi- 
sion for test and maintenance, and this is 
provided for by a test switch, a milliam- 
meter to read the audio-receiver-relay cur- 
rent, and a signal lamp to show when a 
tripping signal is being received. The 
purpose of this signal lamp is to warn the 
operator that the HEA relay should not 
be reset since the tripping signal is still 
on the line. 


Some Details of Operation 


Whenever two or more services are 
placed on any transmission medium, it be- 
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comes necessary to consider the possibility 
of interference between these services. 
The addition of telephony on a pilot- 
relaying channel is a good example where 
it is a simple matter to give preference to 
the more important service. In this case, 
fault-detector relays at each end of the 
channel are arranged to take control away 
from the telephone function if necessary. 
The remote-tripping function presents a 
different problem, since in this case no 
indication of the fault exists at all ter- 
minals; in fact, that is the exact reason 
the transferred tripping must be done. 
Since normally only one carrier frequency 
is used for both transmission and recep- 
tion, the local receiver is desensitized by 
the strong signal produced by the local 
transmitter, and although it is possible to 
hear the incoming 3,000-cycle tone in the 
telephone receiver, it is of insufficient 
strength to operate the audio relay. Upon 
hearing this audio tone, it is a natural im- 
pulse for the operator to shut off his car- 
rier transmitter since he assumes that the 
remote station is calling him, which of 
course is correct. As soon as the local 
transmitter is stopped, the audio signal 
increases greatly in volume and trips the 
circuit breaker. This difficulty could be 
avoided by using two different frequencies 
for transmission and reception, but this 
would necessitate changes in the method 
of protection on lines having more than 
two terminals and introduces certain other 
undesirable complexities. 

There is no interference between the 
operation of the normal pilot relaying 
equipment and the remote-tripping equip- 
ment, since a transformer fault of suffi- 
cient magnitude to cause the pilot relays 
to operate will not require the assistance 
of the remote-tripping equipment. 

Overmodulation of any carrier trans- 
mitter should be avoided since it produces 
harmonics in the audio as well as the radio 
frequency output. Accidental overmodu- 
lation of the transmitter at 1,500 cycles 
will produce some second harmonic out- 
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Figure 3. Carrier-current pilot relaying equip- 

ment, with oscillator and filter unit for trans- 

former differential protection, in cabinet for 
outdoor mounting 


put of the receiver at 3,000 cycles which 
may be sufficient to operate the tripping 
relay. To eliminate this possibility, the 
second audio-filter unit is tuned to 1,500 
cycles and arranged to desensitize the 
3,000-cycle filter when a 1,500-cycle tone 
is received. With the input adjusted for 
normal speech, the 1,500 cycles present in 
the telephone feature is insufficient to 
operate the 1,500-cycle relay. 


Other Uses 


In cases where there are three terminals 
of carrier on a line section, each set being 
equipped with remote-trip transmitter 
and receiver equipment, it will be found 
very useful to use a 1,500-cycle tone for 
telephone calling by using a simple code 


Cramer—Protection for Transformer Banks 


for each station. By this method the 
alarm bell will not operate at the third 
station while the other two stations are 
using the phone. 

In cases where the remote circuit 
breaker is equipped with high-speed re- 
closing equipment, it is desirable that this 
feature should function only when the 
breaker trips for transmission-line faults. 
The relay connections should be arranged 
so that it is impossible for the automatic 
recloser to operate in any case where the 
circuit breaker is tripped by the trans- 
former differential relay. After the faulty 
transformer has been removed from the 
circuit, a 1,500-cycle tone may be used to 
release the lockout thus restoring the 
breaker to normal operation. 

Cases frequently occur where it is re- 
quired to control a single remote circuit 
breaker or disconnect switch at an un- 
attended substation. From the previous 
description it is evident that the remote- 
trip equipment can readily be adapted for 
this type of service, and by the addition of 
the proper auxiliaries an indication of the 
position of the remote device also can be 
obtained. 


Installations _ 


New system interconnections, where the 
tie points are at different operating volt- 
ages, and new loads tapped on existing 
lines have resulted in a considerable 
number of installations of this type of 
equipment. These applications have in- 
cluded the following arrangements: 


A. Single circuit line with transformer at 
one end. 


B. Double circuit line with transformers at 
one end. 


C. Single circuit three-terminal line with 
transformer at one terminal. 


tee 


i 


D. Single circuit three-terminal line with 


transformers at two terminals. 


E. Single circuit three-terminal line with: 
transformers at all three terminals. 
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Present Importance of Avoiding 
Over-Motoring 


N several articles which recently have 

appeared in the technical press, it 
has been indicated that, in the interests 
of the war effort, standards of reliability 
in service may have to be compromised. 
As an example, one author advocates that 
electric motors should, in some cases, be 
utilized with continuous loads 25 per cent 
greater than has been considered good 
practice heretofore, “‘particularly if the 
ambient temperature within which the 
motors are expected to operate, is less 
than the recognized permissible maxi- 
mum of 104 degrees Fahrenheit.” That 
author adds the caution that this may 
not be practicable in all cases, since other 
factors than the continuous thermal rat- 
ing sometimes determine the motor size. 
Then he adds: ‘“‘However, in most war 
plants, such cases are relatively few.”’ 


Proposed Plan 


In the present paper, careful considera- 
tion is given to the rating-up amounts 
which are desirable in the case of induction 
motors, in view of the acute urgency of 
conserving critical metals. The conserv- 
ing of copper is of chief importance, but by 
the plan here presented there is effected at 
the same time a great saving of other 
metals. The plan recommended in this 
paper does not involve any compromise 
in “standards of reliability in service.” 


Predominating Importance of 
Induction Motors 


Of all electric motors the induction 
motor is the one of which the greatest 
quantity is required by industry. If, 
for the total number of induction motors 
which will be manufactured in the year 
1943, the per-horsepower consumption 
of copper and other metals can be re- 


_ Paper 43-82, recommended by the AIEE committee 
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national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted Decem- 
ber 14, 1943; made available for printing May 6, 
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duced by 25 per cent, as compared with 
heretofore practice, and by plans not 
involving delays for redesigning and re- 
tooling, thousands of tons of copper and 
other metals will be saved and can be 
made available for direct military pur- 
poses. It is the intent of this paper to 
describe means for effecting this large 
saving without the occasioning of any 
delay in the production program of the 
manufacturers of induction motors. 
The heretofore (and present) basis of 
rating of induction motors, so far as it 
relates to the limiting service tempera- 
tures, has been extremely conservative, 
as the result of a determination to ensure 


1. Large margins of safety. 


bo 


High service dependability. 
3. Long life. 


Furthermore, the basis was adopted a 
good many years ago, when the custom- 
arily used insulating materials of 
reasonable cost and ready application 
were considered inadequately heat resist- 
ing to withstand higher temperatures for 
long service periods. In recent years, 
wide experience has been gained with 
various insulating materials which will 
endure subjection to much higher tem- 
peratures for long periods of service. 
While usually these materials are more 
expensive than the early thermally in- 
ferior materials, several amongst them 
are manufactured in sheets, tapes, and 
all other required forms, so that they may 
be substituted without any redesigning of 
the |motors, dimensional or otherwise. 
This substitution is an important feature 
of the conservation project described in 
the present paper. 

Under the comfortable conditions of 
peacetime, no appreciable headway was 
made with rating-up proposals, notwith- 
standing the known availability of these 
better insulating materials. Now it is 
apparent that the conservation of copper 
and other metals is of such vital import- 
ance that all will co-operate eagerly in 
seeking for sound plans for the accomplish- 
ment, Itisimportant to make the change- 
over with a minimum of delay. Any 
dimensional changes in the design and in 
the manufacturing specifications inevit- 
ably would interrupt smooth and rapid 
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large-scale production and would be ac- 
companied by disastrous delays. 


Reduction of the Per-Horsepower 
Weight Achieved by Rating Up 


Consequently it appears desirable that 
the dimensions of the present low-tem- 
perature—but nevertheless highly de- 


‘veloped and excellent—designs shall be 


retained and that the reduction of the 
per-horsepower weight shall be effected 
by rating up the motors at present being 
manufactured. The only change in their 
construction will be the substitution of 
the high heat-resisting insulation but of 
precisely the same dimensions as the 
insulation heretofore used. 


33 Per Cent Increased Rating 


This plan will permit of increasing the 
rated output by 33 per cent, and reducing 
by 25 per cent the per-horsepower 
weight of copper and other metals re- 
quired ia the construction. 


Precedents for Employing Higher 
Service Temperatures 


Railway motors, totally enclosed mo- 
tors, and the insulation of the rotors of 
turbogenerators long since have been 
standardized on the basis of much higher 
permissible service temperatures than 
those allowed for general-purpose induc- 
tion motors. Contrary to predictions 
these three (and other) higher-tempera- 
ture products have experienced no undue 
life impairment, when suitable heat- 
resisting insulations have been skillfully 
employed. Similar success will attend 
the use now proposed of higher service 
temperatures for the induction motors. 


Present Severe Service Conditions 
Render High Stalling Loads 
Particularly Desirable 


Let us now consider how the case stands 
with respect to limitations to rating up, 
other than thermal limitations. Leaving 
the motor design just ‘‘as is’ (that is, on 
the present low-temperature basis), most 
sizes, particularly those for low speeds, 
will not have an adequately conservative 
stalling-load margin by the time their 
33 per cent greater (new) rated loads are 
reached. Unless we do something about 
it, the margin between the (new)/rated 
load and the original stalling load often 
will be too small, particularly for the 
rough and severe conditions of present- 
day production. The motor will stall at a 
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lower load, the greater the drop in the 
supply-line voltage, and vice versa. It is 
important to realize that, with the high 
loading of power circuits now becoming 
usual, (and the necessarily associated 
great voltage drops) and with the intense 
incentive to accomplish tasks in the 
shortest possible time, there frequently 
will result the imposition upon the driving 


motors of much more severe voltage drops, 


and momentary load peaks than are apt 
to be experienced in normal times. Evi- 
dently, while our rating-up plans will not 
encounter any difficulties as regards li- 
ability of the occurrence of breakdowns 
due to overheating, there is the need that 
there still shall be provided very liberal 
reserves of torque, over and above the 
torque corresponding to the increased 
rated load, so as to remove all likelihood 
of production interruptions from motor 
stalling. Such motor stalling would be 
more intolerable, in view of the emer- 
gency circumstances, than ever it could 
have been in peacetime. 


Inherent Relations Between 
Temperature Limits Imposed, 
Stalling-Load Requirements, 
Periodicity, and Rated Speed 


This matter of ensuring that the induc- 
tion motor should possess a momentary 
stalling load liberally in excess of the 
rated load (while sometimes, particularly 
in the case of low-speed motors, it caused 
the motor designer to depart from other- 
wise best proportions) did not constitute 
a major problem, so long as the limiting 
service temperatures were required to be 
very low. That condition tended strongly 
(in almost all sizes and types), to make the 
permissible service temperature the limit 
of rated output. But now, the boot is on 
the other leg. Going over to the endorse- 
ment of higher service-temperature limits 
for induction motors brings us right up 
face to face with the condition that the 
momentary stalling load henceforth usu- 
ally will constitute the actual limitation 
on the rated load for which a motor al- 
ways can be relied upon to be liberally 
adequate in service. Fortunately, it 
has become recognized as good practice to 
employ for induction motors the highest 
practicable speed, For a given periodic- 
ity, the inherent stalling load (broadly 
speaking) is greater, the greater the 
rated speed. Obviously, this paper is 
concerned chiefly with the conditions in 
(60-cycle systems. For lower periodici- 
ties (such as 25 cycles), the provision of 
an adequately high stalling load rarely 
will impose a limit on the rating, except 
for extremely low-speed motors. 
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The stalling load can be increased by 
increasing the voltage at the motor’s ter- 
minals. But the supply-circuit voltages 
have become so thoroughly standardized, 
and the motor designs have been stand- 
ardized for so long a time for these par- 
ticular supply-circuit voltages that, in 
order to provide at the motor terminals a 
voltage higher than the standard supply- 
circuit voltage, it has been necessary (1) 
to use special step-down transformers 
with secondary voltages higher than 
standard, or else (2) to boost the second- 
ary voltage by interposing an induction 
regulator between the supply circuit and 
the terminals of the motor. But, while 
the higher terminal voltage will increase 
the motor’s stalling load, it will impair 
both the power factor and the efficiency 
at light loads. A long time ago, the pro- 
posal was made (and used, to a certain 
extent), to provide a low terminal voltage 
at light loads and gradually higher volt- 
ages with increasing load (so as to pro- 
vide the best characteristics at all loads) 
by equipping the transformer secondary 
with several taps and with means for 
transferring automatically the induction 
motor’s terminals from tap to tap as the 
load increases, Tap-changing-under-load 
transformers could, of course, be used, the 
change being effected by an automatic 
regulator responsive to load changes. 
Feeder regulators, or special or compli- 
cated transformers, however, would take 
the gilt off the gingerbread and leave us 
using as much (or even more) per-horse- 
power weight of copper and other metals 
(for induction motor plus regulator) as for 
the original low-temperature (and high- 
copper) motors with their high reserves 
of stalling torque. 


Desirability of Retaining (At Any 
Rate, for the Duration) The 
Present Excellent Designs of 
Induction Motors 


Actually, it is the volts per turn which 
we desire to increase, in order to increase 
the stalling torque. The simplest way 
to increase the volts per turn obviously is 
to decrease the number of turns and in- 
crease the magnetic flux. This, however, 
means new designs and the inevitable 
great delays for development and testing. 
(ven then there will be incurred a certain 
amount of impairment of the motor’s 
light-load characteristics.) Furthermore, 
after years of continual improvements ef- 
fected in the course of many redesignings, 
most induction-motor manufacturers (on 
the basis of the standardized low-tempera- 
ture limits) have arrived at lines of very 
well balanced designs in which the polar 
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Hf 
pitch, and the core length, and the volts 


per turn for each particular rated output 
and speed and voltage and periodicity 
are so nicely balanced as to provide about 
the best practicable combination of high 
power factor, efficiency, starting torque, 
and reasonably low starting current. 


Clearly, it is of prime importance to 
salvage these many fine designs (at any 
rate, for the duration) and thus also have 
the great advantage of eliminating the 
enormous and time-consuming task of 
developing new lines of induction motors 
to fit the higher permissible service tem- 
peratures and decrease the per-horse- 
power weight of copper and other metals. 
That is not a task which possibly could 
be accomplished in a few weeks (or even 
in less than a good many months), and 
also it would be likely to require con- 
siderable retooling. For each of the usual 
horsepower sizes there are required de- 
signs for various voltages and speeds and 
degrees of enclosure and other subclassi- 
fications. A fresh start would require, in 
this case, the laborious and time-consum- 
ing development and testing of many 
dozens of new designs of induction motors. 


Thus it appears that an effective plan, 
not involving any delays, for reducing the 
per-horsepower weight of copper and 
other metals required in induction-motor 
manufacture is to continue building the 
present induction motors without any 
changes except that which has been indi- 
cated, namely, the use of the better in- 
sulations with high heat-resisting prop- 
erties. The plan requires the provision 
of some external means, or some externally 
located material, for increasing consider- 
ably the stalling torque so that it shall 
be liberally adequate for the conditions of 
the increased rating, and for the more in- 
tense and strenuous conditions of service 
consequent upon the war effort. Espe- 
cially in war plants the certainty of free- 
dom from even the slightest service inter- 
ruptions is of vital importance. Already 
it has been explained that, for this re- 
quirement of increased stalling torque, it 
will be necessary to provide some means 
whereby any instantaneous or sustained 
overloads shall be accompanied by an 
adequate increase in the volts per turn. 
Furthermore, it will be desirable that 
the means employed shall embody fea- 
tures contributing toward improving the 
motor’s light-load characterisics by de- 
creasing the volts per turn at light loads. 


ad 


Use of a’ Hookup With Series and 


Shunt Capacitors 


As an effective means for providing 
that the volts per turn shall automatically 
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increase with increasing load, there may 
be employed a plan which was conceived 
21 years ago. At that time, there was 
no urgent need for providing induction 
motors with this feature of variable 
volts per turn. Also in other respects, the 
proposal was regarded as premature. 
But the present greatly changed condi- 
tions indicate the method to be par- 
ticularly timely and appropriate. The 
following is a description of it. 


Description 


Three series capacitors are interposed 
between the three-phase supply circuit 
and the three terminals of the windings 
of the induction motor. In addition, 
there are provided across the motor ter- 
minals three shunt capacitors. Either 
the series capacitors are designed for a 
current equal to the current in the motor’s 
windings or they may be located in the 
secondaries of three small transformers 
whose primaries are interposed in series 
with the three motor terminals. 

The shunt capacitors are proportioned 
for a current equal to the lagging com- 
ponent of the motor current at its rated 
load (that is, they are proportioned for 
complete compensation for unity power 
factor at rated load). Consequently the 
power factor is leading for all loads from 
no-load up to the rated load. (So far as 
concerns the employment of shunt capaci- 
tors with induction motors, this already 
is widely practiced, and it so improves the 
economics of the supply system as usu- 
ally to amply justify the outlay for the 
required shunt capacitors.) 


The Purpose of the Series 
Capacitors 


For the purposes of the project de- 
scribed in this paper, the series capacitors 
are so proportioned as to decrease and in- 
crease the motor’s terminal voltage by 
desired amounts below and above the 
constant voltage of the supply circuit. 
For loads less than some selected value 
(rated load, in the case being considered), 
the lagging current into the motor is 
overcompensated by the leading current 
in the shunt capacitors. The resultant 
current from the supply circuit, being a 
leading current, causes the motor’s ter- 
minal voltage to be less than the supply 
circuit’s voltage, because of the voltage 
drop which is occasioned in a capacitor 
when a leading current flows through it. 
From rated load upward, the opposite 
result is obtained, and the motor’s ter- 
minal voltage increases as the load in- 
creases, because the current through the 
series capacitors is lagging. - 
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Illustrative Example 


As an example, let there be considered 
the case of a three-phase 60-cycle 4-pole 
480-volt squirrel-cage general-purpose in- 
duction motor, which, for the heretofore 
usual low-temperature practice, is rated 
at 75 horsepower. At its rated voltage 
of 480 volts, such a motor will carry 
double load (that, is, 150 horsepower) 
without stalling. By providing this 75- 
horsepower motor with the capacitor 
hookup recommended in this paper, it 
may be rated up to 100 horsepower and 
will then, without stalling, carry momen- 
tary overloads up to 200 horsepower. 
Of the three series capacitors for this pur- 
pose, each will have such capacitance as to 
increase the motor’s terminal voltage 
from the supply circuit’s constant voltage 
of 480 volts up to 555 volts when the load 
has increased from rated load of 100 
horsepower, up to twice the rated load 
namely, 200 horsepower. Conversely, 
these series capacitors serve to decrease 
the motor’s terminal voltage down to 
values below 480 volts, to an extent de- 
pendent upon the amount by which the 
load decreases below the rated load. 


Aggregate Improvements Thus 
Provided 


This decrease of the voltage at low 
loads and its increase at high loads also 
serve to increase the low-load and high- 
load efficiencies above the values which 
can be realized with constant voltage 
maintained at the motor terminals for 
allloads. Not only are the improvements 
resulting from these various effects, ac- 
companied by increased power factor and 
efficiency at all loads, but also they endow 
the (motor plus capacitors) combination 
with a leading characteristic for all loads 
up to the rated load, and they afford a 
means for increasing the stalling load 
above, that attainable in a constant- 
voltage design and consequently also a 
means] for increasing the rated output. 
Finally, there is thereby effected an im- 
portant decrease in the per-horsepower 
weight of critical material required in the 
motor’s construction. 


Rating of Required Capacitors 


It has been stated already that the pro- 
vision of shunt capacitors for obtaining 
power-factor improvement long since has 
been admitted quite generally to justify 
their cost. The economies resulting there- 
from extend throughout the entire sys- 


- tem over which the induction motors are 


supplied and relate both to reduced capi- 
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tal outlays and reduced losses in all the 
material interposed between the source 
and the induction motors supplied there- 
through. The further-mentioned advan- 
tages of greater motor efficiency at all 
loads, increased rated output, and de- 
creased per-horsepower weight of critical 
metals undoubtedly will be agreed to 
justify the outlay for the series capacitors. 
In the cited example of a 100-horsepower 
motor with a stalling load of not less than 
200 horsepower, the required amount of 
series capacitance comes to 30 kva, pro- 
vided in three 10-kva capacitors inter- 
posed betweeen the supply-circuit ter- 
minals and the motor terminals. These 
series capacitors boost the system voltage 
from 480 volts at a load of 100 horse- 
powers up to 555 volts at a load of 200 
horsepower, the currents per phase for 
these two loads being respectively 100 
amperes and 220 amperes. 


Series-Capacitor Compounding 
Transformer 


When, in the interests of decreasing the 
losses in the distribution circuit, load- 
center location close to the induction 
motor is provided for the step-down 
transformer (or group of transformers), 
it will be practicable, often, to decrease 
the outlay for the series capacitors by 
locating them in the high-voltage side of 
the step-down transformers. Thus, for 
the example chosen (a 480-volt induction 
motor), and a primary voltage of 4,800 
volts, the voltage stress across each series 
capacitor would then be much more favor- 
able for the design of the series capacitors 
with respect to decreasing their cost. 
This plan amounts to providing com- 
pounding transformers. For the particu- 
lar case of the illustrative example, the 
secondary voltage of the (nominally) 480- 
volt transformer would increase with the 
load from a value of, say, 415 volts at no 
load of the induction motor up to 555 
volts just below the occurrence of the 
motor’s stalling load. 


Development of Power Capacitors 


In the period from 1919 to 1922, when 
this project and other Series-capacitor 
power projects were proposed (although 
shunt capacitors already were sufficiently 
common in power applications to be 
quite familiar to power engineers), the 
idea of a series use of capacitors with 
power apparatus was considered by many 
power engineers to be of questionable 
soundness and in need of demonstration. 
Another objection was that power-capaci- 
tor manufacture was then only in its 
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early beginnings. Paper of the desired 
quality and with the necessary freedom 
from objectionable constituents remained 
to be developed. The paper needed to be 
of extreme thinness so that weaknesses at 
various places in its extent could be aver- 
aged out by the super position of several 
paper layers between adjacent conducting 
foils. Processes of evacuation and im- 
pregnation still left much to be desired. 
The demand for capacitors for power 
applications was out of all proportion too 
small to enable the cost to be satisfactorily 
decreased by large-scale mass production. 
Furthermore, those were days of extrava- 
gance and waste. The conditions were 
the reverse of propitious for attracting 
interest to a proposal which was regarded 
as both premature and unimportant. 
That, admittedly, then was the case with 
this proposition. 

In 1924, however, presumably out of a 
spirit of amiable tolerance toward per- 
sistent and reprehensible importunacy, 
the scheme was made the subject of a 
patent application, and patent 1,595,937 
of 1926 finally emerged. It is probable 
that the method never has been employed 
in service. The present emergency cir- 
cumstances and the timely advantages 
which the project provides would seem to 
be providentially opportune. 


Summary 


There follows a list of some of the at- 
tendant circumstances and of the advan- 
tages which may be gained by the use of 
the project: 


1. Thoroughly reliable power capacitors 
now are manufactured in great quantities by 
many firms. 


2. Cost is much lower than in 1922. 


3. By simple constructions embodying the 
external-pressure principles by means of 
which Hochstadter has demonstrated that 
the service insulation strength of under- 
ground high-voltage cables can be doubled 
for a given insulation thickness, the per-kva 
cost of power capacitors readily may be 
decreased much further. 
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4. By the use of power capacitors as a 
simple adjunct the power factor and effi- 
ciency of an induction motor may be con- 
siderably improved for all loads, light and 
heavy, and the stalling load may be much 
increased. Throughout a considerable range 
of load, system economies associated with a 
leading current will be obtained. 


5. Higher-temperature service operation 
now is recommended, and the rating of the 
present highly-developed, low-temperature, 
induction motors may be increased by 33 
per cent, without requiring any delays, 
since no re-designing is involved. There is 
required merely the substitution of the 
high heat-resisting insulation now available. 


6. The project will permit of the conserva- 
tion of considerable quantities of critical 
materials as the result of decreasing by 25 
per cent, the per-horsepower weight of the 
motors. 


The recommendations made in this 
paper (and the means proposed) for in- 
creasing by 33 per cent the present serv- 
ice rating of general-purpose induction 
motors is more conservative than many 
will realize. It is anticipated that, when 
the electrical industry has acquired more 
confidence in the adequacy of the avail- 
able better insulations (as regards with- 
standing heat deterioration), practice will 
advance to the extent of permitting even 
higher service temperatures and securing 
further reductions in the per-horsepower 
weights of copper and other metals which 
it is of such critical importance to con- 
serve. But rather than jeopardize the 
acceptance of his recommendations, the 
author has refrained from advocating 
still greater amounts of service-rating 
increase. 


WPB L-221 


In a note on page 81 of the February 
1943 issue of ELECTRICAL ENGINEERING, 
the War Production Board’s general 
conservation order L-221 is stated to con- 
tain a provision whereby the horsepower 
of a new electric motor shall not exceed 
the requirements of the specific job for 
which the motor is purchased. Compli- 
ance with this and other conservation pro- 
visions contained in the order (so far as it 


l 
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relates to general-purpose motors) are 


expected to conserve annually about 6,000 
metric tons of copper and 55,000 metric 
tons of carbon steel. In the present paper 
attention has been confined to the spe- 
cific case of general-purpose induction 
motors, and means particularly appli- 
cable‘thereto are recommended for effect- 
ing savings of amounts of critical ma” 
terials which should exceed the amounts 
envisaged in WPB L-221. These rec- 
ommended means also will improve the 
operating conditions as respects efficien- 
cies, power factors, stalling loads, and 
reduced rate of life impairment. 


Ambient Conditioning 


In conclusion, attention well may be 
called to the present advanced state of 
development of systems for the condition- 
ing of factory and workshop premises. 
While consideration for the health and 
efficiency of the personnel quite rightly 
is the main objective, it is not out of 
place to consider also the extent to which 
the rate of life impairment of the motors 
may be decreased by decreasing the am- 
bient temperature in the midst of which 
the motors’ existences are spent. The 68 
degrees Fahrenheit which is beneficial for 
the personnel should be capable of being 
closely approached, even in the immedi- 
ate surroundings of the motors, rather 
than any approach to the temperature of 
104 degrees Fahrenheit now assumed in 
the rating regulations as being a tempera- 
ture of likely occasional occurrence. It 
will, of course, be necessary to take into 
account the fact of the relatively great 
amounts of heat being developed in the 
motors as a consequence of their losses. 
But by simple applications of funda- 
mental principles of local air circulation, 
accentuated when desirable by surface 
vaporization methods of heat transfer, 
the desired 68 degrees Fahrenheit tem- 
perature should be capable of close ap- 
proach at all seasons and localities and 
even at distances of relatively few inches 
from the external surfaces of the motors. 
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A New High-Speed Balanced-Current 
Relay 


V.N. STEWART 


EED for a high-speed, balanced-relay 

current which will not function when 
the first half-cycle current is deficient 
in one of the two parallel circuits being 
protected, has been shown by the recent 
paper “The Effect of Current-Trans- 
former Residual Magnetism on Balanced 
Current or Differential Relays.”! This 
is the result of high residual magnetism 
of the current transformer caused prin- 
cipally by the d-c component of an offset 
wave on previous short circuits. 

A high-speed, induction-cylinder-type 
relay has been developed in which the 
operating-coil circuit has an inherent de- 
lay of approximately one cycle, due to the 
time constant of a resonant circuit. The 
restraining torque of the relay is effec- 
tive in a small fraction of a cycle and is 
obtained by using a flux-shifting copper 
tube acting as a lag ring or short-circuited 
secondary. 


Application 


Several AIEE papers’ have pre- 
sented the development and application 
of high-speed relays in which the speed of 
operation was recognized as an essential 
characteristic in obtaining greater system 
transient stability. Since the standard 
time for circuit-breaker operation was 
reduced to eight cycles or less, this 
meant that relay operating times of ap- 
proximately one or two cycles were neces- 
sary to realize the full benefit of this cir- 
cuit-breaker operation. In designing a 
new relay, one must recognize the in- 
creasing demand for high speed, but its 
attainment must not be accompanied by 
sacrifice of either selectivity or reliability. 

The balanced-current relay is most 
generally used to provide protection 
against current unbalance at the source 
end of parallel untapped transmission 
lines, where the unbalancing is occa- 
sioned by phase-to-phase or ground faults 
in either line. It may also be used for a 
similar protection at the receiving end of 


Paper 43-117, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted April 
29, 1943; made available for printing May 18, 1943. 


V. N. Stewart is in the relay engineering depart- 
ment, General Electric Company, Philadelphia, Pa. 
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parallel lines provided there is an addi- 
tional source of power supply (other tie 
lines, generators, or synchronous appara- 
tus) at the receiving end which will in- 
crease the fault current in the defective 
line at least 10 to 25 per cent. The sche- 
matic one-line diagram, Figure 1, illus- 
trates this application and emphasizes 
its limitation for the load end protec- 
tion where the currents in breakers A and 
B would be equal. 


GENERAT On 


BALANCED 
CURRENT 
RELAY 


FAULT 


__CIRCUIT BREAKERS 


LOAD END 


Figure 1. Schematic one-line diagram illus- 
trating balanced-current protection of parallel 
lines 


Operating requirements for the new 
relay cannot be reduced from that fol- 
lowed on existing high-speed, balanced- 
current relays. This means that satisfac- 
tory protection for simultaneous faults 
on the parallel lines, protection on single- 
line operation, high-speed auxiliary 
switches or interlocking relays, operation 
with bus tie breaker, proper functioning 
during magnetizing inrush, and current- 
transformer characteristics are items for 
consideration. Besides these factors 
tending toward faulty operation, if im- 
properly handled, there have been re- 
corded occasional false trippings which, 
until recently, were without satisfactory 
explanation.»® Now, since it has been 
shown that residual magnetism in the 
current transformer may result in false 
operations with existing high-speed re- 
lays, a relay has been designed to func- 
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tion correctly although this undesirable, 
yet unavoidable, current-transformer 
characteristic exists. 


Description and Operation of Relay 


The relay unit with eight-pole, induc- 
tion-cylinder construction previously pre- 
sented before the Institute® is inherently 
a high-speed device and readily lends 
itself to balanced-current operation. 
The available poles permit both the 
operating and restraining functions to be 
accomplished in a single unit. The 
single relay unit protects only one phase 
of one line and the relaying of both lines 
is accomplished with a two-element relay 
showtr in Figure 2. For complete bal- 
anced-current protection at the generat- 
ing end of two parallel lines, three relays 
are sufficient; two for phase-to-phase 
faults and one for ground faults. 

Six of the available eight poles are 
used, and their location is shown in Fig- 
ure 3. The left three coils, denoted by 
A and B, are the operating coils while the 
right three coils, C and D, provide the 
restraining torque. These torque-pro- 
ducing elements exert their force on a 
common rotor in opposition to one an- 
other to give a balance. The production 
of this torque is like that of a wattmetric 


Figure 2. Single-phase high-speed balanced- 
current relay 
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Figure 3. Coil locations in a single element of 
the balanced-current relay 


OPERATING RESTRAININ 
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element, and in the case of Figure 3, the 
coils B and D produce rotor currents 
which react with the flux of their adjacent 
coils. The torque magnitude is a func- 
tion of the product of the flux and the 
sine of the angle between them. From 
this relation and the connections of Fig- 
ure 1 it is obvious that some means must 
be provided to obtain a phase displace- 
ment between the pole flux for both the 
operating and restraining circuits. 

For the restraining circuit a flux-shift- 
ing copper tube is employed. This 
method is similar to one used in current- 
polarized directional units of the induc- 
tion-cylinder construction, The vector 
diagram, Figure 4A, gives an approxi- 
mate time-phase relation for the restraint 
circuit showing the flux shift in the 
corner poles (C of Figure 3). 

For the operating function, the neces- 
sary flux shift is obtained by means of a 
floating circuit. The purpose of this 
flux-shifting method is to permit the use 
of a tuned circuit in which the delayed 
current build-up retards the action and 
the operating torque. As can be observed 
from Figure 6, the impetus imparted to 
the relay by the difference current occurs 
during part of the first cycle depending 
on the nature of the fault, and the delay 
required does not detract from the high 
speed (Figure 8) of the relay. 

The floating circuit is composed of a 
many-turn coil to replace the copper tube 
and tuned with a capacitor mounted in- 
side the relay case. The circuit constants 
can be modified with the use of a reactor, 
resistor, or both, as shown in Figure 5, 
to control the magnitude and time. For 
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Figure 4. Vector diagrams showing flux rela- 
tions 


(a). Restraining circuit with copper tube 
(b). The operation circuit with the floating 
circuit 
Subscript f denotes floating circuit (secondary) 


this condition, Steinmetz’? has shown that 
the current in a series a-c circuit where 
R? < 4L/C is equal to 
ae cos (0-6) — ¥) — 
Zo 
0 


) cos (G+) cos am) + 
\ 2x 


25, R q,\ 

— sin (00+ y)—— cos (A+ y) sales =U) 

q q ef 
1» 
Ox” 


+ 
= 29 q 2eo+Ro , 
€ 2 <i9cos —6— sin 
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Where 

E=maximum impressed voltage 

R=resistance 

x =inductive reactance 

X,=capacitive reactance 


Zo=V R2+(*«—x,)? 


0=2nft 
t=time 
f=frequency 
—x 
y— tate + £ 
q=V 4xx,—R? 
4, %, and e) = values at time equals zero 


Figure 6. Oscillo- 
grams showing oper- fea 
ation of relay during 
difference currents 
caused by residual 
magnetism. Two 
fault conditions are 
represented 


(A). With an offset 


wave 


(B). Symmetrical cur- 
rent wave 
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Figure 5. Diagram showing two forms of 


floating circuits 
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This equation consists of three parts: 


1. The permanent term which is re- 
maining after the transient is completed. 


2. The transient term which is dependent 
on the circuit constant. 


3. The third term depending on the initial 
electrical conditions. This last term dis- 
appears if the circuit is dead at the start. 


A vector analysis (Figure 4B) for the 
floating circuit represents the flux rela- 
tion during the steady-state operation. 
The angle a represents the phase dis- 
placement between the flux in coils C 
and D, and the torque is a function of the 
sine of this angle. 

The oscillogram (Figure 6A) shows the 
current build-up in this circuit, and the 
magnitude for the first half cycle is only a 
fraction of its maximum steady-state 
condition. This leaves the operating 
circuit deficient in torque whereas the 
restraint build-up is immediate and has a 
restraining bias even though its current 
supply from the current transformer is 
affected by the residual magnetism. 


Relay Characteristics . 


In reference to Figure 1 it will be noted 
that the operating coil of each unit is 
connected in series with the restraining 
coil of the other unit. Therefore, the 
fault current of one line which operates 
one of the units increases the restraint in 
the other, thus providing a selective 
operation. Figure 7 gives typical operat- 
ing characteristics for both ground and 
phase relays with a 125 per cent slope. 
This slope has been used in the applica- 
tion of balanced-current relays to assure 
sufficient margin for the inequalities of 
current-transformer characteristics, line 
characteristics, and other factors af- 
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Figure 7. Operating characteristic of phase 
and ground balanced-current relays 


fecting the current balance. When these 
items are corrected or compensated, it 
should be satisfactory to use a relay 
functioning with a slope of 110 per cent. 
The high-speed time characteristic is 
indicated in Figure 8 for this relay. 


Tests 


The testing program was composed of 
two parts: 


1. A relay having all the characteristics 
presented in the forepart of this paper had 
to be developed and tested. 


2. This same relay had to be subjected to 
operating conditions which equaled those 
found in the field. This part was conducted 
as a continuation of the work already cov- 
ered on the current transformers and pre- 
sented before the Institute.! 


Typical oscillograms were taken using 
the test circuit of Figure 9, and these are 
reproduced in Figure 6 to show the in- 
stantaneous relation between the circuit 
characteristics as they affect the relay. 
The traces indicate current-transformer 
primary and secondary currents, the 
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Figure 8. Operating time of high-speed 
balanced-current relay at zero, 5 and 20 
amperes restraint 


difference (or error) current, the operat- 
ing-circuit build-up, the relay contacts, 
and the timing wave. With a 1/1 ratio 
current-transformer tests were made with 
the primary and secondary windings each 
connected in series with an oscillograph 
shunt and vibrator. Then the difference 
between the drop in the two shunts gives 
an instantaneous value which is a func- 
tion of the difference current, and it is 
recorded by a third vibrator. Likewise, 
the instantaneous current magnitude 
of the floating circuit was recorded with 
the use of another oscillograph shunt and 
vibrator by a means which minimized 
its effect on the circuit’s transient char- 
acteristic. 


Conclusions 


A balanced-current relay has been de- 
scribed which gives fast, sensitive pro- 
tection comparable to that previously 
available yet faultless in operation when 
energized from current transformers pre- 
viously saturated and containing residual 
magnetism. This has been accomplished 
at the expense of a slight delay of approxi- 
mately one cycle which is easily toler- 
ated. | This has resulted from the applica- 
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Figure 9. Test circuit used for checking relay 
operation and for oscillographic measurement 
of difference current 


A—Ammeter 

C—Synchronous switch 

CT—Current transformer (ratio one to one) 

lo>—Relay operating coil 

Ip—Relay restraint coil 

R—Reactor or load box 

Sp—Oscillograph element to record difter- 
* * ence current 

Sp and Sp—Shunts with oscillograph ele- 

ments; primary and secondary currents re- 

spectively 


tion of the floating-circuit build-up to 
override the error current of the first 
cycle. Also, it can be expected that 
this feature will be useful in the design 
of other high-speed relays. 
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A Study of Voltage Transients in 


Arc-Furnace Circuits 


J. B. HODTUM 


MEMBER AIEE 


N the history of the operation of arc 

furnaces for melting steel there have 
been occasional evidences of overvoltage 
transients. These evidences have been 
chiefly electrical breakdown of equipment 
associated with are furnaces which were 
not attributable to causes other than ab- 
normally high voltage. In the last three 
years with the increased number of arc- 
furnace installations and the increased 
seriousness of interruptions to produc- 
tion, a considerable amount of attention 
has been focused on this problem. This 
paper presents the results of voltage surge 
measurements made on two furnace instal- 
lations in an attempt to accumulate ac- 
curate data as to the magnitude of such 
overvoltages and the factors which in- 
fluence them. Before entering into a dis- 
cussion of voltage surges, however, it 
seems advisable ‘to review the component 
electrical parts of an arc-furnace circuit 
and the procedure followed in its opera- 
tion. 


Furnace Circuits and Their 
Operation 


Figure la is a simplified diagram show- 
ing the parts of a typical arc-furnace cir- 
cuit, and Figure 1b is the corresponding 
schematic single-line diagram. In all but 
very large installations the separate reac- 
tor R is necessary because the inherent 
reactance of the circuit is not sufficient to 
produce over-all circuit stability so that 
an arc can be maintained. The vertical 
positions of the carbon electrodes in the 
furnace are individually and automatically 
controlled so as to maintain as nearly as 
possible constant current in each elec- 
trode. This regulating means is not shown 
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in Figure 1. However, as will be apparent 
later, the characteristics of such control 
may have an important bearing upon 
voltage surges caused by instability of 
the are, particularly during the melt-down 
period when the arc is most unstable. A 
companion paper! describes a new elec- 
trode control which it is believed has the 
advantage of increasing the stability of 
the are. 

After the furnace has been charged 
usually with steel scrap, the operator 
closes the circuit breaker which energizes 
the furnace transformer. The carbon 
electrodes are still clear of the charge, and 
therefore there is no load on the trans- 
former. The operator now lowers the 
electrodes until they come in contact with 
the charge and an arc is initiated. The 
automatic control then takes over and 
attempts to regulate the electrodes so as 
to maintain constant current. However, 
in the initial part of the heat, before a con- 
siderable portion of the charge has been 
melted, it is not possible to maintain con- 
stant current, and the load fluctuates 
quite wildly between short circuit when 
the electrodes are in contact with metal 
and virtual open circuit when the arc 
may be completely extinguished or at 
least reduced to a very low current. 

During this melt-down period the fur- 
nace transformer is operated in the upper 
range of the available secondary voltages 
with a correspondingly high value of re- 
actance if a separate tapped reactor is 
used. 

After the charge is completely or mostly 
melted, the operator changes taps on the 
transformer to obtain a lower secondary 
voltage and usually a lower reactance, so 
as to supply power to the furnace at a 
reduced rate. In doing this the operator 
must open the circuit breaker to de- 
energize the transformer. The melt is 
then continued for perhaps an hour to an 
hour and a half until such time as it be- 
comes advisable to further reduce the rate 
of power input to the furnace. At this 
time the operator again changes taps on 
the transformer to obtain a still lower 
secondary voltage, and usually all the 
reactance other than that inherent in the 
transformer is cut out. 

Each time that the operator changes 
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taps on the transformer, it must be de- 
energized by opening the circuit breaker. 
In doing this there are two alternatives. 
The electrodes may be first raised so as to 
extinguish the arc before opening the 
breaker. In this case the breaker inter- 
rupts transformer magnetizing current 
only. As an alternative the breaker may 
be tripped without raising the electrodes 
so that it interrupts load current as 
well as magnetizing current. It has be- 
come fairly standard practice to follow 
the procedure of raising the electrodes 
before tripping the breaker, partly at 
least because it has been the concensus of 
opinion that this would result in less 
probability of high-voltage transients 
and also in reduced duty on the breaker. 

The length of time required to make a 
complete heat of steel varies considerably 
depending upon the size of the furnace 
and the kind of steel being made. How- 
ever, a typical figure may be taken as- 
three hours. During this time according 
to the procedure outlined, the breaker 
will be closed and opened three times in 
order to start the heat and change taps. 
On the average there will be perhaps two 
or three additional switching operations 
for various reasons, such as slagging off, 
lengthening electrodes, and so forth. A 
total of six switch closings and six trip- 
pings per heat is perhaps a reasonable 
figure. Many installations are at present 
operating 24 hours per day, and with an 
average length of heat of three hours, this 
would mean approximately 40 to 50 — 
switch operations per day. Some instal- 
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Figure 1. Typical arc-furnace circuit 


DS—Disconnect switch 

OCB—Oil circuit breaker 

FT—Furnace transformer with self-contained 
reactor 
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Figure 2. Furnace circuit at location A 


DS—Disconnect switch 

C—34.5-kv three-conductor type H under- 
ground cable 650 feet long 

OCB—Oiil circuit breaker 

FT—Furnece transformer with self-contained 

reactor 
CD—Capacitance potential divider 
K—Klydonograph 


lations have as many as 100 switch opera- 
tions per day. 


Possible Causes of Voltage Surges 


Following the preceding discussion of 
furnace operation we may list the 
following possible causes of voltage tran- 
sients in are-furnace circuits: 


(a). Instability of the arc. 


(b). Raising or lowering the electrodes to 
interrupt or start the arc. 


(c). Switching. 


The role played by intermittent arcing 
in the production of high-voltage tran- 
sients on transmission systems is well 
known. It seems logical therefore to ex- 
pect that a similar phenomenon might be 
found in circuits in which the load itself 
is an arc. If this is true, voltage surges 
should be particularly noticeable during 
the melt-down period when the arc is most 
unstable. Furthermore, it is the authors’ 
opinion that the systems supplying most 
are furnaces are so large that they offer 
very low impedance to surges originating 
on the low-voltage side of the transformer 
and therefore tend to suppress the trans- 
mission of such transients to the high- 
voltage side of the transformer. This 
being the case, voltage transients caused 
by arc instability should be observable, 
principally, on the secondary side of the 
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Figure 3. Circuit 
used for making tests 
at location B without 
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transformer. At one of the two installa- 
tions tested, special steps which are de- 
scribed later were taken to detect the 
presence of overvoltages on the high- 
voltage side of the transformer during 
furnace operation, and it was found defi- 
nitely that no appreciable overvoltages 
occurred. On the other installation, no 
special steps were taken to detect surges 
on the high-voltage side during furnace 
operation, but an examination of 
Klydonograph film records of regular heats 
indicates, although not conclusively, that 
overvoltages were not obtained on the 
primary side except when switching oc- 
curred. No tests were made on the low- 
voltage side of the furnace transformer. 
Since it is common practice to raise the 
electrodes before tripping the breaker and 
to lower the electrodes after the breaker 
is closed, it is possible that the interrup- 
tion and initiation of the arc by this means 
might result in voltage surges. At one of 
the installations tested by a procedure 
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described later, it was definitely deter- 
mined that overvoltages were not ob- 
tained on the high-voltage side of the 
transformer when the electrodes were 
raised or lowered to terminate or strike 
the are in the furnace. This test was not 
made at the other installation. 

It is well known that the operation of 
switches in electrical circuits may cause 
voltage surges and that the magnitude of 
these surges depends upon the character- 
istics of the circuit and of-the switch. 
Furnace circuits are not essentially dif- 
ferent from other power circuits, except 
for the fact that the load has the peculiar 
characteristics of an arc. It might be 
expected, therefore, if there is any dif- 
ference between the character of switching 
surges obtained on furnace circuits from 
those obtained on other power circuits 
that it would be observed when switching 
under load. It is advisable, therefore, to 
consider separately the conditions which 
exist when switching under load and when 
switching no-load, and also when closing 
and opening the circuit. 

Although closing the circuit breaker 
under load is probably not practical for 


| 
| 


Location A Location B 

pas Bake | ae ee es a et Se Se ee 
PrimanyaViOltasen os aphickscnen wel tei: eens winds ea BS UU eeareats sito eters eee ream 24 kilovolts 
Re QUeNGy ar mcnt tern abe tis aigaa anton eerie ede GOceyicleprer.jeeueesucrneteee erste oe 60 cycles 
Transformer (secondary delta connected)...... 3,000 kva; siphase «0.9 .a oss. 02 3,000 kva, 3 phase 

Delta to wye primary switch............... Nea ternal seins «whens sath an actors Internal 

Secondary voltage range with 

Primary winding in delta............-..-. D20-LAO volts san tecu Wal tae ora 235-160 volts 
Primary winding in wye................4+ L27—SUvoltssneevn he ..+.+, «186-93 volts 

RGA CTOM a vee ee ere ciate or Spati ease cueynre ep supp easier b ieee Internal, 21 per cent........... Internal, 20 per cent 
Oil-circuit-breaker current rating.............. 600 amperesivinss sc.ce aun. -..600 amperes 
Oil-circuit-breaker interrupting rating......... BOO O0Okevaleeuitca ena. snc tees 500,000 kva 
Oil-circuit-breaker insulation...............55 A Owileyiat es eiebueey cases stent eatuclsy seers 34.5 kv 
ShiGideraulgegwo\cbota hu si-cnamete eter dentate a cen A U2 tReet ree Petersen coil—26 miles away... .Solid—4 miles away 
Miles of connected high-voltage line...,....... DOU ietaiaratis otabssersieiare ekstal cues selecean ee eed 
Winderground cables Fc is cineca unebaratnoene 650 feet, type H, 3C, 34.5 kv....None 
Lightning varresters. syravcr nee eae ane wee Oxidesfilmaiiterna tite < suderet veoe aaale, Porous block—25 kv 
Distance from lightning arrester to furnace. -. .700 feet (source side of cable)... .50 feet (end of line) 
Instruments used:initesats. 00,0 2G ee ae te Klydonograph ..ccs05.:c00-005 Klydonograph 

Cathode-ray oscillograph 
Magnetic oscillograph 

Circuit diagram showing instruments,......... OUI ED) atnsalandedstanbore tom mea eet aa Figures 3 and 4 
Decondary Stounding cs tesa tet ee ae oes Wat ps ssh seme cyetrcesva ee Palle are Lamps 
Hodtum, Rice—Arc-Furnace Circuits TRANSACTIONS 557 


standard operating procedure, a few tests 
were made as a matter of interest and are 
reported under “Test Results.”’ As might 
be expected, no overvoltages resulted at 
the transformer high-voltage terminals 
although current inrushes were obtained. 


No-Load Versus Load Tripping 


There has been much discussion with 
reference to the relative merits of switch- 
ing out under load or with load on the 
transformer. In other words, should the 
operator raise the electrodes to extinguish 
the arc before he trips out the breaker, or 
should he not? It has been pointed out 
by some that breaking transformer mag- 
netizing current may cause a voltage 
surge because of the inductive kick pro- 
duced by the sudden collapse of the stored 
magnetic field in the transformer core. 
However, it must be remembered that the 
transformer core is a closed magnetic 
circuit and therefore will retain perma- 
nently a residual magnetization which is 
usually in the order of 60 per cent of the 
maximum induction. Furthermore, if the 
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Figure 4. Circuit used in making tests at 

location B in which potential transformers were 

used. Primary transformer voltages recorded 
by the magnetic oscillograph 


DS—Disconnect switch 

OCB—Oil circuit breaker 

FT—Furnace transformer with self-contained 
reactor 

CD—Capacitance potential divider 

K—Klydonograph 

MO—Masnetic oscillograph 

CRO—Cathode-ray oscillograph 
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Figure 5. Percentage distribution curves of 
Klydonograph surge records 
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current is interrupted in the breaker at 
normal current zero, without appreciable 
distortion of the current wave, there will 
be no inductive kick at all because both 
flux and current will decrease along their 
normal paths to their steady-state value 
corresponding to current zero. In most 
modern breakers this is usually very close 
to what actually happens, because such 
breakers do not greatly tend to force cur- 
rent zero. Although breaking transformer 
exciting current can undoubtedly produce 
inductive kicks of two to three times 
normal (some of the film records obtained 
show such inductive kicks) it seems un- 
likely that overvoltages caused by break- 
ing magnetizing current should be a source 
of serious concern. 

Those who have advocated no-load 
tripping as preferable to tripping under 
load point out that interrupting load cur- 
rent may be dangerous because if the 
ares in the circuit breaker and furnace are 
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vf) 
simultaneously extinguished at load-cur- 
rent zero, a large amount of stored energy 
may be trapped in the magnetic field of 
the transformer core. This is because the 
power factor of the load may be relatively 
high (85 or 90 per cent) while the power 
factor of the magnetizing current will be 
very low (in the order of 20 or 30 per 
cent). This means that both primary and’ 
secondary circuits may be opened when 
the flux in the core is near its maximum. 
The collapse of this flux would then tend 
to produce a very high inductive kick. 
However, it must be remembered that 
the arc gap in the furnace is relatively 
short and the space in the are path is 
usually hot and retains its ionization for 
some length of time. The arc path may 
therefore offer a protective discharge 
path which will break down at a very low 
voltage. This is particularly true in the 
latter parts of the heat. During the 
melt-down period, however, when the are 
is still comparatively long and when the 
arc space cools rapidly upon extinction of 
the arc, the trapping of magnetic flux in 
the core as has been described is believed 
to be a possible cause of overvoltages 
which may produce insulation failures. 
In considering this it should be remem- 
bered that the voltage required to break 
down the arc in the furnace will be multi- 
plied on the high-voltage side of the trans- 
former by the turn ratio. In the tests a 
number of surges of several times normal 
(up to approximately four times normal) 
were obtained because of tripping under 
load, chiefly in the early parts of heats? 
On the other hand, quite a few load trip- 
pings made after the charge was melted 
down produced no appreciable surges. 
Summing up, it is believed that tripping 
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Location A Location B 
Approximate total number of switch operations 
(close -or'trip) iin cre i eee eo oe IGA00" A aaetaneencln ge chewiie ticlsvanwacs 1,000 
Approximate total number of surges recorded on 
Klydonograp hitepis ee ee eee ee eae 650. eee win cae 200 
Approximate. number of heats recorded on 
Klydonograph 23%. 35 (Mann ae ey eee, TO! . tke BE Rated ee 50 
Total number of surges recorded on cathode-ray 
oscillograph. Sakis oe Ce ee ee ee None os eee ere re aeicaee ene 110 
Total number of surges recorded on magnetic 
oscillograph i420 ere ee eee ee oe None tte. Dds Mi eae. CEES 150 
Maximum switching surge—times normal............. B52 tain to Roe. ain aren te Ae Ran eee 3.8 
Surges unidirectional or oscillatory................... Unidirectional" 2.04): \.5.0-ah eee Both 
Polarity of Klydonograph surge figures............... Positive and negative equal...... Mostly positive 
Surges on primary circuit caused by load............. INO ss onob jess see ae Oneal ae ee Probably not 
Surges caused by tripping or closing breaker... . , (‘Closing chiefly. 2 . iris wee ae Both equally 
Surges caused by raising or lowering electrodes. ........NO....00. 0000 e cece eee ev sev ees No test 
Effect on switching surges of } 
‘ranstormer ‘tap position. eaten Not importants: 9... tee Not important 
Supply-system grounding. ; ../ sss. J eee SeevBigune 6:0 ase ct geen No test ; 
Underground cable ahead of breaker............... See/Bigure Go.) s.0 5.0 ss clean meee No cable 
Natural frequencies of switching transients 
No-load: tripping jet... cine mec etn ee ee No testscersdiuivfatsuctt ht deagete ae 6,500 to 10,000 
Loadttripping 79. wars cuacence als none eRe ee NOViteSts. wince cis 5 tilcas ieee ere 5,000 : 
No=load ‘Closing B.00% scant.) siciaie ach eee INO tESt tient stent -se aio See 6,000 to 9,500 
Load closing evrtnavep eatin eee eee Noptestan ck eB ek oe 6,200 
Percentage distribution curve of switching surges...... Bigure’S.. cconiinde Sahin nae ee Figure 5 
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under load in the latter parts of the heat 
with a short hot are may cause lower over- 
voltages than tripping at no-load, but 
tripping under load in the early parts of 
the heat before melting down is completed 
definitely should be avoided. 


Circuit Data 


Tests were made on two installations 
identified in this discussion as location A 
and location B. The pertinent informa- 
tion on the furnace circuits and the power 
systems supplying them is presented in 
tabular formin Tablel. It will be noticed 
that the chief difference between location 
A and location B lies in the supply sys- 
tem. The furnace circuits including the 
transformers and circuit breakers are 
similar, except for the primary voltage 
rating. 

Important differences in the supply 
system are: 


1. The system at location A is 34,500 
volts, while at location B it is 24,000 volts. 


2. Location A has 350 miles of connected 
high-voltage line, while location B has only 
approximately four miles. The 350 miles of 
line supplying location A consist of a 
34.5-kyv loop. A spur line four miles long 
supplies the furnace, and there is no other 
joad on this line. The 24-kv line supplying 
location B originates at a step-down sub- 
station four miles away. There is one other 
furnace on this same line, approximately 50 
feet beyond the one tested, where the line 
terminates. 


3. The 34.5-kv loop supplying location A 
is normally grounded through a Petersen 
coil at only one point, about 26 miles from 
the furnace, while the line supplying loca- 
tion B is solidly grounded at a substation 
four miles away. 


4. Location A is served by a 650-foot 
three-conductor 


length of underground 


ip 
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TIMES NORMAL CREST 
VOLTAGE TO GROUND 


ONT ION EO. S30 wot SO 
PERCENT OF SWITCH OPERATIONS CAUSING 
SURGES GREATER THAN ORDINATES 
Figure 6. Comparison of Klydonograph tests 
at location A 


Curve A—Normal condition with 

grounded through Petersen coil 

Curve B—System solidly grounded at three 
points 


system 


Curve C—Underground cable on source side 
of circuit breaker replaced by overhead line 
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Figure 7. Cathode- 
tay oscillogram of 
tripping circuif 
breaker under load 
—moving film 


Figure 8. Cathode- 
ray oscillogram of 
no-load tripping, 
operation — moving 


film 


cable just ahead of the oil circuit breaker 
(see Figure 2), while there is no underground 
cable at all in the circuit at location B. 


5. The only surge protection on location A 
is a bank of obsolete oxide film arresters 
located on the source side of the under- 
ground cable, approximately 700 feet from 
the furnace, while location B is protected 
with modern lightning arresters at the end 
of the line, approximately 50 feet beyond 
the test location. 


At both installations the furnace shell, 
transformer tank, and electrode control 
have a common ground. 


Test Results 


The circuit used in making tests at 
location A is shown in Figure 2. The 
Klydonograph only was used on this 
installation. 

Some of the data obtained at location B 
were made with the Klydonograph and 
magnetic oscillograph only. The circuit 
is shown in Figure 3. Other tests were 
made at location B in which the cathode- 
ray oscillograph was used on one phase 
as well as the Klydonograph and mag- 
netic oscillograph. The location of the 
test apparatus in the circuit is shown in 
Figure 4. Still other tests were made with 
a circuit similar to Figure 4 except that 
the potential transformers on the line 
side of the circuit breaker were connected 
across the three poles of the breaker to 
record breaker voltage on the magnetic 
oscillograph. 

A total of approximately 2400 switch 
operations was recorded on the Klydo- 
nograph, resulting in approximately 850 
surge figures of such magnitude as to be 
In addition a total of ap- 
proximately 120 normal heats were re- 
corded on the Klydonograph. At loca- 
tion B 110 switch operations were re- 
corded on cathode-ray oscillograms, and 


Figure 9. Cathode- 
ray oscillogram of 
no-load closing 
operation — moving 


film 
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150 switch operations were recorded on 
magnetic oscillograms. 

The results are summarized in coim- 
parative form in Table IT. 

In analyzing the results the Klydono- 
graph data only were used for quantita- 
tive results such as presented in the per- 
centage distribution curves of Figures 5 
and 6. It was not possible to obtain suf- 
ficient oscillographic data for such a sta- 
tistical analysis. However, in general, the 
magnitudes recorded on oscillograms gave 
a reasonable check with those from the 
Klydonograph. The oscillograms were 
used chiefly to obtain information on the 
nature of the surge wave shapes, such as 
natural frequencies, restriking, and so 
forth. The only reliable information 
about wave shape yielded by Klydono- 
grams is polarity, and even this must 
sometimes be questioned, as explained 
later. 

An attempt was made to plan the test 
procedure so that answers might be ob- 
tained to as many as possible of the follow- 
ing questions: 

1. What is the polarity of the Klydonograph 
surge figures? (The character of positive 
and negative surges is quite different, and 
the two are easily distinguished.?) The re- 


sults obtained in connection with this ques- 
tion are taken up in detail later. 


2. Are overvoltages caused by the furnace 
load? At location A a number of regular 
heats were attended, and the Klydonograph 
film was moved by hand after each switch 
operation and after each time that the elec- 
trodes were raised or lowered. By this 
means it was determined that the only over- 
voltages obtained occurred on switching. 
No such tests were made at location B, 
but an examination of the Klydonograph 
records leads to the tentative conclusion 
that here also surges were caused only by 
switching. 


3. Are overvoltages caused by raising and 
lowering the electrodes to interrupt or start 
By the same procedure of moving 


the arc? 
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Figure 10.- Cathode-ray oscillograms of no- 
load closing operation using single sweep of 
the oscillograph 


(a). 60-cycle sweep 
(b). 300-cycle sweep 
(c). 900-cycle sweep 


the film as previously described, it was also 
ascertained at location A that lowering and 
raising the electrodes did not cause voltage 
surges. (Again no tests were made at 
location B.) This result is not surprising 
since electrode motion is very slow and 
interruption probably occurs at normal cur- 
rent zero without any appreciable disturb- 
ance. 


4. Are overvoltages caused by closing the 
breaker on load? Closing the breaker on 
load was done at location B only. No over- 
voltages were observed from this operation, 
although as would be expected, current 
surges were obtained. 


5. Are overvoltages caused by tripping the 
breaker underload? Surges of several times 
normal were obtained on both installations 
by tripping underload during the early part 
of a heat. However as stated previously, 
it was found that load tripping after melt- 
down when the arc is short and hot did not 
produce appreciable overvoltages. 


6. In no-load switching are the severest 
surges caused by closing or by tripping? The 
results are discussed under ‘‘No-Load 
Switching Tests.” 


— 


7. What ts the effect on no-load switching 
surges of: 


(a). Transformer tap position? The tests on both 
installations showed that the transformer tap posi- 
tion did not have any important effect on the mag- 
nitude of switching surges. 


(b). Supply-system grounding? This test was made 
at location A only, and the results are shown in 
Figure 6 and are discussed in detail later. 


(c). The effect of the underground cable at location 
A? Results of this test are shown in Figure 6 
and are discussed in detail later. 


8. What are the natural frequencies of the 
switching transients? The natural fre- 
quencies obtained from the cathode-ray 
oscillograms at location B are shown in 
Table II, and typical oscillograms are shown 
in Figures 7 to 14, inclusive. 


No-Load Switching Tests 


Since the voltage surges were found to 
be caused mostly by switching, and since 
the usual procedure is to switch no-load, 
the bulk of the testing was devoted to 
accumulating data on no-load switching. 
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An analysis of these data reveals some 
striking differences between the results 
obtained at the two different locations, 
and these differences are believed to be 
explained by the unusual combination of 
circuit characteristics at location A. 

It is believed that location A is rather 
unique and is of particular interest for 
several reasons. 


1. It is ore of a very few 34,500-volt fur- 
nace-transformer installations in this coun- 
try. 

2. The presence of the underground cable 
ahead of the circuit breaker, together with 
the great length of connected high-voltage 
line and the Petersen-coil ground, is some- 
what unusual. 


It will be noticed in Table II that the 
maximum surge obtained on location A 
was considerably greater than location B. 
The difference is even more evident in 
Figure 5 in which curve A represents 
switching surges at location A, and curve 
B represents those at location B. The 
difference between typical Klydono- 
graph films from location A and location 
B is striking, because of the much greater 
size and frequency of surge figures on 
films obtained at location A. Figure 15 is 
a sample Klydonogram from location A. 
Part of the difference between the severity 
of surges at locations A and B may pos- 
sibly be explained by the better lightning 
protection at location B. (See Table I.) 
However, in both cases the lightning ar- 
resters are on the other side of the circuit 
breaker from the surge-measuring in- 
struments. It is believed that the light- 
ning arresters at location B were not opera- 
tive to any great extent in reducing the 
maximum value of the surges because 
there was no tendency of the percentage 
distribution curve to flatten off near the 
upper voltage limit. (See Figure 5.) 
Several other differences between the re- 


sults obtained at locations A and B are of 
interest. : 


POLARITY 


At location A all of the Klydonograph 
figures for switching were unidirectional in 
nature and approximately equally dis- 
tributed between positive and negative. 
At location B nearly all of the figures ap- 
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peared to be positive. The explanation 
for this difference is believed to be that 
surges at location A were truly unidirec- 
tional, while those at location B as 
evidenced by the supporting oscillo- 
graphic films, resulted in both positive 
and negative voltages for each surge in 
nearly every case. This being the case, 
the positive figures would tend to cover’ 
up completely the negative figures since 
they are more than twice as large. Also 
it happens that the 60-cycle normal volt- 
age line which appears in records where 
the film is clock-driven is sufficiently wide 
to hide completely all but the very highest 
voltage negative figures. As it happened 
at location A, a slight unbalance in the 
line-to-ground voltages caused the 60- 
cycle normal-voltage line to appear on 
only one phase, permitting all negative 
surge figures to be seen easily on the other 
two phases. Another interesting point is 
that in most cases at location A the surges 
appeared to be of the same polarity and 
the same order of magnitude on all three 
phases indicating that the entire winding 
rose above ground, while this was not at 
all the case at location B. 


COMPARISON OF CLOSING AND TRIPPING 
SURGES 


At location A it was surprising to find 
that nearly all appreciable no-load switch- 
ing surges were obtained when the 
breaker was closed, only a very few surges 
of minor magnitude being obtained for 


Figure 11. Magnetic oscillogram of no-load 
tripping recording line to neutral voltages on 
transformer side and supply side of the 

breaker—Figure 4 ~* 


14, Iz, Ie—Line currents 


Epo—lransformer voltage of 


phases A, B, and C 


Era, Exs, Exe—Voltages on the supply side _ 
of the breaker of phases A, B, and C 


Era, Ere, 
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Figure 12. Magnetic oscillogram of no-load 
tripping operation recording transformer volt- 
ages and breaker voltages 


Ia, lp, 1e—Line currents 
Ena, ‘Epp, Exrco—tTransformer 
phases A, B, and C 
Epa, Eps, Egpc—Voltages across breaker con- 
tacts in phases A, B, and C 


voltages of 


no-load tripping. At location B on the 
other hand, switching surges were ap- 
proximately equally distributed between 
closing and tripping both in number and 
magnitude, with the balance slightly in 
favor of tripping. 

The closings were distinguished from 
the trippings by moving the Klydono- 
graph film by hand after each closing or 
tripping. This resulted in a normal 60- 
cycle line on the film after each closing and 
a blank space after each tripping. In 
Figure 15 all of the important surge figures 
occur at the start of the 60-cycle line, 
showing that they were produced by 
closing the breaker. 


EFFECT OF SUPPLY-SYSTEM GROUNDING 


Tests were made to determine the ef- 
fect of system grounding at location A, 
and the results are shown in Figure 6 by 
a comparison of curves A and B. There 
seems to be an appreciable reduction in 
the magnitude of switching surges with 
the system solidly grounded as repre- 
sented by curve B. For this test the 
system was solidly grounded at three 
points, the nearest point being at the 
junction of the spur line and 34.5-ky 
loop four miles away. 


EFFECT OF UNDERGROUND CABLE AT 
LocaTION A 


Fortunately it was also possible to make 
tests with the underground cable out of 
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service and replaced by a temporary over- 
head line. The results are shown in 
curve C of Figure 6, and the great reduc- 
tion in the magnitude of switching surges 
is evident. The maximum surge was 
reduced from five to approximately two 
and one half times normal. 

It is believed that the great difference 
between results obtained at locations A 
and B are due chiefly to three factors, 
namely : 


1. Better surge protection at location B. 
2. Presence of the capacitance of the under- 
ground cable and great length of connected 
line at location A. 

3. The difference in grounding of the two 
supply systems. 


Of these, based on the result of the tests, 
it is believed that the presence of the cable 
is most important. 

The great effect of the cable might be 
explained by the cumulative effect which 
occurs in capacitive circuits when restrik- 
ing occurs and which is absent in inductive 
circuits. The effect of the system ground- 
ing may be partly because of more rapid 
draining of charge from the cable with 
the solidly grounded condition, 


Typical Oscillograms 


Figures 7 to 9 are cathode-ray oscillo- 
grams made with a moving film, and 
Figure 10 is a cathode-ray oscillogram in 
which the single-sweep arrangement on 


Figure 13. Magnetic oscillogram of tripping 

underload recording transformer voltages and 

line to neutral voltages on the supply side of 
the breaker—Figure 4 


la, lp, [e—Line currents 


Ena, Epp, Exyco—transformer voltage of phases 


A,B, and C 


Exa, Exp. Exe—Voltages on the supply side 
of the breaker of phases A, B, and C 
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Figures14. Magnetic oscillogram of tripping 
under load recording transformer voltages and 
breaker voltages 


I4, ly, le—Line currents 


Era. Erp, Ere—transformer voltages of 


phases A, B, and C 
Epa, Exp, Epc—Voltages across breaker con- 
tacts in phases A, B, and C 


Figures 11 
to 14 are magnetic oscillograms. 

Figure 7 is a record of a load tripping 
operation in which restriking occurred 
twice, and the final interruption resulted 
in an inductive kick to approximately 
twice normal. 

Figure 8 is a typical no-load tripping 
record. It will be observed that arcing 
lasted for approximately one cycle, and 
this is typical as evidenced also by the 
magnetic oscillograms. The large lower 
frequency oscillations are restriking at 
successive current zeros. It was not pos- 
sible to resolve the very high-frequency 
oscillations between these points on any 
of the film records obtained. 

Figure 9 is a typical no-load closing 
operation in which the shape of the long- 
time transient is attributed to the fact 
that the circuit was made at different 
times on two phases. 

Figure 10a is a no-load closing in which 
a 300-cycle sweep was used. A similar 
closing is shown in 10) at a 60-cycle 
sweep, and at 10c in a 900-cycle sweep. 
The frequency is approximately 6,500 
cycles. In 10d the effect of making at 
different instants of time on different 
poles of the breaker is clearly shown. The 
maximum voltage obtained, however, is 
only approximately normal crest voltage. 

Natural frequency oscillations ob- 
tained on no-load tripping are clearly seen 
in Figures 11 and 12, and the absence of 
these oscillations is striking in the load 
trip magnetic oscillograms in Figures 13 


the oscillograph was used. 


TRANSACTIONS 561 


and 14. However, it will be observed 
that in the load trip records, arcing is 
extended over nearly two cycles while the 
arcing period is approximately one cycle 
in the case of no-load tripping. 

Most of the film records obtained for 
both tripping and closing show three or 
more restrikes and making or breaking 
of the circuit at different times on the 
different phases. 


Conclusiens 


1. Voltage surges occurring on the high- 
voltage terminals of arc-furnace trans- 
formers are caused largely by switching. 


2. Tripping out under load can cause 
high overvoltages chiefly in the early 
parts of the heat when the arc space is 
long and cools rapidly. Load tripping, 
during the later parts of the heat may 
result in lower voltage transients than 
no-load tripping but in extended arcing. 
As a general practice it is better to raise 
the electrodes before tripping the breaker. 


3. Since no-load switching is general 
practice, the problem of switching surges 
on furnace circuits is not essentially dif- 
ferent from that of other power circuits, 
except that switching is more frequent 
and the circuit constants may be quite 
different. 


4, Because the problem of overvoltages, 
at least on the high-voltage side, reduces 
to one of switching surges, the character- 
istics of the supply system, as well as of 
the furnace circuit and the switch, will 
determine the magnitude of voltage surges 
obtained. In particular the grounding of 
the power system is important. 


5. The presence of a length of under- 
ground cable on the source side of the cir- 
cuit breaker used for switching may be the 
cause of excessive overvoltages. 


6. It is realized that the data presented 
here are far from complete or conclusive, 
and it is believed that further study of 
the problem of voltage transients in arc 
furnaces is warranted, particularly with a 
view to obtaining measurements on the 
low-voltage side of the transformer. 
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Figure 15. Typical section of 

Klydonograph film obtained 

in no-load switching tests af 
location A 
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HE growing complexity of the elec- 
trical systems in use on modern air- 
craft has given rise to need for a complete 
line of magnetically operated switches or 
relays suited to conditions encountered in 
this type of service. Relays may be classi- 
fied according to use as control relays and 
power relays, or in the terminology of the 
industrial-control engineer, relays and 
contactors. This paper will be confined 
to a discussion of power relays or con- 
tactors. Most aircraft in use at the pre- 
sent time have 24-volt d-c systems; con- 
sequently only low-voltage d-c contactors 
will be considered. 
Commercial contactors of the required 
ratings are larger and heavier than prac- 
tical for aircraft partially because 


1. Conditions of use do not limit these 
factors so rigidly. 


2. The longer life expected from them. 


3. The greater insulation distances re- 
quired for higher voltages. 


A background of experience obtained 
from commercial contactors can con- 
tribute greatly to the design of aircraft 
switches, but numerous special condi- 
tions must also be considered. Changes in 
barometric pressure from 30 inches of 
mercury at sea level to about 5.54 inches 
at 40,000 feet, and temperature ranges 
from —50 degrees Fahrenheit to +200 
degrees Fahrenheit are encountered. Vi- 
bration and shock may be met, and the 
switches must be designed to withstand 
them. Vibration tests consisting of 
simple harmonic motion with an ampli- 
tude of 0.03 inch (0.06 inch total displace- 
ment) and a frequency varied from 10 to 
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55 cycles per second have been made part 
of the specifications. Switches must op- 
erate in any position, Coil temperature 
rise must be limited to 70 degrees centi- 
grade above a 25 degrees centigrade 
ambient. 

Some aircraft accessories using con- 
tactors are listed in Table I. Loads are, 
therefore, resistance, inductance, lamps, 
and motors. Contactors are used on 
loads as low as 25 amperes and may carry 
200 amperes or more. Circuit require- 
ments may be for single-pole single-throw; 
single-pole double-throw; double-pole 
single-throw; and double-pole double- 
throw contactors. When used for the 
control of reversing motors doubie-throw 
contactors have two coils each operating 
a set of contacts controlling direction and 
mechanically interlocked to prevent si- 
multaneous operation. 

Design of a line of contactors naturally 
divides itself into consideration of several 
phases: 


1. Contacts. 


2. Magnet. 
3. Arrangement, mounting, and _ special 
features, 


These phases will be considered sepa- 
rately and in the order listed. 


Contacts 


The heart of a contactor is its con- 
tacts. The contact material must be one 
which does not collect a film which offers 
high resistance to the passage of current 
either when the contacts are open, while 
closed and heated by the current flow, or 
under arcing. They must therefore be 
made of a material which does not form 
nonconducting oxides and which, because 
of the low voltage, has a low resistance. 
Silver meets these requirements, but, be- 
cause of transfer and welding problems, 
additions to the silver, as for example 
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cadmium oxide without alloying, have 
been found to give superior properties. 
Various other additions have been pro- 
posed including cadmium sulphide, lead 
sulphide, tungsten, and molybdenum. 
The contacts must be securely fastened to 
the contact plates to obtain a permanent 
low resistance bond. Brazing is a satis- 
factory method. A superior product may 
be obtained, however, by a process in 
which the constituents are granulated 
or powdered, mixed, and molded under 
high pressure direct to the backing ma- 
terial. A grid of serrations on the back- 
ing plate interlocks with the molded ma- 
terial to form a secure anchor and a per- 
manently low resistance joint. The den- 
sity of the contact material may be con- 
trolled by the pressure applied in mold- 
ing them. Contacts formed by this proc- 
ess have several important advantages. 


1. A low resistance contact having the 
properties of silver. 


2. A contact having in it other metallic 
materials to obtain less transfer and to 
reduce welding. 


3. A contact with a controlled density 
affecting its bounce characteristics and per- 
mitting welds to be broken. 


4. A contact extremely uniform and easy 
to manufacture. 


Contacts opening and closing d-c cir- 
cuits are subject to several types of fail- 
ure. Transfer of material from one con- 
tact to the other in the electri¢ are is a 
well-known phenomena which has caused 
considerable trouble to the designers of 
d-c switches using contacts containing 
silver. Transfer occurs at any time an 
arc exists between the contact faces and is 
a function of the current in the arc. 
It is apparent therefore that transfer may 
occur during the time that the contacts 
are arcing when they close and also during 
the time the contacts are opening before 
the arc is extinguished. It is important 
that arcing time be reduced to a minimum 
to limit the amount of transfer. Numer- 
ous readings taken with an instrument 
designed for measuring arcing time! show 
that the arcing time on closure is influ- 
enced by the initial contact pressure. 
Figure 14 is a curve showing the rela- 
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Figure 1A. Curves showing arcing time for 
various contact pressures 


tion of arcing time to initial contact 
pressure for a typical contactor and shows 
that as the contact pressure is increased 
the arcing time on closure is reduced until 
a critical value is reached. Below this 
value the bounce occurs when the contact 
plate itself rebounds while above this 
value the arcing time increases because 
the entire moving assembly of contact 
and armature bounces. The weight of 
the moving contact plate and the arma- 
ture must therefore be correlated with the 
initial contact pressure to obtain the 
most satisfactory values. Figure 1B 
shows the variation in arcing time of a 
contactor as the coil voltage is changed. 
Here again a point is reached where the 
entire armature and contact assembly 
bounces as the voltage is decreased. 

The design should be such as to pre- 
vent “armature bounce’’ from occurring 
in the range of voltages over which the 
contactor is to operate. Reference to the 
curve shows that the maximum contact 
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Figure 1B. Curves showing arcing time for 
various coil voltages 


564 TRANSACTIONS 


pressure is limited by satisfactory opera- 
tion on low voltage (18-volts hot coil). 
A minimum value which will keep the 
arcing time on the lower part of the curve 
should be used to keep transfer to a mini- 
mum. 

The are formed when contacts bounce 
on closing may, if it is of sufficient dura- 
tion or intensity, fuse the contact mate- 
rial and cause rapid wear. For contacts 
of the character stated, the molten metal 
is flattened and in some cases splashed 
when the contacts reclose. On 30 volts 
this begins to occur with currents of about 
100 amperes. The high points are, under 
these conditions, leveled off so that the 
effects of transfer are nullified. Contacts 
operated above 100 amperes remain flat 
and have a fine granulated or mottled 
appearance, 

Figure 3 shows typical contacts before 
and after being used. A typical case of 
transfer may be seen in Figure 3c while a 
contact which has remained level is shown 
in Figure 3d. 

If the current is sufficiently high the de- 
gree of fusing may eventually cause weld- 
ing. Factors which determine the cur- 
rent at which welding takes place include 


1. The materials from which the contacts 
are made, 


2. The thermal capacity of the contacts. 


3. The degree of flattening of projections 
thrown up on the contact faces (controlled 
by the initial contact pressure). 


Cadmium oxide mixed into the con- 
tacts retards the tendency toward welding 
and transfer and is therefore beneficial. 
Contacts of high thermal capacity and 
conductivity take the heat away from 
the point of arcing and reduce the amount 
of molten material formed. The blow 
which tends to flatten projections is de- 
pendent on the initial contact pressure 
and the velocity of closing, and it is there- 
fore desirable to keep these values as high 
as possible. On opening, if the density 
of the contacts is low, the welds will be 
broken when the contacts part, particu- 
larly if a blow or shock is imparted to 
them. The force necessary to break the 
weld is determined to some degree by the 
materials used for the contacts and the 
form and size of the particles used in 
making them. 


Contacts should have sufficient wear 
allowance to compensate for the wear 
obtained during their life and to provide 
for the unavoidable variations in manu- 
facturing. The actual wear during the 
life required for aircraft contactors indi- 
cates that a wear allowance of 0.03 inch 
is sufficient to provide ample safety fac- 
tor. They should have an initial contact 
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pressure high enough to prevent weldirfg 
on the highest currents which may have 
to be made and the pull of the magnet de- 
signed to permit this pressure to be used 
without obtaining armature bounce. 

The are gap required is determined by 
the voltage for which the contactor is to 
A value of 0.055 inch has been 
conservative for 24-volt, 


be used. 
selected. as 
service. 


Magnet 


There are several forms in which the 
operating magnet for contactors may be 
built. Each has characteristics which 
determine its suitability for a particular 
use, All have many common properties 
and a general analysis of their operation 
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Figure 2. Contactor force analysis 


may be made. [igure 2 shows a force 
diagram for a typical contactor. The 
curved voltage lines represent the pull of 
the magnet at various plunger positions. 
The forces exerted by the springs are 
shown by the straight lines. For con- 
venience both the magnet-pull curves 
and the spring forces are plotted as if 
they were scalar quantities of the same 
direction. It should be remembered. 
however, that their direction of applica- 
tion is such as to oppose each other. At 
the open-gap position the plunger is kept 
from moving into its sealed position by 
the balancing or opening spring. The 
force required is determined by the 
weight of the moving parts and the ac- 
celeration forces to which the* contactor 
may be subjected. A mivimum value of 
F=(A/G)XW where A is the maximum 
acceleration to be encountered, G is the 
acceleration of gravity, and W is the 
weight of the moving parts. For balanced 
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structures in which accelerative forces are 
cancelled the force is determined by the 
energy required to open the contacts with 
sufficient velocity to insure breaking the 
are quickly. As the plunger is moved 
toward its sealed position the opening 
spring is compressed so that this force in- 
creases. Itis desirable that the rate of in- 
crease in this force be kept as low as pos- 
sible, for an increase in its value increases 
the magnet pull required for a given ini- 
tial contact pressure. The contacts are 
arranged so that they close before the 
sealed position of the armature is reached. 
The remaining portion of the stroke is 
wear allowance. The moving contact are 
fastened to the armature by means of a 
spring in such a manner that a force is 
required to separate them from it. This 
force is the initial contact pressure and 
the performance of the contacts depends 
considerably on its value. Reference to 
the force diagram shows that the upper 
limit of the initial contact pressure fixes 
the shape of the magnet-pull curve, for it 
is necessary if the contactor is to close 
smoothly that the curve passing through 
the initial contact pressure point be a 
lower voltage than the pickup voltage 
which is the voltage at which the magnet 
pull is equal to the opening spring force 
at the open-gap position. The shape of 
these curves may be altered to some 
extent by the shape of the pole faces. 
The load placed on the power system 
when the contacts close may be high 
enough to cause an appreciable drop in 
system voltage. For instance, the current 
inrush on some motors used in military 
aircraft has been found to be as high as 
2,000 amperes. The resulting drop in 
voltage at the contactor coil terminals 
may reduce the pull to an extent that the 
contact will not seal completely, result- 
ing in additional arcing of the contacts 
which may cause them to weld. Voltages 
as low as eight volts have been obtained 
on 24-volt systems when heavy currents 
were drawn. There is the further pos- 
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sibility, if the voltage falls low enough, 
that the armature may drop back even 
though the armature reached its seaied 
position. In this case the voltage drop 
in the are will limit the current until the 
motor accelerates and the system voltage 
builds up enough to reclose the contactor. 
Operation under these conditions will 
burn the contacts severely and will prob- 
ably result in welding. Dropout occurs 
when the coil voltage is decreased until 
the sealed pull is equal to the force from 
the springs tending to open the contacts. 
The magnet pull should decrease as the 
magnetic gap increases in a way so that 
it is less at the point where the contacts 
just touch than the force exerted by the 
opening spring to avoid hesitancy in 
dropping out. In other words, the curve 
passing through the point of zero wear 
allowance must be of a higher voltage 
than that of the drop-out curve. 

The coil must have the required am- 
pere turns to produce the necessary pull 
at the lowest voltage on which it is to 


Table !l. Aircraft Accessories Using Contactors 


Load 
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Wheel\retraction 43,-2 susan ete. sare oor Motors 
ABD OONELON, mii aieis nitro, e. aa ae . Motors 
Lighting: ...../... Sine .. Lamps 
Fuel transfer........ . Motors 
PICATI NG Nie FOS. VA Meer a ie ee hae ce ae Heaters 
Gun firing: 0.0... ; . . Solenoids 


Bomb release...,..... . Solenoids 
Turret operation.......... . Motors 


operate. The minimum open-circuit 
voltage on 24-volt systems has been set 
at 18 volts, and therefore the pickup 
voltage must not exceed this value when 
the coil has attained its ultimate tem- 
perature. Since the temperature rise of 
the coil is limited to 70 degrees centigrade 
above a 25 degrees centigrade ambient, 


_ this final temperature is 95 degrees centi- 


grade jor the contactor must pick up on 
14.2 volts when the coil is at 25 degrees 
centigrade if it is to operate on 18 volts 
with a hot coil. 

The maximum voltage encountered on 
24-volt systems is 28.5 volts. The coil 
must not exceed its allowed temperature 
rise when this voltage is applied. These 
factors fix the resistance of the coil and 
its radiating area. 

Contractors which are not energized 
for sufficiently long periods to attain 
their ultimate temperature may have 
coils designed for part-time duty only. 
Advantage may be taken of this fact to 
reduce the size of coils used on inter- 
mittent-duty contactors or greater pull 
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25-ampere balanced-armature air- 
craft contactor 


Figure 4. 


may be obtained from coils the same 
size asscontinuous-duty coils where special 
conditions must be met. 

An intermittent-duty coil may be pro- 
tected by the use of a resistor to make it 
suitable for continuous duty. The re- 
sistor is inserted in series with the coil 
after the main contacts have been oper- 
ated. A set of auxiliary contacts are used 
to insert the resistor, which may be addi- 
tional turns on the coil itself. The auxil- 
iary contacts must be arranged to open 
after the main contacts close and the re- 
sistance value and the shape of the pole 
faces should be selected to keep the mag- 
net pull greater at all points than the 
spring force to avoid chattering or tele- 
graphing. See the dotted curve in Fig- 
ure 3. While this type of construction 
permits the use of a smaller and lighter 
coil, the addition of the auxiliary contacts 
and the additional leads on the coil may 
completely offset the advantages of this 
construction. Greater difficulties in ad- 
justment because of the accuracy re- 
quired on the small switch are to be ex- 
pected. 

The pivoted armature type of magnet 
consisting of essentially a U having the 
coil mounted on one leg and using the 
other leg as a return magnetic path and 
also serving as a support for the armature 
pivot is a well-known and widely accepted 
form used a great deal in industrial con- 
tactors. The armature lever may be ex- 
tended in both directions from its pivot 
and balanced, thereby making it more or 
less free from shock and the effects of 
vibration or acceleration. The contacts 
may be placed at either end of the lever, 
depending on whether they are to be 
closed or open when the magnet is ener- 
gized. Coils are readily replaceable with 
this type of magnet. The travel of the 
armature lever in the closed direction is 
limited by the sealing of the armature 
face against the core face. In order to 
insure a reliable contact throughout the 
life of the contactor and to compensate 
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200-ampere solenoid-type aircraft 
contactor 


Figure 5. 


for wear of the contacts the contact faces 
are made to touch before the armature 
seals, the additional travel being taken up 
by providing for relative movement be- 
tween the contacts and the armature 
lever, either using a spring for this pur- 
pose or depending on the flexing of the 
parts themselves. The latter method 
has the disadvantage, however, of re- 
quiring periodic adjustment of the con- 
tact position to compensate for contact 
wear, thereby causing a very rapid de- 
crease in contact pressure unless the parts 
are made sufficiently flexible to give the 
same action as a separate spring. This is 
a construction frequently used in control 
relays where the amount of power handled 
and the wear is small. The pivoted- 
armature-lever construction can be made 
to cause a rolling or sliding action be- 
tween the faces of the contacts which is 
desirable if the contact material is such 
as to collect a nonconductive film but 
which has severe disadvantages for some 
types of material. 

Figure 4 is an illustration of a balanced- 
armature type of contactor rated at 25 
amperes. 


The ironclad solenoid type of magnet 
may also be used. The armature in this 
case is a plunger moving in the center of 
the coil and sealing against a stationary 
core member. The coil is enclosed in a 
shell which forms the return magnetic 
path and also serves as protection. The 
stationary contacts are mcurted at one 
end of the coil and the moving contacts 
travel in a straight line to engage them. 
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100-ampere two-pole single-throw 
aircraft contactor 


Figure 6. 


For the type of contacts being used this is 
an ideal arrangement because sliding or 
rolling on contacts of the character under 
discussion is not desirable. The face of 
the plunger in this case is conical in form 
to produce the desired pull curve. 

A contactor of the solenoid type rated 
at 200 amperes is shown in Figure 5. 


Arrangement Mounting and 
Special Features 


In the design of the line of solenoid op- 
erated switches the coil is enclosed by the 
shell for protection and the assembly 
fastened together to make it a readily re- 
placeable unit. The mounting bracket 
forms part of the magnetic path to con- 
serve material and to reduce the weight. 
Since it is in intimate thermal contact 
with the coil shell and the central core, 
the radiation from the bracket aids in the 
dissipation of the heat produced in the coil. 
The stationary contacts are mounted 
on a bakelite terminal board placed on the 
opposite end of the coil from the mount- 
ing bracket. Iron pole pieces under the 
contacts serve to concentrate the mag- 
netic field across the contact faces to ob- 
tain a blowout action. 
arranged to impart a blow to the contact 
when the coil is de-energized by having 
the force from both the contact spring and 
the opening spring applied to the plunger 
in the closed position. When the coil is 
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The plunger is_ 


Figure 7. 50-ampere single-pole double- 
throw aircraft contactor 


de-energized, the plunger movesa distance 
equal to the wear allowance before strik- 
ing the contact plate, thereby tending to 
break any weld that should be found. 

Double-pole single-throw contactors 
are similar to the single-pole contactors, 
except that a second set of contacts is 
provided. Figure 6 shows the 100-am- 
pere two-pole contactor. 

The reversing contactor shown in Fig- 
ure 7 consists of two single-pole or double- 
pole contactors mounted on a common 
bracket and having a common terminal 
board. An interlocking bar to prevent 
simultaneous operation permits either 
contactor to be operated independently. 


Conclusion 


Contactors designed particularly for 
use on aircraft may be smaller and lighter 
than those having comparable current 
ratings used commercially. In order to 
obtain the most satisfactory design care- 
ful consideration must be given to the 
basic requirements and to the conditions 
of operation. Analysis of the functions of 
the component parts makes it possible to 
design them to obtain contactors having 
maximum flexibility in application, mini- 
mum maintenance for long and depend- 
able operation, and smallest size. 
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Interim Report on Application and Opera- 
tion of Out-of-Step Protection 
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Preface: The present war emergency 
requires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and 
reports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
Standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in 
preference to the preparation of special 
emergency standards which might involve 
redesigning and drastic changes in manu- 
facturing practices. These guides will ac- 
complish the maximum conservation of 
critical materials, since they provide for the 


maximum use of existing equipment and , 


systems, as well as new equipment without 
changing the fundamental basis on which 
the present standards have been prepared. 


Synopsis: Out-of-step protection of syn- 
chronous machines and system interconnec- 
tions is now demanding serious considera- 
tion, first because the heavy loading of ma- 
chines and transmission lines has intro- 
duced many stability problems and _ sec- 
ondly, because outages resulting from out- 
of-step conditions may interfere seriously 
with the war effort. The relay subcommit- 
tee has, therefore, considered it timely to 
prepare a report on the subject and has 
appointed a working group for that purpose. 

The report describes briefly out-of-step 
phenomena, the methods of protection that 
are available, and a cross section of the 
practices and requirements of representative 
utility systems. 


Out-of-Step Phenomena 


T is well recognized that when a syn- 

chronous machine pulls out-of-step 
with another synchronous machine or 
group of machines, a violent disturbance 
is set up which may damage the machines 
and cause undesirable operation of relays 
used to protect against overload or short 
circuit. Detailed explanations of the 
actual phenomena have been pub- 
lished.5~ It is believed, however, that a 
brief review of the behavior of the current 
and voltage during an out-of-step condi- 
tion may enlighten the discussion on the 
application of devices and methods for 
protecting machines, for blocking unde- 
sirable tripping of fault protective relays, 
and for opening interconnections at 
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selected points during out-of-step condi- 
tions. 

A synchronous machine can be repre- 
sented by an equivalent reactance and an 
internal voltage. For steady-state condi- 
tions, this equivalent reactance is equal to 
the synchronous reactance modified in 
accordance with the machine excitation. 
For sudden changes in armature current, 
such as those that occur during an out-of- 
step condition, the equivalent reactance 
is generally more nearly represented by 
the transient reactance of the machine. 

When two synchronous machines are 
paralleled, the current interchange be- 
tween them is determined by the vector 
difference of their internal voltages ap- 
plied to the interconnecting impedance, 
which includes the reactance of the ma- 
chines as well as any impedance between 
machines. Neglecting charging current 
and any tapped-off load current, the cur- 
rent is the same at all points in the inter- 
connection and lags the difference voltage 
by the impedance angle of the intercon- 
nection. The voltage at any point is 
equal to the internal voltage of the leading 
machine minus the impedance drop to the 
point. See Figure 1. With this basic 
understanding it is possible to determine 
either analytically or graphically the 
magnitudes and relative phase angles of 
the current and voltage at any point in an 
interconnection for any magnitude and 
angular separation of internal voltages. 

When the machines pull out of step, the 
internal voltages swing apart through an 
angle of 360 electrical degrees for each 
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A pplication and Operation of Out-of-Step Protection 


complete slip cycle. As this angle of 
separation progresses, it causes a differ- 
ence voltage which starts at a minimum 
for the inphase position, builds up to a 
maximum at 180 degrees out-of-phase, 
and decreases again to a minimum at 360 
degrees. Therefore, there will be pulsa- 
tions in current and voltage at every 
point in the interconnection. The cur- 
rent will pulsate in magnitude similarly 
to the difference voltage; that is, it will 
be a minimum for the inphase position 
and a maximum at 180 degrees out-of- 
phase. The voltage at any point will also 
pulsate in magnitude, but it will be a 
maximum for the inphase position and a 
minimum at or near 180 degrees out-of- 
phase. The minimum value will vary 
throughout the interconnection, reaching 
zero at one point which, for equal internal 
voltages, would be the electrical center of 
the interconnection., If the internal 
voltages are unequal, the point of zero 
minimum voltage will be proportionally 
nearer the end of lowest internal voltage. 

The curves of Figure 1 show how the 
interchange current, the voltage, and the 
angle between the two vary during a com- 
plete slip cycle at two points in a typical 
interconnection. Equal internal voltages 
and no intermediate load are assumed. 
The points shown are the high-voltage 
busses at each end of an interconnection 
consisting of a synchronous machine and 
transformer at each end with a 60-degree 
impedance line between. From these 
curves, it is possible to predict the per- 
formance of voltage-, current-, watt-, or 
distance-type relay elements located at 
each end of the line, taking into account 
the relay connections and the period of a 
slip cycle. 


Protection of Individual 
Synchronous Machines 


Individual synchronous machines can 
be protected against out-of-step operation 
by devices that recognize a condition 
which may cause pull-out unless corrected 
or by devices that detect an actual out-of- 
step condition. The more complete pro- 
tection would include devices of both 
types. In general, the degree of protec- 
tion warranted depends on whether the 
station is automatic or attended, whether 
the machines are generators or motors, 
and upon the importance of the machine. 


BEFORE LOSS OF SYNCHRONISM 


A synchronous machine may pull out 
of step because of any one or a combina- 
tion of the following conditions: 


1. Load in excess of pull-out with normal 
excitation. 
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Operators are educatedeby discussions, illustrated 
by moving pictures of meter action during actual 
out-of-step, to recognize machine causing trouble. 
This system is relatively compact so that in- 


if it does not unduly com- 
plicate the protective re- 


Incorporate in line relays 
lays 


c 


Yes None 


One 
case 


None except voltage Trip 
regulator as in (2) 


Trip 


Unusual operation 


of voltage regulator gives 
audible signal that trouble 


exists 


None. 


Yes 
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stability is not probable if faults are cleared 


reasonably fast 


A reliable scheme of positive detection that a par- 
ticular machine is out-of-step would be desirable 


Incorporate in line relays 


b 


Yes 


Alarm None 


semiautomatic 


small 
station use current relay in 


On 


Yes 


series with field of alter- 


nator to shut down machine 
after time delay in case field 


current drops to zero. Not 


used on major generators 


System is operating near stability limit because of 
heavily loaded generators at high power factor 


and highly fluctuating load 


No experience except in 


conjunction ¢ 


in 
with carrier where carrier 


Blocking 


No 


Yes 


Alarm 


None 


Alarm 


Transient load anticipator 
on one machine only 


None 


conjunction with carrier 


Record 


relaying is used. 


is good 


lately 


! 


2. A sudden change of large magnitude in 
load. 


3. Drop in applied voltage (motor). 


4. Abnormally low or complete loss of 
excitation. 


Complete protection against probable 
loss of synchronism itivolves devices that 
will detect any one of the aforementioned 
conditions. 

Loap 1N Excess oF PuLi-Our Wit 
NORMAL EXCITATION 


In general, the steady-state pull-out 
torque of a synchronous machine with 
normal excitation involves currents in ex- 
cess of the thermal capacity of the ma- 
chine; so devices provided for overload 
protection will also protect against 
steady-state pull-out caused by overload. 
Such devices are usually thermal- or over- 
current-type relays set either to shut the 
machine down or to sound an alarm. 
Where the overload device does not pro- 
vide protection against steady-state pull- 
out with minimum operating excitation, 
such protection may be provided by a 
kilowatt relay set below the minimum 
pull-out load or by a load limiting device 
on the prime mover. 


SUDDEN CHANGE IN LOAD 


Sudden load changes on generators are 
usually caused by system faults, loss of 
large blocks of power, or by tripping off 
of other generating equipment. When 
the load change exceeds the transient 
stability of the machine, the machine will 
usually pull out of step so quickly that an 
overload device for detecting probable 
loss of synchronism is of little value. 
Automatic voltage regulators and exciters 
with high speed of response are used as 
corrective devices. Also in operation are 
load anticipators for steam turbine genera- 
tors, which respond to sudden changes in 
load but which are not affected by gradual 
changes. The normal function of this 
device is to initiate a change in steam flow 
to the) prime mover corresponding to a 
sudden change in load without interfering 
with the normal functioning of the gover- 
nor for gradual changes in load. 


An inertia relay? which responds to rate 
of frequency change has been developed 
primarily to expedite immediate circuit 
reclosure. Two out-of-step protective 
schemes are being installed which make 
use of this relay to detect approaching 
instability through the rate in frequency 
change as reflected in voltage phase shift. 
A watt relay is employed to block the 
inertia relay for system swings resulting 
from high-speed clearing of faults which 
do not cause loss of synchronism. 


Application and Operation of Out-of-Step Protection 


Drop IN APPLIED VOLTAGE 


The pull-out torque of a synchronous 
motor varies almost directly as the ap- 
plied voltage. A substantial drop in 
voltage of more than a few cycles duration 
is therefore quite likely to cattse loss in 
synchronism. Synchronous motors are 
usually provided with undervoltage pro- 
tection to prevent continued operation at 
reduced voltage or reapplication of im- 
proper voltage after shutdown. How- 
ever, this undervoltage protection should 
have time delay to prevent unnecessary 
trip-outs on momentary voltage dips and 
therefore should not be depended on to 
anticipate an out-of-step condition. 


Loss OF EXCITATION 


The field excitation of a synchronous 
machine has an important bearing on its 
pull-out torque. Figure 2 shows how 
the steady-state pull-out between a typi- 
cal turbine generator and power system 
varies with excitation. Protection 
against field failure, or inadequate ex- 
citation for a given generator output, is 
desirable from the standpoint of pull-out 
if it does not otherwise detract from 
operating reliability. 

The American Standards Association 
Standards for Automatic Stations recom- 
mends loss-of-field protection for all 
types of machines having fields. This is 
usually provided by an undercurrent relay 
in the field circuit to trip and lock out a 
machine that has lost its excitation. If 
the station is attended, an alarm may be 
sounded instead. The undercurrent relay 
should have sufficient time delay to ride 
through transient conditions of low field 
current immediately following external 
short circuits. Either the drop-out cur- 
rent of the relay must be low enough to 
allow generation at minimum excitation 
requirements, or its contact circuit must 
be disconnected during this operating 
condition. The relay may also be inter- 
locked with the generator or line breaker 
so that it is operative only when the ma- 
chine is on the line. 


The main function of an undercurrent 
relay in the field circuit is to detect loss of 
field because of open circuits in the field or 
a failure in some part of the excitation 
system. It does not provide positive 
protection against inadequate excitation 
for a given generator output. Further- 
more, it would not always be fast enough, 
if time delay is intentionally provided, to 
disconnect a machine with inadequate 
excitation before synchronism is lost. 

Some companies have rigid operating 
instructions regarding the minimum ex- 
citation current permitted for a given 
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generator output. This quantity has 
generally been under the manual super- 
vision of an operator, but it could be 
supervised automatically by balancing 
the kilowatt load against the d-c field 
strength. Automatic voltage regulators 
can be compensated to assure adequate 
excitation, or for generators they could be 
interlocked with the prime mover throttle 
so that the generator could not operate 
with a low field at full throttle. They 
could also be provided with a device to 
limit regulator action to a predetermined 
minimum field current and to indicate 
when this excitation existed. 

When a generator loses field, it draws 
excitation from the system. Reactive 
kilovolt-ampere flow into the generator 
can therefore be used as an indication of 
inadequate excitation. A more positive 
scheme is to use reactive current, since 
the reactive kilovolt-amperes may be held 
down because of a severe drop in voltage. 
There are several installations? of this 
type. Reactive current is measured by 
means of a polyphase reactive kilovolt- 
ampere relay, with a voltage regulator to 
maintain a constant voltage on the relay. 
The reactive-current relay is interlocked 
with an undervoltage relay in the bus to 
prevent tripping unless the bus voltage is 
low enough to make operation of the 
generator unsafe. The combination is 
sensitive to the effect of a serious reduc- 
tion in excitation, regardless of how it is 
caused, and removes a machine from 
service quickly enough to minimize the 
effects of field failure on the rest of the 
system. 


AFTER LOSS OF SYNCHRONISM 


A relay operating on current alone, 
voltage alone, or directional current alone 
cannot be depended upon to discriminate 
between an out-of-step condition and a 
system disturbance. An overcurrent re- 
lay with pick-up above maximum load 
current and time delay greater than 
maximum fault clearing time may not 
close its contacts during an out-of-step 
condition, particularly if the excitation of 
the machine is low. If the relay pick-up 
and time delay are set low enough to 
operate for an out-of-step condition, the 
relay is quite likely to operate during the 
period of hunting following a system dis- 
turbance. A directional overcurrent re- 
lay would have the same weakness, Like- 
wise, a voltage relay with its drop-out set 
low enough to ride through a fault condi- 
tion might not operate during out-of-step 
unless the machine impedance were high 
so that the terminal voltage would dip to 
a low value. 

A more reliable scheme of protection 
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makes use of a notching element actuated 
by out-of-step impulses. The notching 
relay trips the machine or sounds an alarm 
after a given number of pole slippages, 
usually three to five pairs. The notching 
element may be either a mechanical de- 
vice or a counting chain of auxiliary re- 
lays arranged so that each link will notch 
up in succession as successive out-of-step 
impulses are given to it. 

The notching prerequisite makes it 
possible to use more sensitive impulse- 
detecting relays without the possibility of 


An overcurrent or an undervoltage Yay 
lay may be used to actuate the notching 
element. However, it may be difficult to 
set an overcurrent relay to discriminate 
between a hunting condition and an out- 
of-step condition. Also, the voltage dip 
at the machine terminals may not be 
enough to drop out a voltage relay posi- 
tively. A more reliable scheme makes” 
use of a duodirectional watt relay and an 
overcurrent relay, with their contacts 
connected in series as shown schemati- 
cally in Figure 3. The alternate closing 
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slip cycle 


tripping at the time of a line fault. A 
single impulse will be given to the notch- 
ing element at the time of a fault. It is 
therefore necessary to reset the device 
after each system short circuit. Other- 
wise, repeated short circuits would even- 
tually cause tripping. This resetting 
operation can best be performed auto- 
matically by means of a timing relay 
which is set in motion by the first notch 
and arranged to reset the notching ele- 
ment if the notching sequence is not com- 
pleted within a specified time. 

The total number of notches in the se- 
quence should be as small as possible to 
minimize stress on the machine and dis- 
turbance to the system. However, it 
must be large enough to insure against 
operation from other system disturb- 
ances, as for example the impulses caused 
by the successive reclosing of a line 
breaker. A notching sequence constitut- 
ing a pole slippage of three to five pairs of 
poles will usually provide sufficient mar- 
gin. 


A pplication and Operation of Out-of-Step Protection 


ANGLE BY WHICH Eg LAGS Ey 


of the forward and reverse contacts of the 
watt relay with the overcurrent relay 
contacts closed will notch up the notching 
element. ' 

The watt relay prevents the overcurrent 
relay, which may be set to less than full- 
load current, from notching up because of 
changes in load current. The object of 
the overcurrent relay is to prevent the 
watt relay from notching up during 
hunting. If the machine hunts during | 
light load, the watt relay will follow the 
oscillations, but the current will normally 
not be high enough to operate the over- 
current relay. If the machine is carrying 
a heavy load the current element might 
pick up, but the power surges during 
hunting will normally not reverse in 
direction, and the watt relay would not 
close its reverse contacts. The combina- 
tion thus provides reliable out-of-step 
protection except when the machine pulls 
out because of complete loss of field. A 
cylindrical-rotor machine without field 
excitation may operate as an induction 
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Figure 2. Effect of field excitation on steady- 
state pull-out of typical generator and system 


generator at one or two per cent slip 
without reversal of power. The best 
protection against out-of-step operation 
from this cause is a field-failure relay. 
Where there are several generators 
bussed together. in a station, the out-of- 
step relays may have to be supplemented 
by a discriminating relay to indicate 
which machine is actually out of step. 
This might be a directional impedance 
relay used to indicate the direction of the 
electrical center, which would normally 
fall within any one machine that pulled 
out of step with others in a station. The 
difference in reactive current flow in the 
various machines might also be used as a 
discriminating factor. It is not known 
whether there are any such applications. 
It is common practice to provide relays 
that will remove the field excitation from 
synchronous motors of moderate size 
when they pull out of step and reapply 
excitation at the proper time for resyn- 
chronizing. The power factor of the 
current flow into the motor has been used 
as an indication of loss of synchronism. 
In addition to power-factor relays, there 
are several relays designed especially to 
remove the field excitation on pull-out 
and reapply excitation for resynchroniz- 
ing. One of these is the “‘slip-cycle im- 
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Figure 3. Out-of-step notching relay for 
protection of synchronous machines 
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pedance” relay which operates on the 
variations in impedance of the armature 
winding of the motor that occur during 
each slip cycle of out-of-synchronism 
operation. Another type of relay used 
for this purpose is the ‘‘field-frequency”’ 
relay which responds to magnitude and 
frequency of voltage generated in the field 
circuit. Also available is a ‘‘synchro- 
matic” relay which responds to speed as a 
function of armature current and to time. 
There are many of these types of relays in 
successful operation. 


Protection of Transmission Lines 


BEFORE Loss OF SYNCHRONISM 


Loss of synchronism between generat- 
ing stations or between power systems is 
generally caused by some transient dis- 
turbance, such as a transmission line 
fault or a sudden load change. The 
ability of the interconnection to maintain 
synchronism during such a disturbance 
depends mainly on the speed of fault 
clearing and the angle between stations 
previous to the fault. The speed of fault 
clearing is fixed by the fault protective 
devices. However, the angular shift 
through the interconnection depends upon 
the load being interchanged and the im- 
pedance of the interconnection, both of 
which may vary. Either one or both of 
these quantities could serve therefore as 
a warning against possible loss of syn- 
chronism in case of a disturbance. 

A watt relay can be used to sound an 
alarm or make a load correction when the 
load interchange reaches the allowable 
limit for a given impedance. However, 
load magnitude is not a reliable indication 
where the impedance is liable to change. 

There is in service one group of relay 
installations intended to measure the 
angle between systems. The intercon- 
nections consist of both high- and low- 
voltage ties between systems. Stability 
cannot be maintained through the low- 
voltage tie in the event the high-voltage 
tie opens. A voltage relay is energized 
from a differential circuit supplied with 
voltage from each system. When the 
systems are over 60 degrees out-of-phase 
the relay operates to warn that something 
must be done immediately to relieve the 
condition. 

Remote control by carrier-current tele- 
metering offers possibilities of automati- 
cally giving an alarm or adjusting load 
interchange to conform to system condi- 
tions. There is one installation* where 
the receiver system phase angle is com- 
pared with the sending system phase angle 
by means of carrier current over a distance 
of 460 miles. The interchange is auto- 
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matically controlled by this comparison 
of phase angle. 


ARTER Loss OF SYNCHRONISM 


When interconnected generating sta- 
tions or power systems pull out of step, 
it is generally desirable to open the inter- 
connection at such a point that system 
operation is least disturbed. However, 
all the fault protective relays in the inter- 
connections are subjected to out-of-step 
current and voltage pulsations, and this 
may cause circuit breakers to be tripped 
at one or more undesirable locations. 
The usual function of out-of-step relays as 
applied to transmission lines is therefore 
to block undesirable tripping. They 
may also be used as out-of-step tripping 
relay§ to open rapidly the tie breakers at 
preselected locations during out-of-step 
conditions. 


MOST SENSITIVE 
IMPEDANCE ELEMENT 
CONTACTS 


AUX. CONTACTOR 
HAVING APPROX. 
4 CYC. DELAY 
ON DROP-OUT 


LEAST SENSITIVE 
IMPEDANCE ELEMENT 
CONTACTS 

x 


AUXILIARY 
CONTACTOR 


PROTECTIVE RELAY 0.C.B. 
TRIPPING CONTACTS TRIP CIRCUIT 


Figure 4. Out-of-step relay for blocking the 
trip circuits of fault-protection relays during 
out-of-step conditions 


Relays operating on residual current or 
voltage for ground-fault protection are 
not affected during out-of-step, since the 
pulsations are balanced between phases. 
Also, parallel-line balanced-current relays 
and current differential relays, such as 
those used in a-c pilot-wire relaying, are 
not affected. However, overcurrent re- 
lays, undervoltage relays, distance-type 
relays, and directional comparison relays, 
such as those usually employed . with 
carrier-current relaying, are susceptible to 
operation during out-of-step conditions. 
Distance relays can be provided with 
phase-angle characteristics to be less sen- 
sitive to system oscillations than to faults. 

Most out-of-step relays for transmis- 
sion-line protection make use of the 
gradual change in current or voltage or 
both in discriminating between a fault 
and out-of-step condition. Two ele- 
ments differing in sensitivity enough to 
give a few cycles of time delay between 
pick-up as the two systems pull apart are 
used. Overcurrent elements can be used 
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if the interconnected generating capacity 
is essentially constant, so that the out-of- 
step current can be safely predicted. Im- 
pedance elements are better suited, how- 
ever, because the ratio of voltage to cur- 
rent during out-of-step conditions varies 
over a greater range and is more nearly 
independent of generating capacity. The 
impedance elements may be the same as 
those used for fault protection, or they 
may be separate from the fault-protective 
relays. If a fault occurs within the pro- 
tected zone, both elements operate sub- 
stantially together and the out-of-step 
feature is made inoperative. However, if 
there is a relatively slow decrease in the 
measured impedance, such as that charac- 
terized by a system oscillation alone, one 
element operates before the other, and 
an auxiliary relay is operated either to 
trip or to block tripping as desired. 

A typical out-of-step relay is shown 
schematically in Figure 4. The scheme 
can be made more positive in action by 
using three of the most sensitive elements, 
one per phase, with their contacts con- 
nected in series. It is then necessary only 
to discriminate between out-of-step con- 
ditions and three-phase faults. If neces- 
sary, the gradual change in angle between 
current and voltage as the systems pull 
out of step could also be used as an added 
discriminating factor. 

Out-of-step blocking is more generally 
applied where carrier-current relaying is 
in use. This is probably because carrier- 
current relaying is commonly used on 
systems subject to instability and because 
out-of-step blocking can be readily 
adapted to carrier relaying. The block- 
ing may be accomplished either by open- 
ing the trip circuit at each relay location 
during the out-of-step tripping impulse, 
or by transmitting a carrier signal through 
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TRIP CIRCUITS 


FAULT DETECTOR 
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Figure 5. Olut-of-step blocking combined 
with carrier-current relaying. Trip circuit is 
blocked during out-of-step period 
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the slip cycle when an out-of-step condi- 
tion is indicated. 

A typical scheme of blocking the trip 
circuit is shown in Figure 5. The same 
distance-type elements are used for car- 
rier control, for backup protection with 
the carrier out of service, and for indicat- 
ing an out-of-step condition. Auxiliary 
contactors are used to block the tripping 
circuit during the period of a slip cycle if a 
three-phase-fault indication in the back- 
up zone persists for approximately four 
cycles before the local carrier receiver re- 
lay closes its contacts indicating an in- 
ternal fault. As indicated in Figure 1, 
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x; 


TO CARRIER 
CONTROL 
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FAULT TRANSMITS 
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Figure 6. Another method of combining 

out-of-step blocking with carrier-current re- 

laying. Carrier signal is transmitted to block 
tripping during out-of-step period 
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impedance-type fault-detector elements 
would operate before the slip cycle ad- 
vanced far enough to indicate an internal 
fault. This scheme can be made opera- 
tive with the carrier out of service and 
the relays operating as distance type. 

A typical scheme of blocking by trans- 
mission of carrier signal is shown in Figure 
6. An auxiliary blocking unit causes a 
carrier signal to be transmitted during 
the out-of-step period when a three-phase 
fault indication in the nontripping direc- 
tion persists for some six cycles at either 
terminal, 

There are some installations where the 
elements of distance relays used for fault 
protection without carrier are also used 
for out-of-step blocking or tripping. This 
is usually done as shownin Figure6. By 
means of a control switch the out-of-step 
relay can be set to either block tripping or 
to trip on the first out-of-step swing. 

In some carrier-current installations 
high-speed tripping is sacrificed in an 
attempt to prevent tripping during out- 
of-step conditions. Other schemes in 
use transmit blocking carrier for a short 
time after an external fault has been 
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cleared, in anticipation of a heavy system 


oscillation. 


Operating Practices and 
Requirements 


A questionnaire soliciting general com- 
ments on operating practices and require-_ 
ments regarding out-of-step protection 
has been sent to a number of relay engi- 
neers throughout the country. Their re- 
plies have been used as a guide in pre- 
paring the text. In addition, a question- 
naire of specific questions was sent to 
another group of relay engineers repre- 
senting utilities having various types of 
interconnections. It is believed that their 
replies give a fair cross section of actual 
practices and requirements. The ques- 
tionnaire read as follows: 


1. Have any cases.of synchronous-machine 
pull-out ocurred on the system you repre- 
sent? 


2. What precautions, if any, are employed 
to recognize a condition such as sudden 
overload or loss of excitation that might 
cause a synchronous machine to pull out of 
step? Please explain the principle of the 
scheme of protection used and its operating 
record. 


3. Which of the following do you consider 
the most desirable in case of the loss of 
excitation on a major generator: 


(a). Sound an alarm. 
(b). Trip the machine off the line. 
(c). Automatically transfer to an emergency source 


of excitation. 


4. What scheme of protection, if any, is 
used to detect that a machine has pulled 
out of step? What is its operating record? 
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Figure 7. Out-of-step blocking or tripping 
combined with fault-protection relays without 
: carrier current ; 
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5. Which of the following do you consider 
the most desirable in case a synchronous 
machine pulls out of step? 


(a). Sound an alarm. 


(b). Trip the machine off the line. 


6. Have any cases of system instability, 
that is, instability between systems or be- 
tween generating stations, been experi- 
enced? 


7. Have there been any cases where out-of- 
step or severe system swings have caused 
line relays to operate? 


8. What scheme, if any, is used to block 
tripping of line relays during out-of-step or 
to separate the system at a selected point? 
Is the scheme used with or without carrier 
current?) What is its operating record? 


9. Which of the following schemes of 
operation do you consider most desirable? 


(a). Provide no out-of-step blocking and let the 
line relays trip where they may. 


(b). Provide blocking of all relays that are liable 
to trip during out-of-step with the thought that 
stability will be regained. 


(c). Provide blocking of all relays that are liable 
to trip during out-of-step except those at one 
selected location where out-of-step tripping is least 
objectionable. 


10. Do you consider it desirable to keep 
the out-of-step blocking devices entirely 
separate from the line relays or to incor- 
porate them in the line-relaying scheme if 
possible? 


11. Miscellaneous comments. 


A summary of the replies to the ques- 
tionnaire is given in Table I. 


General Conclusions 


1. Practically all operating companies 
have had synchronous machines pull out 
of step because of loss of excitation or 
some other disturbance. 


2. Itis not general practice to provide 
generators with means of detecting dis- 
turbances that might cause the machine 
to pull out of step. Some have reverse- 
current or undercurrent relays in the field 
circuit, and at least one company protects 
against inadequate excitation by measur- 
ing the reactive current taken by the 
generators. Quite a few provide partial 
protection by means of overcurrent re- 
lays, although it is recognized that this 
does not provide positive protection 
against out-of-step operation. Large syn- 
chronous motors and synchronous con- 
densers are quite generally supplied with 
protection against loss of field. 

3. There is a divided opinion as to 
whether an alarm should be sounded in 
case a major generator loses excitation or 
whether the machine should be tripped off 
the line. Most operators seem to prefer 
tripping. 
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4. Itis not general practice to provide 
special devices for detecting when genera- 
tors pull out of step. Large synchronous 
motors and synchronous condensers are 
often provided with some degree of pro- 
tection by overload relays. Some are 
provided with out-of-step relays. 

5. There is a divided opinion as to 
whether an alarm should be sounded when 
a synchronous machine pulls out of step 
or whether it should be tripped off the line. 
The majority seem to favor tripping. 
There is a feeling that if a generator pulls 
out of step because of loss of excitation it 
will not regain synchronism without ex- 
cessive disturbance if excitation is re- 
stored. It is generally felt that a machine 
will be seriously damaged if it is not 
tripped immediately. However, there 
have been cases where turbine generators 
have pulled out of step because of loss 
or reduction of excitation, have run for a 
minute or two as induction generators, 
and then pulled back into step when ex- 
citation was restored. Inspection showed 
no apparent damage. 

6. Practically all utilities, except those 
consisting of steam stations connected 
rigidly together electrically, have ex- 
perienced system instability. 

7. Most utilities have experienced un- 
desirable operation of fault-protective re- 
lays as a result of system instability. 


8. Quite a number of utilities attempt 
either to block line relays from tripping 
because of out-of-step conditions or to set 
the relays so that tripping will occur at a 
preselected point. Out-of-step blocking 
in conjunction with carrier relaying is the 
method most commonly used. 


9. Most utilities would prefer to pro- 
vide blocking of all relays that are liable 
to trip during out-of-step except those at 
one selected location where out-of-step 
tripping is least objectionable. Some use 
out-of-step relays for tripping where fault- 
protection relays cannot be depended on 
to trip during out-of-step operation. 

10. | There is a divided opinion as to 
whether out-of-step devices should be 
kept entirely separate from the line relays 
or whether they should be incorporated in 
the line-relaying scheme if possible. There 
may be applications where the settings of 
the elements for out-of-step protection 
should be different from those for fault 
protection. In some cases there is an 
advantage in having the out-of-step de- 
vices separate from the line relays. 

11. Most operators agree that, where 
possible, consideration should be given to 
strengthening interconnecting ties be- 
tween systems and to decreasing fault 
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clearing time in an effort to prevent in- 
stability. However, this cannot always be 
economically justified. Also, the war has 
made it necessary to explore every possi- 
bility 1o attain maximum utilization of 
existing equipment. Out-of-step blocking 
and selective tripping provide one effec- 
tive way of doing this. 

12. There are out-of-step devices and 
methods available that will meet most 
requirements if applied properly. How- 
ever, operating experience with some of 
them is limited. There is an apparent 
need for further investigation of the ac- 
tion of out-of-step relays during certain 
conditions. Among these are: 


(a). A prolonged fault during out-of-step. 


« 
(b). The closing of a circuit breaker on a 
system out of step. 


(c). Out-of-step operation through a long 
high-voltage line where charging current is 
to be reckoned with, 
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Distance Relay Protection for Subtrans- 


mission Lines Made Economical 


L. J. AUDLIN Aa. 


MEMBER AIEE 


Synopsis: ess important transmission lines 
are usually protected with directional over- 
current relays. Much better protection and 
consequently improved service would be 
provided by modern high-speed distance 
relays but at several times the cost. What 
is required is a distance relay arrangement 
considerably less expensive than the relays 
now used on high-voltage transmission lines 
but with as nearly as possible the same 
characteristics. Such an arrangement is 
now available. The paper describes suc- 
cessful tests in the laboratory and on an 
actual system in this country with both 
natural and staged faults. 

The equipment consists of a single high- 
speed reactance relay which is enabled to 
protect all three phases by being automati- 
cally switched to the correct potential and 
current by a phase selector relay 


ESS important transmission lines are 
usually protected with directional 
overcurrent relays or induction disk-type 
impedance relays. On most of such sub- 
transmission circuits there are stations 
where, in order to obtain selectivity, the 
relays have to be set for perhaps two sec- 
onds, and occasionally selectivity between 
two relays cannot be obtained at all be- 
cause under one condition one relay has 
more current and under another condition 
the other has more. Better selectivity 
can be obtained with distance relays, but 
they are more expensive than overcurrent 
relays. 

The modern high-speed induction-cyl- 
inder-type reactance relay is extremely ac- 
curate and easy to set. It is more ex- 
pensive than either the overcurrent relay 
or the impedance relay of the induction- 
disk type, hence its use has generally been 
confined to high-voltage transmission 
lines. What is required for subtrans- 
mission lines is a relay with substantially 
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the characteristics of the high-speed re- 
actance relay at the price of the direc- 
tional overcurrent relay. Although this 
is not yet literally possible, a very good 
compromise can be obtained by using one 
reactance relay, instead of the usual three, 
and a selector relay to connect it to the 
proper currents and potentials. 

While, in general, stability is not the 
problem on subtransmission circuits that 
it is at the higher voltages, there are 
cases where it is desirable to obtain fast 
clearing times, such as on circuits between 
a large generating station and a load area; 
also, where a line may be burned down 
unless promptly cleared. In the arrange- 
ment to be described the selector relay 
operates in four cycles and the distance 
relay in one cycle for nearby faults making 
a total of 5 cycles on a 60 cycle system. 

It is seldom that more than one of the 
distance relays in the three phases oper- 
ates on a fault because only one of the 
line-to-line potentials is affected in line- 
to-line faults. In balanced three-phase 
faults all three relays may operate, but 
only one is necessary to effect tripping. 
Consequently, for less important trans- 
mission lines and those where one cycle 
relay operation is not required, it is per- 
missible to use a single distance relay and 
to connect it to the faulted phases by a 
selector relay. 

Compared with directional overcurrent 
relays for phase faults the new scheme 
is easier to apply and gives complete 
selectivity combined with high-speed 
tripping at only a moderate increase in 
cost. Compared with conventional dis- 
tance relays the new scheme effects a sav- 
ing in critical materials and labor, since 
one distance relay and an auxiliary relay 
replaces three distance relays. This in 
turn reduces investment, panel space, 
and maintenance. - 


Historical 


In 1934 a paper? was presented before 
the Institute describing different methods 
of controlling distance relays with selector 
relays so that one set of distance relays 
could take care of both phase and ground 
faults or one relay could protect three 
phases against either phase or ground 
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faults. Later 72 induction-disk-type re- 
actance relays were installed, normally 
connected for phase faults, and with pro- 
vision for switching to wye potentials, 
and so forth, for ground faults. A re- 
port of satisfactory operation was re- 
ceived, and twenty-four more were in- 
stalled on the same system. 

Selector relay schemes were widely used 
in Europe, but they did not become 
popular in this country. One reason for 
this may have been that the distance 
measurement with the selector schemes 
then available was not as accurate as with 
the full set of relays, particularly on 
ground faults; another may have been 
that the minimum time was about half a 
second. It is the purpose of this paper to 
describe a modern arrangement of distance 
and selector relays in which the same selec- 
tivity and accuracy is obtained as with a 
full set of distance relays and the mini- 
mum time is 0.08 second. 

In one scheme a single distance relay 
protects against phase faults. In the 
other a single distance relay protects 
against ground faults. Both have been 
thoroughly tested in the laboratory, on 
the artificial transmission line, in life 
tests, and by staged faults on actual 
systems. Both are in service on lines in 


this country. 
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Figure 1. Schematic diagram for phase faults 


P,P,P;Py—Overcurrent fault detectors in the 
three phases and residual circuit 
A,A,A;—Auxiliary relays controlled by 
P,PoPs 


TO 
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2s 4 
H,H,—Current transfer relays. a and B refer 


to their two sets of transfer contacts 
S§ and O—Starting and ohm units of the re- 
actance relay 
M—Relay for delaying tripping 0.025 second 
TiToTsTy—Targets indicating 
volved in fault 
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HIGH-SPEED REACTANCE RELAY 


The relay provides three zones of opera- 
tion, giving the well-known stepped time- 
distance characteristic which has been de- 
scribed in previous papers. Faults up to 
90 per cent of the distance to the next 
station are cleared instantaneously ; faults 
in’ the neighborhood of the next station 
are cleared after a delay sufficient to allow 
the proper breaker at that station to 
open; more remote faults are cleared in a 
still longer time. These three zones are 
adjustable in distance by means of an in- 
ternal tapped transformer; and all but the 
shortest range, which operates in about 
one cycle, are adjustable in time. 

Upon the occurrence of a fault in the 
tripping direction the relay operation is 
initiated by a directional impedance unit 
called the starting unit. The zone is de- 
cided by the ohm unit, which measures 
the reactance of the line between the relay 
and the fault, and the time is controlled 
by a clockwork timer, self-wound by a 
d-c solenoid. 

The starting and ohm units are of the 
induction-cylinder type which is well 
known for its efficiency and a steady 
torque. The ohm unit is accurate within 
plus or minus two per cent over a wide 
range of current and power factor. The 
use of reactance as a basis of distance 
measurement minimizes error caused by 
are resistance which is particularly im- 
portant in ground faults. 

For phase faults the reactance relay is 
supplied with the potential between the 
faulted conductors and the vectorial dif- 
ference of the current flowing in them. 
With this excitation the relay will meas- 
ure the same distance for three-phase, 
phase-to-phase, and double-ground faults. 
For ground faults the reactance relay has 
the phase-to-neutral potential of the 
faulted conductor and the current in the 
conductor plus a predetermined portion of 
the residual current. With the proper 
amount of residual current the relay will 
measure substantially the same distance 
regardless of changes in system connec- 
tions. 


Protection Against Phase Faults 


A high-speed reactance relay is con- 
trolled by a selector relay. Figure 2 
shows the external appearance of these 
relays. 

The operating characteristics of the 
reactance relay are the same as those of 
the standard GCX relay except that 
shorter lines can be protected because the 
potential circuit is not continuously 
energized and hence can be short-time 
rated. 
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Figure 
\ Selector 


Figure 


Type 
speed 


The selector relay contains two cali- 
brated instantaneous overcurrent units 
(P,; and P; in Figure 1) in phases 1 and 
3, which detect the fault and determine 
the phases involved. These overcurrent 
units control auxiliary relays A, and A; 
respectively which apply the line-to-line 
potential between the faulted phases to 
the restraining coils and the quadrature 
potential to the polarizing coil of the 
reactance relay. They also energize 
the proper current transfer relay, Hy or 
HH, and set up the correct tripping cir- 
cuits for target indication. There are two 
smaller overcurrent units, P, and Px, in 
phase 2 and the residual circuit, which 
are for target indication. There are two 
current transfer units H, and H3; which 
connect the current coils of the reactance 
relay to the current transformers of the 
faulted phases. The selector relay also 
contains a time-delay unit 17 which delays 
tripping slightly so as to ensure proper 
selection by the reactance relay unaffected 
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by an external fault changing its char- 
acter. There are four targets marked 
phase 1, phase 2, phase 3, and ground. 

The currents and potentials supplied 
tothereactance relay are shown in Table I. 

The overcurrent units are of standard 
design and the current transfer units 
have high-pressure overlapping contacts 
which ensure that the current-transformer 
circuit will never be opened. 


Ground-Fault Protection 


The relays are similar to those used for 
phase faults, but wye potentials are used, 
and residual current is supplied to the 
second current coil instead of minus the 
current from the next lagging phase. 
Residual current is also supplied from any 
parallel lines in order to compensate for 
mutual coupling. 

The ground-reactance relay differs 
from the phase-reactance relay only in the 
addition of a capacitor to give the starting 
unit maximum torque with residual cur- 
rent 45 degrees lagging the residual po- 
tential. Figure 3 shows how the con- 
nections of the ground-selector relay 
differ from those of the phase-selector re- 
lay which was shown in Figure 1. 
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Figure 3. Schematic diagram for ground faults 


P,P.Ps—Undervoltage fault detectors in the 
three phases 

A\A2A3—Auxiliary relays 

P,PoPs 

H,H.H3—Current transfer relays 

R,RoRs—Resistors 

TR 1—Wye-broken delta auxiliary potential 
transformer 

TR 2—Residual auxiliary current transformer 


controlled by 


Three undervoltage units energized 
with wye potential are used for detecting 
ground faults on systems grounded 
through impedance. Figure 5 shows how 
a single-phase ground fault on an imped- 
ance-grounded system displaces the neu- 
tral so that the faulted phase gets low 
voltage whereas the other two get above- 
normal voltage, so that the selection of the 
faulty phase is very definite. On solidly 
grounded systems either undervoltage or 
overcurrent fault detectors can be used, 
depending upon the distance from a 
grounding point. 

The undervoltage units are set to drop 
out at 90 per cent of normal potential. 
The reactance relay is normally de-ener- 


out energizing an auxiliary relay A and 
a current transfer relay H. The relay A 
seals around the contacts of P and applies 
the potential of that phase to the react- 
ance relay as shown in Figure 3 while the 
transfer unit H connects the relay-current 
coils to the current transformer of the 
same phase, so that the relay is now ready 
to measure the distance to the fault. 
When the fault has been cleared and line 
voltage restored to normal, the P units 
pick up and short-circuit the coils of the 
Hand A units so that they reset. 

The reactance relay does not trip 
directly but through an auxiliary relay 
M with a slight time delay; this is in order 
to give the reactance relay a chance to 
reset if an external fault should change 
its character. For example, if an external 
single-phase fault should blow into a 
second phase, the reactance relay may 
close its contacts, because the additional 
current between the conductors may make 
the line reactance appear to be lower than 
the ohm unit setting. 
be very brief because the operation of the 
second current-transfer relay will by-pass 
the interphase current; the time-delay re- 
lay requires that the reactance-relay con- 
tacts remain closed for one cycle before 
it will trip the breaker; hence the react- 
ance-relay contacts will reset before the 
auxiliary relay can pick up and trip. 
During this double-ground fault condi- 
tion the selector relay supplied both cur- 
rent windings with residual current and 
the potential winding with the leading of 
the two wye potentials involved in the 
fault. This ensures underreaching on 
double-ground faults so that the relay 
acts only as a back-up for phase relays. 

The current coils of the reactance relay 
are all double-wound. One winding is 
supplied with residual current and the 
other with phase current controlled by the 
phase selector relay. The restraining 
potential coils of the ohm unit and start- 


gized; when a fault occurs the under- ing unit have phase-to-neutral potential 
voltage unit P in the faulted phase drops controlled by the selector relay. The 
Table Il 
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Figure 4. Selector relay for ground faults 


polarizing or directional potential coil of 
the starting unit has residual potential 
which is supplied by auxiliary potential 
transformers connected wye-broken delta. 
In order to obtain correct measurement 
the potential should be supplied by three 
potential transformers in wye-wye 
grounded on the high side. 


Targets 


The usual targets are provided in the 
reactance relay to indicate the zone or 
time of operation. In the selector relay 
for phase protection four targets are pro- 
vided for the three phases and ground. 

The selector relay for ground faults has 
three targets. A ground target is not 
necessary, because the relay does not 
work unless the fault involves ground. 


Tests 


The tests were of three kinds: labora- 
tory tests, including life tests to check the 
effectiveness of the ‘“‘switching’’; tests on 
the artificial transmission line to check the 
sequence of operation and the accuracy 
of distance measurement; and, finally, 
natural and staged tests and operating 
experience on an actual transmission line. 

The point of greatest interest for most 
engineers is the idea of switching the cur- 
rent circuit. In the standard reactance 
relay, the potential and d-c circuits have 
been switched from zone 1 to zone 2 con- — 
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Figure 5. Vector diagram of ground fault 


nections for the last eight years without 
trouble, and it is actually easier to switch 
current than potential because the current 
transformer will provide a high enough 
potential to break down an insulating film 
on the contacts. With contacts of ade- 
quate size, overlap, and pressure, switch- 
ing current is no less reliable than switch- 
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Figure 6. Oscillo- 
grams _ of current 
transfer relay opera- 


tion 
The top trace is the iS Rie ae a 


25 VOLTS a 


current in the wind- 
ing of the current 
transformer. The 
middle trace is the 
current in the coil of 
the current transfer’ 
relay. The bottom 
trace is the voltage 
across the current 
windings of the re- 
actance relay and the 
contacts of the cur- 
rent transfer relay 


(a) | AMP 


(C) 40 AMPS 


ing potential, and the contacts require 
less maintenance. 


(a). Laporatrory TEsts 


Oscillograms (Figure 6) taken at 1, 
5, 40, and 100 amperes showed smooth 
transition of current. The voltage across 
the contacts was negligible at the higher 
currents; at five amperes there was a 
peak of about three volts magnitude 
which lasted only about 0.00002 second. 
After a continuous life test of 5,000 opera- 
tions at 100 amperes, the contacts were 
still in good shape; oscillograms showed 
some peaks up to 11 volts, but of less 
than one millisecond duration. A life test 
of 500 operations with zero overlap 
marred the contacts but did not inter- 
fere with their operation. A further life 
test with '/s:-inch negative overlap, that 
is, break before make, caused pitting of 
the contacts, but no failure, although 
there was a large amount of energy in the 
arc because of 100 amperes flowing 
through 1/3. inch of air. This was ob- 
viously worse than any possible condition 
of deteriorated adjustment, so it was felt 
that the design was very satisfactory. 

In all these life tests, the circuit was 
arranged to close 100 amperes on the a 
contacts for three seconds and then to 
transfer back to the 6 contacts at three 
amperes for 15 seconds. These conditions 
are very much more severe than any 
service duty because of the heat that is 
accumulated in the contacts. 


(b). ARTIFICIAL TRANSMISSION-LINE 
TESTS 


In these tests, the relay was applied to 
lines of different lengths, and the tap 
settings of the reactance relay for the 
borderline between zone 1 and zone 2 


SNS. 
Pk eS 


eres (Cae ee 


(b) 5 AMPS 


(d) 100 AMPS 


operation were checked for different con- 
ditions of generator and load to see if any 
variations in balance point occurred which 
could be blamed on the selector relay. In 
addition, tests were made in which the 


. type of fault was changed (for instance 


from phase 1—-ground to phase 1—phase 2— 
ground) to determine if, during the transi- 
tion, any incorrect tripping would result 
from momentarily having the wrong po- 
tential or current on the distance meas- 
uring elements. Using all possible fault 
combinations it was impossible to cause 
incorrect operation. 


(c). System Tests ON PHASE RELAYS 


The reactance and selector relays for 
phase faults were installed last year on 
the Washington Street—Ilion line at the 
Washington Street substation on the 
44-kv system of the Central New York 
Power Corporation. This circuit has a 
calculated resistance of 7.37 ohms and a 
calculated reactance of 10.75 ohms, which 
corresponds to 1.61 ohms secondary re- 
actance. The relay measures 2X, which 
is 3.22 ohms; zone 1 (instantaneous) was 
set to reach ten per cent short of Ilion, 
2.86 ohms, and zone 2, 3.45 ohms. The 
time settings were one-half second and 
two seconds for zone 2 and zone 3. 

There have been two faults on this 
circuit during electrical storms. The first 
case of trouble was a one-wire-to-ground 
fault approximately 90 per cent of the 
distance from Washington Street to Ilion. 
The relays did not operate on this dis- 
turbance, which was correct. 

When the second fault occurred the re- 
lays operated and showed 1-2-3-G and 
zone 1 targets, indicating that a fault 
had probably started two-wire-to-ground 
and then involved the third phase. The 
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REST OF 
SYSTEM 


fault was approximately 25 per cent of 
the distance from Washington Street to 
lion. A simultaneous three-phase-to- 
ground fault would not show a G target, 
because the fault current would be prac- 
tically balanced in the three phases and 
would give negligible residual current. 

Several cases of trouble have occurred 
on other circuits in the next bus section 
or in the bus section back of the relay 
where fault current was reversed in the 
relay and the relay scheme functioned cor- 
rectly; that is, did not operate. 

For the purpose of the tests a portion of 
the 44-kv system was reconnected tem- 
porarily as in Figure 7. The short-cir- 
cuit phase current was supplied by two 
15,000-kva, 110,000 wye to 44,000 delta, 
transformer banks connected to the 110,- 
000-volt system at the Deerfield sub- 
station in Utica. The calculated three- 
phase short circuit is 1,178 megavolt- 
amperes on the Deerfield 110-kv bus. 
Two grounding transformers, located at 
Harbor Point substation in Utica, sup- 
plied the ground current. 

Solid faults were placed on the Wash- 
ington Street-Iion line between the line 
disconnect and the oil circuit-breaker at 
Ilion with the cirenit de-energized. The 
faults were initiated on the system from 
the Washington Street 44,000-volt bus 
by closing the cireuit breaker at the 
Washington end. The 44,000/110-volt 
potential transformers connected to this 
bus supplied potential to the relays and a 
PM-18 oscillograph, 

Instead of moving the fault location the 
relay setting was changed five per cent 
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Figure 7 (left). Single line diagram of test circuit for 


phase relays 


Figure 8 (right). Single line dia- 
gram of test circuit for ground 
relays 


each way to simulate faults just inside 
and just outside of the instantaneous 
zone. See Table II. 

The relay potential in the last two 
tests was so low that indeterminate action 
was expected, but actually, in test 11 
the relay moved slowly toward the trip- 
ping contacts and would probably have 
tripped if the back-up relay had not 
tripped first. 


(d). 


The relays were tested on the 22-kv sys- 
tem of the Duquesne Light Company 
near Pittsburgh. The principal purpose 
of this was to determine the effect of 
load current and ground resistance on the 
accuracy of ground-distance relays on a 
system grounded through a resistance of 
roughly one ohm per kilovolt. The re- 
sults of the tests will be published later 
when complete and edited. The present 
description of the tests will be limited to 
reference to the operation of the selector 
relay. 

The tests were made at the Ambridge 
station on the line to Sewickly where the 
faults were applied as shown in Figure 8. 
Sewickly was also fed from Phillips in the 
other direction via Coraopolis. Between 
each source of power and the fault 
was a voltage regulator so that the phase 
and magnitude of the current transfer 
could be accurately controlled over 360 
degrees range. The resistance of the 
faults at Sewickly was varied between 
zero and five ohms, and the balance 
points were found for various conditions 
to determine the effect of load in combina- 
tion with fault resistance. 

Oscillograms were taken of the phase 
current, the residual current, the phase 
potential, the residual potential, the cur- 
rent and potential supplied to the react- 
ance relay, and the tap current. For each 
condition, the setting of the relay was 
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calculated for the borderline between zone 
1 (instantaneous) and zone 2 (intermedi- 
ate time). If the relay tripped in zone 1, 
the potential tap setting was increased one 
or two taps until it showed a zone 2 target, 
and the balance point was therefore be- 
tween the tap which gave a zone 1 target 
and the tap that gave a zone 2 target. 

The balance point was checked with the 
selector operating normally and with its 
contacts held manually in the positions 
they would assume during the fault. In 
no case was there any difference between 
the balance points. 


Conclusions 


The combination of selector relay and 
distance relay thus provides the accuracy, 
selectivity, and ease of application of the 
GCX relay and for the first time makes 
distance relay protection economical for 
subtransmission lines where the expense 
of a full set of distance relays is not justi- 
fied, and five-cycle operation is satisfac- 


tory. 
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A Method for Correlating Duty-Cycle 


Tests on Solenoids 


J. E. RYAN 


\\ NONMEMBER AIEE 


SOLENOID is customarily rated in 
terms of the minimum pull exerted 
at any point within its rated stroke when 
a certain fraction of its nominal voltage is 
impressed on the coil. Furthermore, when 
full nominal voltage is applied continu- 
ously, the temperature rise of the coil 
must not exceed a certain value, depend- 
ing on the class of insulation used and the 
maximum ambient temperature. 

In many applications, however, sole- 
noids are not energized continuously but 
perform their function at more or less regu- 
lar intervals with rest periods between 
operations. With a-c solenoids operating 
on such a duty cycle, two influences are 
present, one tending to decrease the 
heating, the other tending to increase it. 
Because it is energized only a fraction of 
the time, the solenoid, with its plunger 
seated, develops less heat per second: than 
when continuously energized. On the 
other hand, the power input during the 
brief time when the plunger is in motion is 
many times greater than when the latter 
isseated. The total energy thus expended 
at each operation depends on the load 
and the stroke. Thus, with a given load 
and stroke, it is possible to operate the 
solenoid at such intervals that the addi- 
tional energy expended during the pickup 
periods exactly compensates for the re- 
duced heating in the seated position. The 
coil teniperature rise will then be the same 


_ as in the continuously energized case, and 


the solenoid may be considered as operat- 
ing at its full duty-cycle rating for the 
particular load, stroke, and per cent time 
energized in question. 

The relations between load, stroke, per 
cent time energized, operations per unit 
time, and temperature rise are best deter- 
mined experimentally, but the procedure 
is tedious if the operation frequency must 
be varied by trial on each test until the 
allowable temperature ‘rise is reached. 
Moreover, the results are then applicable 
only in cases where that particular tem- 
perature rise limit is prescribed. With 
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the test and correlation method herein- 
after described, a minimum of tests pro- 
vide data from which the temperature rise 
under any combination of the operating 
variables may be predicted. 

The analysis underlying the correlation 
method is given first, followed by a de- 
scription of the test and correlation pro- 
cedure. The symbols used are defined in 
the appendix. 


Analysis 


The static pull curve of a typical a-c 
solenoid is shown in Figure 1. If the 
plunger starts its closing motion at a gap 
s, the kinetic energy possessed by the 
moving parts of the solenoid and its load 
at gap x will be 


: We? 
z= f (f-Lax=> (1) 
g 


whence v= — /782 (2) 
W 
Since 
d 0 d mae Ss . 
Rate. Sine fe ant tek 
v ALT RE tops 
(3) 
which may be written as 
T=V WAAL, s, x) (4) 


The heat input to the coil during the 
plunger travel is 


Te 
H,= i Pat (5) 
0 


Figure 2 shows a typical relation between 
P, and x, taken from static tests. Actu- 
ally, when the plunger moves rapidly, 
P, may also be a function of those factors 
which affect the speed, namely, L, W, s, 
x. Then, using equation 4 in 5 


0 
neowy=Vit f P(L, W,s,x)d Fy X 
(Z,%,5) (6) 


where the integration limits are on the 
variable x. Hence 


HAL, W,s)=VW WAL, W,s) (7) 
Similarly 
H,(L, W,s)= WIL, W,s) (8) 
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During one operation of the solenoid, 
the total heat produced in the coil is then 


A 


where (A/N—T)P,, is the heat produced 
while in the seated position. It follows 
that the average power in the coil is 


A ‘) 
i" Het (4-1 Ps 
Pos ; 

(3) 


=(H,—PeT)N+PosA (10) 


Similarly, 
P= (Hi—PeT)N+P uA (11) 


These average power values may be 
related to the coil temperature rise by 
considering the equivalent thermal cir- 
cuit of the solenoid shown in Figure 3. 
If the thermal resistances are assumed in- 
dependent of temperature or temperature 
difference, it is evident that the tempera- 
ture at 0, representing the average condi- 
tion in the coil, will be a linear function of 
P, and P; of the form 


es Fi(Rea, Rei, Ria)Pet Fs(Rea, Ret, Ria) Pi 
(12) 


Actually, the various R’s are not strictly 
constant even during a single operation of 
the solenoid. When the plunger is ex- 
tended, the inner surfaces of the coil and 
the plunger itself are more effectively 
cooled than when the latter is seated. If 
it can be assumed that the heat transfer 
through each of the resistances is im- 
proved by a factor (1+ K,S) whenever the 
plunger is extended, the average resist- 
ances for a complete operation cycle are: 


Rem a Rae Rei’ > 
ee RG SC iene tere oR Sl )y 
Res 
Ria= “ ta 
1+K,S(1—A) 


Rea= 


(13) 


Hence equation 12 becomes 


[1+KiS(1—A)]0= Fi(Rea’, Rei’, Ria’) Pe+_ 
i. Fs(Rea’, Ra’, Ria’)Pr 
=kePoethiPi (14) 
Substituting equations 10 and 11 into 14 - 
there results 


[1+ AiS(1—A) ]e= [eo (io PesL) + 
ki(Hi—PisT) |N+[kePosthiPis]A 


or 


Fy(L, W, s)N+ K2A 
RSA) 


(15) 
Ky, Fs, and Ky may be determined as 
described in ‘Determination of Con- 


stants.”’ Having done this, 8 may be 
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Figure 1. Pull curve of a typical a-c solenoid 


evaluated from equation 15 for any com- 
bination of L, W,.S, A, and NV. 


Determination of Constants 


(A). 

The solenoid is energized continuously 
at full voltage until steady temperature 
rise is attained. According to equation 
15, the coil rise 6 is then 


Ko 


0=K.A=K; (16) 
since A =1.0 and N=0 
(B). 


Equation 15 may be written in the form 


Fs AND Ky 


[1+K.S(1— A) ]0—K.A = Fy(L, W,s)N (17) 
which can be of the straight-line form 


y= mx 


~~ 100% VOLTAGE CURVE 
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Figure 2. Power input versus plunger gap for 
a typical a-c solenoid 
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Figure 3. Thermal circuit of an a-c solenoid 


if 

y=[1+K,S(1—A) ]@¢—K2A 

9—wihif 

m= F,(L, W,s) (18) 


Thus a plot of [1+A,S(1—A)|@—K2A 
versus JN for experimental data taken at a 
fixed load and stroke should be a straight 
line of slope Fy passing throughorigin. Such 
a plot is shown in Figure 4 with lines corre- 
sponding to three different values of Fs. 

In obtaining the data for any one line 
the solenoid is operated at full voltage 
with a certain load and stroke. For each 
of several values of A, tests are run at 
different cycling speeds until steady tem- 
peratures are reached. Then with K» 
definitely known from the continuous heat 
run, and K; tentatively assumed equal to 
zero, y may be worked out and plotted 
against JV. 

If zero is the correct value of Ky, the 
data for different values of A will all have 
the same slope; if A,=0 is too low, 
the points for the lesser values of A will 
describe a line of slightly lower slope than 
the points for the higher values. At this 
juncture, various values of K, should be 
tried (usually less than 0.25) until diver- 
gence in the data is eliminated. Once 
determined, this same value of K, should 
cause data taken at other strokes and 
loads to correlate equally satisfactorily. 

Tests made at convenient fractions of 
full load are plotted in the manner of 
Figure 4. Thus Fs becomes known, as a 
function of stroke, for each of several 
loads. Figure 5 shows the final arrange- 
ment of the data for an all-weight load. 


Adaptation to Mixed Weight and 
Spring Loads 


With mixed weight and spring loads, 
the Fs values will be less than those of 
Figure 4. To determine them accurately, 
it would be necessary to run a complete 
set of tests for each of several spring- 
weight combinations, but a good approxi- 
mation can be deduced from the tests 
with all-weight loads as follows: Equation 
4 shows the closing time to be propor- 
tional to »/W for a given total load and 
stroke. This, in turn, makes H, and H, 
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Liek,S (1-A)] 6- K2A, DEG. C 


) 05 1.0 1.5 
OPERATIONS PER SECOND 
Figure 4. Data plot for determining the load- 
stroke function, F;, of an a-c solenoid 
A—100 per cent stroke 
B— 70 per cent stroke 
C— 40 per cent stroke 
100 per cent rated load 


vary substantially as /W. Following 
this through equations 10 and 11 to 14, 
it will be seen that F; is also proportional 
to »/W. Thus for a mixed load, the Fs 
for an all-weight load of the same magni- 
tude should be multiplied by »/ W/L to ob- 
tain a proper value for use in equation 15. 


Advantages of the Method 


It has been shown that Ko is determined 
from a single preliminary heat run and 
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Figure 5. Load-stroke function, Fs, of an a-c 
solenoid with a purely weight load 
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that a proper K, may be found from a few 
duty-cycle runs taken at various values of 
A and N while holding the load and 
stroke constant. Thereafter, one duty- 
cycle heat run will suffice to determine Fs 
for any one combination of L, W, and S, 
since a single experimental point and the 
Origin can locate a line in Figure 4. How- 
ever, several points are desirable for each 
line in Figure 4 to minimize experimental 
error. Even so, the number of tests re- 
quired to completely cover all possible 
combinations of L, W, S, A, and WN is 
greatly reduced by the use of this correla- 
tion method. Furthermore, experimental 
errors are readily detected, and the ex- 
trapolation of the data beyond the scope 
of the investigation is made more certain. 


Applications Other Than 
A-C Solenoids 


D-c solenoids in which a relatively large 
current is allowed to flow for a brief time 
during the pickup period are often used to 
increase the work output for a given size. 
As the plunger is seated, a cutout switch 
or relay operates to insert resistance and 
reduce the current to a suitable continu- 
ous value. Since, as with a-c solenoids, it 
is difficult to compute the energy input 
during the closing period, the correlation 
method of this paper is useful in organizing 
the duty-cycle-heating data. 


In general, the method may be applied 
to any electrical device subjected to regu- 
lar heating cycles so long as the cycling 
period is substantially less than the ther- 
mal time constant of the device. It is 
particularly useful when there is a com- 
plex transient heating effect in each cycle. 


Appendix 


Symbols 


x =instantaneous plunger gap, inches 
s=total plunger stroke, inches 
S=fraction of full rated stroke 
f=instantaneous magnetic force parallel to 
plunger travel, pounds 
L=total load opposing magnetic force, 
pounds 
W=equivalent weight of moving parts, 
pounds* 
v=velocity of plunger, inches per second 
g=acceleration of gravity, inches per sec- 
ond squared 
£=kinetic energy, inch-pounds 
t=time from start of plunger motion, sec- 
onds 
7 =total plunger motion time, seconds 
P=power input, watts 
H=energy input during closing period, 
watt-seconds 
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A Simple Method for the Determination 


of Bushing-Current-Transformer 


Characteristics 


S$. D. MORETON 


ASSOCIATE AIEE 


Synopsis: Now that excitation character- 
istics are being made available to the applica- 
tion engineer, it has become increasingly 
important that a simple accurate calculation 
method be used to determine the errors. 
“Inphase addition”’ has all the advantages of 
simplicity, and, under careful analysis, it is 
apparent that over the normal ranges in- 
volved, the more complicated procedure of 
vector addition is not warranted. This 
simple method has been extended to cover 
complete curve drawing from only one cal- 
culation by a graphical process. 


|‘ the past, characteristics of bushing 
current transformers have been pre- 
sented in the form of curves of true ratio 
versus primary current for a variety of 
different burdens and power factors. Such 
curves were obtained by tests on the ac- 
tual transformers and were the only data 
available to the application engineer. 
The art of calculating current-transformer 
characteristics from excitation curve data 
has been known for some time;!? only 
recently, however, has popular attention 
been focused upon it as a method** for 


Paper 43-110, recommended by the AITEE com- 
mittees on protective devices and instruments and 
measurements for presentation at the AIEE na- 
tional technical meeting, Cleveland, Ohio, June 
21-25, 1943. Manuscript submitted April 19, 
1943; made available for printing May. 18, 1943. 


S. D. Moreton is engineer in the relay section of 
the General Electric Company, Philadelphia, Pa. 


The author wishes to acknowledge the assistance of 
his associates for their constructive criticism, in 
particular, W. F. Skeats for his comments on the 
mathematical proof of the graphical method and 
his suggestions for a simplified presentation of the 
primary current. 

| 


determining the transformer errors of a 
particular application. With this in mind, 
the American Standards Association 
standards have been written to foster a 
calculation method,’ although no specific 
method was decided upon. 

It has been realized that such a radical 
change in application procedure might 
well result in difficulties unless the method 
was reasonably easy to use, and it has, 


. therefore, been suggested that the errors 


introduced by the relatively simple 
method of inphase addition be investi- 
gated more fully. The conclusion was 
reached that this method was the prac- 
tical answer. These errors are best shown 
graphically, as in Figure 1, which gives a 
comparison of calculated results for three 
of the ratios of a 600/5 multiratio bushing 
current transformer with a two-ohm bur- 
den at 90 per cent power factor and 50 
per cent power factor, as well as inphase 
addition. It is immediately apparent that 
the errors introduced by disregarding the 
angular difference between the secondary 
current and the exciting current are small 
for the normal range of relay burden 
power factors. 


Conclusion 


When all the variable factors are taken 
into consideration, as discussed under 
“Accuracy Factors,” it is evident that the 
errors introduced by inphase addition are 
a relatively small part of the total pos- 


A =fraction of time solenoid is energized 
N =operations per second 
R=heat flow resistance, degrees C per watt 
@=coil temperature rise above ambient, 
degrees C 
K, k denote constants. 
F denotes a function, the independent vari- 
ables of which are given in the parentheses 
following the symbol. 
Bars above quantities indicate average 
values. 
Prime superscripts on R’s refer to thermal 
resistances existing when the plunger is 
seated. 
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SUBSCRIPTS 


x refers to instantaneous 
plunger. 

s refers to sealed position of plunger. 
¢ refers to coil. 

i refers to iron. 

ca refers to coil to ambient air. 

ci refers to coil to iron. 


ta refers o iron to ambien air. 


position of 


* An element of mass AM’ in an associated mecha- 
nism may be represented by an equivalent mass 
AM attached directly to the plunger if 


v’\3 
am=am'(*) 
v 


where wv’ is the velocity of AM’ when the plunger 
velocity is v. 
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sible variation, and thus, from the stand- 
point of the application engineer, inphase 
addition is justifiable for the normal 
range of burden power factors. This is 
particularly evident by a comparison of 
Figures 1 and 8. 


Calculating Theory 


Basically,’ the relationship between 
secondary ampere turns, exciting ampere 
turns, and primary ampere turns is a 
vectorial one, where the calculations are 


based on the equivalent circuit of Figure 


2. The most time-consuming part of the 


calculations is the vector addition, 
whether it is performed mathematically, 
graphically, or by vector charts. By con- 
sidering this vector relationship as a 
scalar relationship much of the work is 
avoided. 


Calculating Procedure for 
Determining Ratio Correction 
Factor 


The calculation procedure for inphase 
addition is based on the equivalent circuit 
of Figure 3, with steps and formulas as 
follows: 


1. Compute the necessary secondary volt- 
age to force the desired secondary current 
through the total burden, as: E=JZ. 


2. Find the secondary exciting current re- 
quired to produce this secondary voltage 
from the excitation curve, see Figure 4. 


3. Add this secondary exciting current 
arithmetically to the secondary current and 
multiply by the number of secondary turns 


to obtain the primary current, as: [p= 
N(I-+1s). 


The ratio correction factor (RCF) may 
be defined as the ratio of primary ampere 
turns to secondary ampere turns. In a 
bushing current transformer, the primary 
winding has one turn, therefore: 


ve 

RCF=—2 
NI, (4) 
N+, 

RCF= AGE ih Me (5) 


s 


and this may be found without passing 
through step 3. 


Calculating Procedure for 
Determining Phase Angle 6 


In those applications that involve the 
comparison of two currents or a current 
and a voltage, it might be desirable to 
determine the phase-angle error of the 
current transformer. It may be found by 
an extension of the method of inphase 
addition and by the use of the phase-angle 
chart, Figure 5. Excitation characteris- 
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Figure 1. Calculated ratio 
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tics are required that give not only the 
total exciting current but also the lagging 
excitation phase angle between the excit- 
ing current and the secondary voltage. 
Figure 6 is typical of this type data and is 
presented on a per-turn basis. 

The chart is entered at a per-unit excit- 
ing current, /,/I,, of equation 5, which 
could be rewritten as: 


RCF-1=I,/I; (6) 


The phase-angle error is read off directly, 
using the curve that corresponds to the 
“difference angle,” equal to the burden 
phase angle minus the excitation phase 
angle (@,—a,). The phase-angle error is 
positive when the difference angle is posi- 
tive. 


Accuracy Factors 


Factors which influence the accuracy of 
the calculated results are variations of 
excitation characteristics of the current 
transformer from the typical curve values 
and variations in the magnitude of the 
burden. 

The excitation requirements of elec- 
trical iron are not only a function of the 
size and shape of the core but also a func- 
tion of the amount and kind of impurities, 
the type of rolling process used, the 


(a) 
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(b) ot 
Figure 2 


(a). Exact equivalent circuit 
(6). Vector diagram of (a) 
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annealing temperature and subsequent 
cooling, as well as the previous magnetic 
history. Some of these factors are very 
difficult to control, with the result that the 
final characteristic, as published by the 
manufacturer in the form of a typical 
excitation curve, is, of necessity, only an 
average curve. All of the factors lumped 
together and controlled with the usual 
manufacturing tolerances can well result 
in a variation as great as plus or minus 
50 per cent in the total exciting current at 
any one particular flux density for various 
lots of iron. By more rigid control and 
selective choice of the iron by sampling 
processes, this can be reduced to plus or 
minus 25 per cent; see Figure 7 for a 
typical band curve. Even this variation 
would seem to be intolerable, were it not 
for the fact that this represents a varia- 
tion of the ratio error of the transformer 
and not of the true ratio. In the majority 
of applications, where the maximum de- 
sirable RCF is less than 1.1, and where the 
transformer is operating below the knee 
of the excitation curve, the maximum 
possible variation will be plus or minus 
25 per cent of this ten per cent error, or 
plus or minus 2.5 per cent in the RCF; 
see Figure 8 for a typical band curve. 
The use of a calculating method for the 
determination of bushing-current-trans- 
former characteristics requires a knowl- 
edge of the magnitude of the burden 
which, in most instances, consists of re- 
lays that have iron cores, and thus have 
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(a). Approximate equivalent circuit 


(6). Scalar diagram of (a) 
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Figure 9 (right). Burden char- 
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inherently nonlinear impedances. Fortu- 
nately, the majority of relays have mag- 
netic circuits which contain series air gaps 
so that the main part of the exciting cur- 
rent is required to establish the air-gap 
flux, and thus, large variations in exciting 
current of the iron core present only small 
variations in burden between units. 
Therefore, relays have relatively con- 
stant burden characteristics up to the 
point of iron saturation. Beyond this 
point, the reactance component of the 
burden is inversely proportional, approxi- 
mately, to the current so that the current 
transformer will hold up to a higher value 
of primary current if burden saturation 
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500 700 1000 200 


occurs before current transformer satura- 
tion. Typical burden values of relays are 
published by the manufacturer and are 
usually measured at the pickup current of 
the relay. If they are of the type that 
depends upon saturation to obtain its 
characteristics, such as a time overcurrent 
relay, the application engineer would re- 
quire burden characteristics, such as 
shown in Figure 9, to make a thorough 
analysis. Thus, it seems inevitable that 
as the art of calculation becomes more 
widespread, the application engineer will 
require more complete information; see 
Figure 10 for a calculated RCF curve, 
based on composite characteristics of the 
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overcurrent relay of Figure 9 and the 
transformer shown in Figure 4. 


Graphical Method 


When the ratio errors are desired for a 
range of primary current values for a 
multiratio transformer, the labor at cal- 
culation becomes tremendous, even with 
the simplification of inphase addition. To 
reduce this work, a graphical method has 
been developed, which eliminates the 
point-by-point method of curve drawing 
and permits a complete characteristic to 
be drawn from one calculation by the use 
of a master template, Figure 11. 

Note that the shape of this template is 
a function of the type of iron and the size 
of the log-log co-ordinate paper only. 
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Figure 10. Calculated ratio 
characteristic, 600/5 multiratio 
bushing current transformer 
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The derivation of the method and the 
development of the shape of the template 
are given in the appendix. 

The co-ordinate paper, Figure 12, has 
scales of RCF versus per cent secondary 
current (dotted lines) and per cent pri- 
mary current (solid lines). Thus, one is 
able to find the RCF for a given primary 
current, the RCF for a given secondary 
current, or the secondary current in terms 
of the primary current directly. Hereto- 
fore, when it was desired to determine the 
secondary current from a known primary 
current, it was necessary to make several 
calculations, using the ratio curves until 
formula 4 was satisfied. 


Graphical Procedure for 
Determining RCF 
this 


The calculation for 


graphical method is: 


procedure 


1. Use formulas 7 and 8 to determine the 
per cent secondary current and the RCF 
that corresponds to the reference point P of 
the template for the particular burden and 
tap of the transformer involved. 


2. Locate this point on the co-ordinate 
paper. 


3. Set the template with its reference point 
on the corresponding point of the co-ordi- 
nate paper and line it up horizontally. 


700 1000 


Figure 11. RCF template 


4. Draw the complete characteristic curve, 
using the template as a guide. 


The formulas required to determine this 
guide point of maximum permeability, P, 
are: 


%I,=C(N/Z) 
RCF=1+D/(N%I;) 


(7) 
(8) 
where Cand D are constants of the particu- 
lar transformer involved and are func- 
tions of the shape and type of iron in the 
core, as well as the frequency. The con- 
stants C and D may be determined di- 
rectly from the excitation curve. 


Graphical Procedure for 
Determining Phase-Angle Errors 


Where it is desirable to determine the 
phase-angle error of the current trans- 
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Calculated ratio 
characteristic, 600/5 multiratio 
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former, it may be obtained as a part of the 
graphical process by the use of Figure 5 
entering at a per-unit exciting current 
equal to RCF—1 of Figure 12 and at a 
difference angle equal to the total burden 
phase angle minus the exciting current 
phase angle, as obtained from the tem- 
plate of Figure 13 when located on the 
co-ordinate paper according to step 3. 


Summary 


1. Ratio errors of bushing current trans- 
formers may be calculated by inphase addi- 
tion with acceptable accuracy. 


2. Phase-angle errors may be calculated 
with little extra effort. 


3. A complete analysis of a relay applica- 
tion requires a knowledge of the relay im- 
pedance for all values of current. 


4. Ratio-characteristic curves may be 
drawn with a minimum amount of labor by 
the use of a template method. 
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RCF template with excitation 
phase angle 


Figure 13. 
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Figure 14, Excitation template 


5. The use of special co-ordinate paper pre- 
sents an ideal way to give ratio character- 
istics. 


Appendix 


Graphical Theory 


EXCITATION CURVE 


Fundamentally the theory is based on the 
fact that the a-c excitation characteristics of 
electrical iron may be expressed mathe- 


matically as: 7 
y IZ 
NI,/l=\(E/NA, f) = (22, f) (9) 
or 
E IZ 
DEY ih ey| PSA NE Fa 10 
NI,/1 (2) (72) (10) 
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for any one particular frequency. This 
equation is in the form of: 


Py=(Qr) (11) 


and hence, if plotted on log-log paper with 
the exciting current as abscissa and the 
secondary voltage as ordinate, it represents 
a family of curves all of which have the same 
shape. Consequently one template, Figure 
14, whose shape is determined solely by the 
magnetic properties of the iron and the 
co-ordinate paper can be used as a guide 
for drawing all curves of the family if 
one reference point, ?, is marked on the 
template and is specified for each curve. It 
is convenient to select this reference point 
at an excitation corresponding to maximum 
permeability of the iron, which is the point 
on the excitation characteristic that is tan- 
gent to a 45-degree line and hasan ordinate 
value of J and an abscissa value of K. The 
co-ordinates of the reference point on the 
log-log paper are: 


E=JNA (12) 
I,=Kl/N (13) 


The constants J and K are functions of the 
primary-current frequency and the type of 
iron in the core only. 

If the template is set with its reference 
point on the co-ordinate point and it is 
lined up with the axis, curves for any value 
of secondary turns may be drawn with the 
template as a guide. The ordinate of the 
template is proportional to the secondary 
voltage and from an inspection of equation 
10 it is apparent that it is also proportional 
to the flux density since 


E/NA =4.44Bmax.fX 1078 (14) 
RCF Curves 
Formula 10 may be expressed as: 
Ba , (24 tes 
Dale Zl, \NA 
or 
NA I, ZI, 
Se hg rat 1 
7. (4) (te) 


Substituting for J,/I; from equation 6 the 
following is obtained: 


N?A Zi, \ oe 
2 ewer =1( 2) -1( 2) (17) 


Equation 17 is also of the form of equation 11 
and consequently represents a family of 
curves, when drawn on log-log paper, having 
scales of (RCF—1) versus J;, all of which can 
be drawn using a single template as a guide 
by setting the reference point, P, of the 
template, Figure 11, on the co-ordinates 
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given by equations 12 and 18. It will be 
found more convenient to use equation 12 
combined with equation 1 as: 


JNA 


I,= 
Z 


(18) 


and equation 13 combined with equation 6 
acs 


Rope ae (19) 
a Towa 


Equations 18 and 19 can be converted to 
read in terms of per cent secondary current, 
%I; (based on five amperes as 100 per cent) 
as: 


yp INA ee 
043s — Z - Z \ 

20K1 

RCF-1=———=D/N%l, (21) 
LV YoLls 

where 

C=20JA (22) 

D=20K1 (23) 


Here again it should be noted that the 
shape of the template of equation 17 is a 
function solely of the magnetic properties of 
the iron and the co-ordinate paper. 

To convert this curve of (RCF—1) versus 
per cent secondary current, the dotted co- 
ordinate lines of Figure 12, to (RCF—1) 
versus per cent primary current it has been 
found most convenient to operate on the 
per cent secondary current scale itself by 
equation 6, where J,/J, represents the ratio 
error in per-unit values. Thus every co- 
ordinate value of (RCF—1) and per cent 
secondary current has a corresponding co- 
ordinate value of (RCF—1) and per cent 
primary current according to the equation: 


Ip =100(RCF—1)+ %ls (24) 


which gives the resulting per cent primary 
current scale of solid co-ordinate lines in 
Figure 12. 

For convenience in reading the numbers 
of the (RCF—1) or ordinate scale they may 
be written as (RCF—1)+1 or RCF without 
changing either the shape of the template or 
the shape of the co-ordinates since equation 
4 can be expressed as: 


RCP = %ely/%ls (25) 
| 
which is equivalent to equation 24. 


PHASE-ANGLE CURVES 


The abscissa of the RCF template is pro- 
portional to secondary voltage by equation 
17, it is therefore proportional to the flux 
density by equation 14, and thus it is also 
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proportional to the excitation phase angle 
of the iron, see Figure 6. Therefore the RCF 
template may be marked off in degrees of 
phase angle of the exciting current as in 
Figure 13, where the markings on the tem- 
plate are a function of the type of iron and 
the frequency only. The phase-angle error 
can be determined most easily by the use of 
a simplification of the vector charts follow- 
ing the procedure outlined earlier. 


Glossary 


E—Induced secondary voltage. 
N—Number of secondary turns. 
A—Cross-sectional area of magnetic cir- 
cuit. 
l—Mean length of magnetic circuit. 
ZI;—Secondary current. 
%I;—Secondary current in per cent based 
on five amperes (%J;=20/;). 
Z—Total secondary burden. 
J,—Excitation current based on second- 
ary. 
I,—Primary current. 

%lp—Primary current in per cent based on 
tap and five amperes in secondary 
circuit. 

6,—Phase angle of total secondary burden 
Ze 

a,—Phase angle of exciting current. 

@—Phase angle error of current trans- 
former. 

f-—Frequency of supply in cycles per 
second. 

Binax-—Crest flux density in the core. 
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Report on Application of Lightning 


Protective Devices in Wartime 


AIEE LIGHTNING ARRESTER SUBCOMMITTEE 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and 
reports in this series have been prepared for 
the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in prefer- 
ence to the preparation of special emergency 
standards which might involve redesigning 
and drastic changes in manufacturing prac- 
tices. These guides will accomplish the 
maximum conservation of critical materials, 
since they provide for the maximum use of 
existing equipment and systems, as well as 
new equipment, without changing the 
fundamental basis on which the present 
standards have been prepared. 


I. Purpose and Scope 


HE object of this report is to show 
how critical materials can be con- 
served in the application and use of 
lightning arresters to meet the wartime 
requirements of our country. This ob- 
jective may be accomplished in two ways: 


1. By making greatest use of protective 
devices. This refers to rebuilding of old 
arresters and applying new arresters close 
to their maximum capability, thereby re- 
ducing the content of critical materials in 
the arresters themselves. 


2. By proper use and maintenance of pro- 
tective devices, failures from lightning of 
important machines and equipment which 
would require large amounts of critical 
materials and man-hours to replace can be 
minimized, thereby maintaining a high de- 
gree of service to important war loads. 


It is not to be implied that the sugges- 
tions contained in this report are the 
only means worth-while in attempting to 
save critical materials, nor that they are 
recommended as expedient in all cases. 
It should be clearly understood that local 
conditions, service requirements, and 
many other such factors may have to be 
considered before reaching a decision as 
to whether or not it is advisable to use 
one or more of the proposed schemes. 

The importance of a check up and study 
on existing systems of overvoltage pro- 
tection against lightning to obtain better 
protection cannot be overemphasized. 
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This type of study applies to both new 
and existing installations. 

II. Suggestions for Saving 
Critical Material 


The suggestions presented and dis- 
cussed hereinafter are backed in most 
cases by successful operating experience. 
The experience record, however, does not 
pretend to be all inclusive as it has not 
been expedient to survey thoroughly the 
entire field throughout the country to ob- 
tain and analyze detailed records. Where 
diverse views of committee members have 
existed, this situation is pointed out. 


1. Applying arresters on basis of voltage 
rating. 
2. Rebuilding and revamping old arresters. 


8. Short connections between arresters and 
equipment. 

4, Line-type arresters in place of station- 
type. 

5. Protection of equipment not already 
protected. 

6. Protective devices other than arresters. 
7. Shielding of stations. 


8. Tests and maintenance of arresters. 


The eight suggestions are discussed in 
order. 


1. Applying Arresters on Basis of 
Voltage Rating 


It is generally recognized that a light- 
ning arrester has a maximum normal 
frequency (60-cycle) voltage rating just 
as any other piece of equipment like a 
transformer, breaker, or disconnecting 
switch. Although tolerances of over- 


Paper 43-111, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted May 5, 
1943; made available for printing May 27, 1943. 
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This report was prepared by the AIEE lightning 
arrester subcommittee of the committee on pro- 
tective devices for the purpose of making essential 
information immediately available to war indus- 
tries, thus furthering the conservation of valuable 
material for the war emergency. It is educational 
and in no way mandatory. It is not intended as a 
“Standard,’’ and has not been formally approved 
by the standards committee or the board of 
directors. 
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Hy) 
voltage for these latter types of equip- 
ment are specified in standards, they are 
undoubtedly often exceeded in service. 
The arrester differs from other types of ap- 
paratus in one respect, namely, that its 
maximum voltage rating should not be 
exceeded under any operating condition; 
otherwise, the arrester may be severely 
damaged. The use of an arrester on 4 
system where the line-to-ground voltage 
exceeds the arrester rating, even for a few 
cycles, may well be viewed with concern. 
If arrester failure occurs because of ab- 
normal system overvoltage, it is very 
likely that the arrester has been misap- 
plied. 

In general, arresters listed in the manu- 
facturers’ catalogs for nongrounded neu- 
tral systems have a maximum rating of 
approximately five per cent above line-to- 
line system voltage and those applied to 
effectively grounded neutral systems have 
a factor of safety of approximately 40 per 
cent above system leg voltage (80 per 
cent of the line-to-line voltage). 

In cases where the ungrounded neutral 
arrester has been used on a grounded 
neutral system, a saving may be effected 
by using the grounded neutral arrester, 
provided the system neutral is grounded 
effectively. Also, there are certain cases 
where an accurate calculation of the 
system overvoltage on grounded neutral 
systems has resulted in application of ar- 
resters having a lower rating than the 
general manufacturer’s guide for the selec- 
tion of arresters indicates. 

For example, on one particular system 
rated 132-kv grounded neutral, an ar- 
rester having a maximum line-to-ground 
rating of 109 kv has been used success- 
fully. In this particular case the use of a 
lower arrester rating has resulted in the 
use of power equipment with lower insula- 
tion (115-kv class insulation instead of 
138-kv class which would normally have 
been required). In this connection, it 
should be realized that the lower the rat- 
ing of arrester used, the greater the degree 
of lightning protection to the equipment, 
but on the other hand, there is less factor 
of safety in the arrester, 


2. Rebuilding and Revamping 
Old Arresters 


Another factor to be considered is the 
savings of materials possible by rebuild- 
ing or revamping old type arresters. 
Several companies have reported that 
they have been doing work along these 
lines for some time. In the case of oxide- 
film arresters which were extensively used 
in the past, it is general practice in a num- 
ber of companies to reduce the number of 
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cells in existing arresters which, in effect, 
means reducing the arrester rating to 
match more nearly anticipated normal 
frequency overvoltage conditions of the 
circuit where they are used. The prin- 
ciple involved has been discussed. Like- 
wise, the changing of four-leg oxide-film 
atresters to the three-leg type has been 
an accepted practice for some time with 
outstanding success from the viewpoint 
of added protection and absence of ar- 
rester failure. Of course, in such cases 
the 60-cycle maximum rating of the re- 
maining three legs must be checked 
against the system overvoltage under 
fault conditions. In some cases where 
the three-leg 60-cycle rating was too low, 
part of the fourth leg was left in service 
to supply the deficiency. 

Successful rebuilding of mica-spaced 
and open-gap auto-valve arresters has 
also been reported. The rebuilding of old 
arresters supplies added protection to 
equipment where they are installed by 
lowering the protected level and also may 
make available some of the material re- 
moved for other arrester locations or 
spare parts. The rebuilding of even ob- 
solete arresters may in some cases be 
warranted, if new arresters are not avail- 
able. The added protection of rebuilding 
obsolete arresters may in some cases be 
justified, although the protected level 
may be higher than would ordinarily be 
desired. 


3. Short Connections Between 
Arresters and Equipment 


The desirability of having short con- 
nections between the arrester and the 
equipment it is to protect has been dis- 
cussed extensively in technical literature 
in the recent past. It probably does not 
require further amplification here. It is 
well known by theory and test that while 
the arrester may hold a given voltage at 
its own terminals, this voltage may be 
quite different at the terminals of pro- 
tected equipment if long leads intervene 
to the lightning arrester. Even in dis- 
tances of 25 to 50 feet, on steep front 
surges, it is generally recognized that the 
voltage at the equipment may be in- 
creased appreciably by virtue of the lead 
length. 

The importance of considering this 
factor is evident for two reasons: first, 
less protection is supplied to equipment 
already in service where lead length is 
considerable. This is, of course, equally 
true of new installations of protective 
equipment. Second, there may be some 
saved or salvaged copper by proper con- 
sideration of this lead-length feature. 
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Another saying which can be effected in 
copper conductor is that of using sub- 
stantial structural work in stations such 
as columns, trusses, and so forth, for part 
of the lightning discharge path to ground. 
In many cases in the past, common prac- 
tice has been to extend separate ground- 
ing leads from the ground end of the 
arrester to ground, even though the main 
structural part of the station was elec- 
trically tied into the grounding system. 
This extra refinement, it is felt, under 
wartime emergency conditions, is not 
necessary and probably results in very 
little, if any, increased protection by 
adding the ground lead from the arrester 
to the equipmettt where a suitable and 
substantial steel structure or network 
already exists. 


4. Line-Type Arresters in Place of 
Station-Type 


In the installation of new equipment, 
it often is possible to maintain sufficient 
margin between the distribution-type- 
arrester characteristic and the insula- 
tion strength of present-day equipment. 
Where old equipment only is involved, it 
is doubtful whether the substitution is 
worth while, and in fact, it may often be 
found that the protective level supplied 
by even modern station arresters is un- 
duly high so that the use of line-type ar- 
resters cannot even be considered. 

Several successful applications of line- 
type arresters on new equipment have 
been made with satisfactory operating 
experience. It should be pointed out, 
however, that many of the applications 
coming under this classification result 
more often in economies than in a ma- 
terial reduction in the use of critical ma- 
terial or in saving of manpower. 


5. Protection of Equipment Not 
Already Protected 


Secondary savings considerably greater 
than cost of applying lightning arrester 
protection are usually possible in cases 
where equipment is not now protected. 
It is not the intention of the committee 
to recommend that all equipment not now 
protected should be immediately supplied 
with arrester protection, but there are 
undoubtedly existing installations and 
new ones being made where the expendi- 
ture of a small amount of critical mate- 


‘rial in lightning arresters may produce 


large secondary savings by preventing 
failures of important equipment. This 
feature is pointed out as one worth con- 
sidering and studying in individual ap- 
plications. The decision reached will be 


Application of Lightning Protective Devices in Wartime 


influenced by many factors such as ex- 
posure of equipment to lightning, its im- 
portance in service, the possibility of re- 
placement, cost and time of replacement, 
and similar factors. 


6. Protective Devices Other 
Than Arresters 


While the lightning arrester has been 
mentioned frequently in this report, the 
general features of application of over- 
voltage protective devices considered here 
apply in most cases to other protective 
equipment such as rod gaps, shielded 
gaps, De-ion gaps, and similar devices. 
Where to use one in preference to another 
is entirely outside the scope of this report 
to recommend. However, it is suggested 
that careful consideration be given in the 
application of any protective devices to 
insure that a suitable margin between 
the voltage level held and the strength 
of the equipment be maintained. It 
should be pointed out, however, that all 
of these devices mentioned have been 
reported by some users as giving success- 
ful and satisfactory service within their 
scope of application. 


7. Shielding of Stations 


Where a large amount of equipment is 
placed in one location such as at major 
stations, the general practice in recent 
years has been to supply adequate shield- 
ing from lightning by the use of elevated 
ground wires or ground networks, and 
even in some cases, by individual lightning 
rods shielding equipment. While such 
protection requires the use of some criti- 
cal material, it may well be considered 
from the point of view of spending a 
relatively small amount of critical ma- 
terial for shielding to prevent damage 
to equipment having a much larger 
amount, the replacement of which would 
probably necessitate an expenditure of 
critical material and manpower. 


8. Tests and Maintenance of 
Arresters 


In so far as the arrester itself is con- 
cerned, it is suggested that special con- 
sideration be given to testing arresters 
wherever possible and feasible, to insure 
that they are in the best of condition to 
perform their expected functions. Several 
years ago recommendations were made by 
the AIEE lighning arrester subcommittee 
on methods of testing some types of. ar- 
resters. Since that time, a large number 
of arresters have been tested, and other 
methods of test or refinements have been 
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Interim Report on Emergency Overloads 
on Overhead Conductors 


AIEE WORKING GROUP ON TOWERS, POLES, AND CONDUCTORS 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication, and other guides and 
reports in this series, have been prepared 
for the information of users during the war 
emergency. Upon termination of the war 
emergency they will be reconsidered by the 
standards committee and the committees 
which prepared them, and will be approved, 
revised for normal use, or rescinded. 

This procedure is being followed in prefer- 
ence to the preparation of special emergency 
standards which might involve redesigning 
and drastic changes in manufacturing prac- 
tices. These guides will accomplish the 
maximum conservation of critical materials, 
since they provide for the maximum use of 
existing equipment and systems, as well as 
new equipment without changing the 
fundamental basis on which the present 
standards have been prepared. 


RESENT restrictions in the use of 
materials and sharp increases in loads 
may make it necessary to load existing 
lines to the thermal capacity of the con- 
ductors. The purpose of this report is to 
call attention to the limiting factors and 
the information available from which to 
evaluate the limits. 

The problem divides itself into two 
parts, the temperature at which the con- 
ductor may be operated without impair- 
ing its strength or destroying its covering, 
and the temperature the conductor will 
attain for a given current density under 
any given conditions. Neither of these 


can be calculated with any degree of pre- 
cision, and the probable error must be 
duly considered in establishing emergency 
ratings for any conductors. 


I. Permissible Temperatures 


A. Loss oF STRENGTH CAUSED By 


ANNEALING 


The annealing point of the softer metals 
hardened by cold working, is not very 
definite. Variations are introduced by 
impurities and by the amount and rate of 
cold working. Time is also an important 
factor, and it is not definitely known if ef- 
fects of intermittent heating are directly 
additive or not. 

Aluminum. G. W. Stickley gives 
the following figures for annealing of hard 
drawn aluminum. “In tests of wire 
heated one hour at 100 degrees centigrade 
the strength was decreased only two per 


Paper 43-105, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE national technical meet- 
ing, Cleveland, Ohio, June 21-25, 1943. Manu- 
script submitted May 5, 1943; made available for 
printing May 25, 1943. 
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This interim report was prepared by the AIEE 
working group on towers, poles, and conductors of 
the transmission subcommittee of the committee 
on power transmission and distribution for the 
purpose of making essential information imme- 
diately available to war industries, thus furthering 
the conservation of valuable material for the war 
emergency. It is educational and in no way manda- 
tory. It is not intended as a ‘‘Standard,’’ and has 
not been formally approved by the standards com- 
mittee nor the board of directors. 


used. It cannot be too strongly urged 
that a special attempt should be made to 
keep the arresters and their grounding 
connections in the best possible condition. 


Summary 


The features in the preceding para- 
graphs have been presented and discussed 
with the thought in mind that the infor- 
mation may be helpful to those who have 
the lightning or overvoltage protection 
problem to deal with. It is not intended 
that all of these suggestions be applied 
without careful study and thought; in 
fact, unless such a detailed study is made 
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of systems now in use or proposed, the 
full benefits of the applications suggested 
will most likely not be obtained. It is 
hoped that this paper will stimulate con- 
structive thought on the part of those 
who have the responsibility. of designing 
and operating protective systems already 
installed or to be installed in the future. 
It should be kept in mind that in ap- 
plying some of these suggestions, the fail- 
ure rate on the protective devices them- 
selves may increase, but it is believed 
that if the conditions of each situation are 
considered and action taken on an engi- 
neering basis, the net over-all effect will be 
of considerable benefit to the war effort. 


Emergency Overloads on Overhead Conductors 


a 


i 
cent, and after heating at this tempera- 
ture for as long as four years the decrease 
was only 15 percent. In similar tests of 
wire heated one hour at 150 degrees centi- 
grade the strength was decreased only 
about five per cent. It should be noted 
that although overloads might have a 
small effect in decreasing the strength of 
aluminum conductors, they would have 
still less effect upon the strength of steel 
reinforced aluminum cable. Tests of the 
high-strength steel wire used as the core 
of ACSR have shown that heating at 
temperatures as high as 260 degrees centi- 
grade for two months actually increases 
the strength of the wire slightly.” , 

Howell and Paul! state that commer- 
cially pure aluminum in the hard drawn 
temper, designated 2-H, is not materially 
softened by prolonged exposure to tem- 
peratures in the region of 200 degrees 
Fahrenheit. 

Copper. Many data on annealing of 
copper have been published, but the 
values given vary over an extreme range. 
If the conductor is kept at 171 degrees 
centigrade, Anaconda claims ten per cent 
softening in one hour, while General Cable 
Company finds that it requires 6.7 hours 
to produce ten per cent softening at 175 
degrees centigrade. H. R. Stewart states 
results from actual tests as follows: A 
number two copper wire held at 215 de- 
grees centigrade and a number 1/0 held at 
160 degrees centigrade for four hours each 
lost about five per cent of its strength. 
Kidder and Woodward find that copper 
may be held at 180 degrees centigrade for 
eight hours on six consecutive days (total 
44 hours) with 16 per cent loss in strength, 
and when heated to 200 degrees centi- 
grade for the same length of time it lost 
35 per cent. From this they conclude 
that the danger zone lies about 175 de- 
grees centigrade for short duration. 

A very complete investigation is pre- 
sented by Myron Zucker. It shows that 
the annealing temperature is affected by 
the amount of cold working and the purity 
of the copper. The harder the copper, 
the lower the annealing temperature. A 
small percentage of silver will raise the 
annealing temperature considerably, while 
oxygen will lower it. He summarized his 
findings in curve form, giving a spread of 
from 40 to 1,200 hours at 100 degrees 
centigrade for copper in the electrolytic 
range. He also states that an X-ray dif- 
fraction test can be used to determine the 
annealing characteristics of copper with- 
out destroying the sample. The begin- 
ning of recrystallization indicates a loss of 
five per cent of the tensile strength of the 
wire. 

In most cases, annealing tests on copper 
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Figure 1. 
reinforced aluminum cable, new 


Tests made at 60 cycles indoors in still air on 
unused cable from stock. Cable not weath- 
ered but no longer bright 


1. Cable in Ohio Brass number 77,898 
suspension clamp (without armor rods) 


2. Cable with armor rods in Ohio Brass 
number 77,613 suspension clamp 


3. Bare conductor, with neither armor rods 
nor suspension clamp 


have been designed to determine the 
length of time required for complete an- 
nealing at different temperatures. The 
difficulty in exterpolating these data to a 
time-temperature combination which 
would give a small percentage of anneal- 
ing may be responsible for the wide dis- 
crepancy in values. 

Before the question of annealing can be 
definitely answered, information on the 
effect of the following items must be 
known: 


Various impurities commonly found in 
commercial metals. 


The cold working required to make the 
metal into wires or cables. 


The stresses to which the conductor nor- 
mally is subjected. 


Intermittent heating and possible recovery 
between heating periods. 

_Copperweld, The strength of a cop- 
perweld conductor is predominated by the 
steel content, and it is not likely to be 
loaded to a point where its mechanical 
strength is impaired. Rolf Selquist sug- 
gested that the current-carrying capacity 
of copperweld be limited to 70 per cent of 
that of a copper conductor of the same 
cross section. 


B,. PROTECTION OF WIRE COVERINGS 


Kidder and Woodward? state that with 
a copper temperature of 175 degrees centi- 
grade the outside surface of the covering 
will be 130 degrees centigrade, which is 
well below the impregnating temperature, 
and 80 degrees centigrade, or just below 
the standard acceptance specification 
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1000 


Temperature rise of 795,000-circular mil steel- s 


with a copper temperature of 100 degrees 
centigrade. Myron Zucker‘ stated that 
recent tests on URC covering indicate 
that it can be safely operated for ten 
hours at 100 degrees centigrade. . The 
compound used in older types of weather- 
proofing gets soft and tacky at tempera- 
tures as low as 60 degrees centigrade and 
the URC covering begins to soften at 85 
degrees centigrade. It is reasonable to 
assume that such temperatures are going 
to accelerate the deterioration of the cov- 
ering. In many casesit may well be that 
this would be of little importance as com- 
pared to the additional capacity gained. 


C. PRESERVATION OF CLEARANCES 
Operating conductors at elevated tem- 

peratures will mean considerable increases 

in sag. Where maintenance of clearance 


3105-2 


70 


fez) 
{e) 


cou 
{e) 


h 
{e) 


TEMBER ATURE Rise == (CG 
(2) 


240 
} TIME — MINUTES 


oO} 80 160 320 


Figure 2. Rate of temperature rise of 795,000- 
circular mil steel-reinforced aluminum cable, 
new 


Tests made at 60 cycles at 550 amperes, in- 
doors in still air on unused cable from stock. 
Cable not weathered but no longer bright 


1. Cable in Ohio Brass number 77,898 sus- 
pension clamp (without armor rods) 


2. Cable with armor rods, in Ohio Brass 
number 77,613 suspension clamp 


3. Bare conductor, with neither armor rods 
nor suspension clamp 


4. Cable with armor rods, but without sus- 
pension clamp 
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Figure 3. Temperature rise of badly oxidized 
« seven-strand 2/0 copper cable 


Tests made at 60 cycles indoors in still air. 
Conductor badly oxidized from many years 
of service 


1. Cable in Ohio Brass number 70,757 sus- 
pension clamp and number 70,759 keeper 
(horns removed) 


9. Thermocouple between core strand and 
outside layer 


3. Thermocouple on surface of cable 


4. Memco number 64 twisted sleeve 


is important, these increases should be 
carefully checked. Even small amounts of 
annealing may result in permanent stretch 
of the conductors after a heavy ice load, 
and it may become necessary to resag the 
line. 


II. Temperatures That the 
Conductor May Attain 


A, TEMPERATURE RISE VERSUS CURRENT 


Several references covering the heating 
of conductors from electric currents are 
available in the engineering literature.*°~° 
The formulas given by Schurig and Frick 
seem to give consistent restlts. Kidder 
and Woodward? give a detailed descrip- 
tion of their method of its application. 


B, WEATHER CONDITIONS 


The temperature rise of the conductor 
must be co-ordinated with the ambient 
temperature, wind conditions, rainfall, 
and so forth. The frequency and dura- 
tion of high temperatures in combination 
with low wind velocities may be found 
from local weather records, These data 
may be plotted in various combinations 
to give a picture of the probability of 
high temperature with little or no wind 
coinciding with maximum load. One 
reason for overloading a circuit may be 
the tripping of a parallel circuit during a 
lightning storm, making it desirable to 
make a study of weather conditions im- 
mediately following lightning storms. 
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Even if the weather bureau records do 
not show any coincidence of maximum 
temperature with minimum wind, such a 
possibility is by no means excluded. It 
is also possible that some part of the line 
is located so as to be practically shielded 
from wind. Sun absorption may be ex- 
aggerated by the presence of a building 
wall or other reflecting surfaee. All of 
these factors should be weighed and evalu- 
ated. - 

Other Limitations. Clamps and joints 
may be a further limiting factor. It is 
well known that joints deteriorate with 
time. The modern, drawn, compressed, or 
automatic joint is far superior to the old 
sleeve joint in this respect, but deteriora- 
tion in some degree is bound to take place. 

Most suspension and dead end clamps 
in use today form a more or less closed 
magnetic circuit around the conductor, 
and losses at 60 cycles are appreciable. 
This was brought out by W. H. Burleson. 
A test on a 500,000-circular mil copper 
conductor gave a temperature rise of the 
clamp 80 per cent higher than that of the 
conductor proper at a current of 800 
amperes. The results on another test on 
a 795,000-circular mil ACSR, with 550 
amperes, shown in Figure 1, indicate a 
considerable cooling effect of the armor 
rods, and that the temperature of the 
clamp (without armor rods) reached two 
and one-half times that of the conductor. 
Figure 2 shows that while the rise is rapid 
during the first hour, it requires almost 
four hours to reach a stable condition. 
In a weathered conductor, Figure 3, the 
center or core strand may reach a tem- 
perature 15 degrees centigrade in excess 
of that of the surface strand. This steep 
gradient, on the order of 5 degrees centi- 
grade to 7 degrees centigrade, has also 
been found by Zeerleder and Bourgeois.” 


Conclusions 


If permanency and safety of the line 
are to be considered, emergency ratings 
must be extremely conservative when 
based on our present knowledge. A 
sample test of the conductor in question 
cannot be considered a reliable answer 
as to the annealing characteristics of the 
conductors along the entire line. The lot 
may have been purchased from a single 
manufacturer, on a single order, and yet 
may have been made from two or more 
different lots of metal. 

This does not necessarily mean that it 
would be unsafe to increase the rating of a 
line over previous standards. In many 
cases a substantial increase is possible, 
even if the various factors are chosen on 
a conservative basis, and the final limita- 


590 TRANSACTIONS 


Radio-Noise Filters Applied to Aircrate 


S. W. ZIMMERMAN 


Cc. W. FRICK 


ASSOCIATE AIEE 


HE importance of the use of radio in 

aerial navigation is well known. Of 
comparable importance to the operation 
of the aircraft, however, is the use of 
electricity in other forms, as for instance 
for engine ignition, for lighting, for con- 
trol, and a variety of purposes. Since 
commutators and other forms of arcing 
contacts used in this equipment may 
cause interference with radio under some 
conditions, careful planning is necessary 
to get the fullest use from both power 
and radio equipment, and not over- 
burden the aircraft with -attachments 
solely to make the radio work. 

In order to obtain installations which 
are reasonably free from radio inter- 
ference of this kind, due consideration 
must be given to all of the component 
parts. For example, attention should be 
given to the shielding of radio equipment 
so that it will not be subject to direct 
pickup of radio noise phenomena. Fur- 
thermore, unnecessarily close proximity 
of power and radio circuits to each other, 
which gives close coupling for radio 
noise, should be avoided. In regard to 
the power equipment, disturbances which 
give rise to interference should be avoided 
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as far as possible and the proper suppres- 
sion and shielding employed where” 
necessary. 

With the understanding that proper 
attention is to be given the installation 
as a whole, this paper discusses the par- 
ticular phase of the subject which deals 
with control of radio interference as a 
complex voltage on the power circuit 
called radio-influence voltage. Reducing 
or suppressing this voltage reduces the 
noise in the radio set resulting from this 
cause. The paper deals particularly with 
two suppression devices, capacitors, and - 
radio-noise filters. Filters have been 
especially useful in many situations on 
aircraft equipment. They provide an 
effective and practical means of suppres- 
sion for these applications. 


Available Filters 


Manufacturers of filters have made 
available certain sizes of filters intended 
to cover a large majority of the require- 
ments for aircraft. Filters are available 
in 25-, 50-, 100-, and 200-ampere ratings 
applicable to d-c circuits up to 50 volts. 
These filters are contained in a metal case 
which is provided with suitable mounting 
brackets. 

These filters consist of a series line in- 
ductance with a capacitance at each end. 
Two terminals are arranged for connec- 
tion of the filters in series with one side of 
the power circuit in which the noise volt- 


tion may be found to lie in considerations 
other than the temperature of the con- 
ductor. 

Clamps and joints should be given care- 
ful consideration. The maximum anneal- 
ing effect is apt to be found where the 
stresses in the conductors are at a maxi- 
mum. ; 

Surface measurement of conductor tem- 
peratures may be misleading by ten per 
cent, or more. 
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Elementary case of power circuit 
and radio receiving system 


Figure 1. 


(a.) Without suppressor 
(6.) With suppressor 


ages are to be suppressed. The other side 
of the power circuit is grounded, and the 
filter case is also grounded. When tested 
in a circuit with aircraft equipment, noise- 
reduction ratios in the order of 200 to 1 
to 5,000 to 1 (46 to 74 decibels) are ob- 
tained over the frequency range of 0.20 
to 20 megacycles. Also on a circuit 
standardized for rating performance, 
noise reductions of 1,000 to 1 to 10,000 
to 1 (60 to 80 decibels) are obtained over 
the same frequency range. Weights of 
these filters range between 1.5 and 3.0 
pounds depending on current rating. 
Over all outside dimensions including 
mounting flanges range in length, breadth, 
and height from 4 by 3/4 by 21/2 to 51/. 
by 4%/,; by 3 inches, respectively. The 
filters will retain their suppression charac- 
teristics over a temperature range of 
40 degrees centigrade below zero to 90 
degrees centigrade above zero. Vibra- 
tion tests in all possible positions of filter 
operation and at frequencies and ampli- 
tudes met with in service insure against 
mechanical failures. 


Factors Entering into the Problem 
of Interference Control 


The following discussion is intended to 
bring out by means of a simple example 
a number of points which should be under- 
stood in order to select, install, and test 
properly suppression devices, and some of 
the terms commonly used. 

An elementary case of a power circuit 
and a radio receiving system is shown in 
the upper diagram a of Figure 1. The 
supply generator has a commutator which 
produces small but extremely rapid 
changes in the current and voltage. This 
causes a disturbance voltage and current, 
indicated at #, and J;. In this diagram 
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only the disturbance component is repre- 
sented, the power voltage and current 
being omitted for clearness. The disturb- 
ance voltage and current result from a 
complex phenomenon involving very 
rapid changes and can, therefore, be 
treated as radio-frequency voltage and 
current, not of a single frequency but a 
spectrum covering a wide range of fre- 
quencies. The presence of this voltage 
and current £; and J; in the power circuit 
causes induction in the paralleling radio 
circuit, similar to the induction which 
takes place when a radio-frequency volt- 
age is applied to the power circuit. The 
induced disturbance voltage which ap- 
pears at the antenna and ground terminals 
of the radio set is indicated by e and is 
called radio-noise voltage. The distur- 
bance voltage on the power circuit which 
produces radio-noise voltage on an an- 
tenna, already described and indicated 
at &, is the radio-influence voltage 
(RIV). Both of these quantities can be 
measured in microvolts at various fre- 
quencies by means of a frequency-selec- 
tive instrument called the radio-noise 
meter. 


There are several ways in which the 
possibility of interference with radio be- 
cause of power equipment can be mini- 
mized, some of which are as follows. Re- 
ferring to the elementary case of Figure 
la, it is evident that physical separation 
between the power circuit and the radio 
circuit would reduce the radio-noise volt- 
age. However, space limitations in an 
aircraft make it impractical to control 
interference by this means alone. It 
is also evident that complete shielding 
of the radio system would eliminate or 
reduce the radio-noise voltage. An ex- 
ample of complete shielding would be 
a well-shielded, independently powered 
radio set with the antenna lead-in 
shielded up to the point where it 
emerges from the fuselage of a metal air- 
craft.| A similar result would be obtained 
if it were practical to shield completely 
the power system by enclosing the gen- 
erator, battery, and other apparatus in 
metallic containers and running connect- 
ing wires in continuous metal conduit. 
The shielding of power circuits carrying 
100 amperes or more and extending to all 
parts of the aircraft has the disadvantage 
of weight and inconvenience in servicing 
the power system. However, complete 
shielding is commonly applied to some 
types of apparatus and circuits as, for in- 
stance, engine ignition. 

Referring again to Figure la, it is seen 
that reducing or suppressing the radio- 
influence voltage H, reduces the radio- 
noise voltage e. This can be accomp- 
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lished either by reducing the disturbance 
itself or by localizing, that is, confining 
the disturbance in the apparatus which 
produces it. A radio-noise suppressor is a 
device which does this. It is connected to 
a piece of apparatus such as a generator as 
indicated in the lower diagram b of Figure 
1. It does not obstruct the flow of normal 
power but does prevent the flow of the un- 
wanted disturbance. In terms of radio- 
influence voltage the purpose of the sup- 
pressor is to reduce the voltage EF, of Fig- 
ure la to a smaller value Z, shown in Fig- 
ure 1b. This results in reducing the radio- 
noise voltage e; to a smaller value e. The 
ratio E,/E, called attenuation ratio is a 
measure of the effectiveness of the sup- 
pressor. It is often expressed in decibels 
(db) according to the relation 


Ei 
db=20 logio E, 
This is called attenuation or insertion 
loss. The performance of a representative 
suppression device, in this case a filter, in 
a circuit such as Figures la and 18, is 
shown by Figure 2 wherein the upper 
curve (Z,) shows the RIV without the 
filter and the lower curve (£2) shows the 
RIV with the filter, plotted against fre- 
quency. The ratio of these two quanti- 
ties, also plotted against frequency, is 
shown on Figure 3. Two vertical scales 
are given, one showing numerical ratio, 
and the other insertion loss in decibels. 


Suppressor Arrangements 


Suppressors have been applied to power 
circuits in many cases for such purposes as 
smoothing out ripples present in a d-c 
voltage or reducing distortion of an a-c 
voltage as well as reducing radio noise. 


20 t + | 
— |00-AMP FILTER INSTALLED 


RADIO INFLUENCE VOLTAGE —MICROVOLTS 


| 
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Figure 2. Radio-influence characteristics of 
airplane generator circuit 
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While many different ar- 
rangements might be used, experience in- 
dicates that certain simple structures can 
be used to best advantage. Figure 4 
shows a simple arrangement for smooth- 
ing out the ripple present in the voltage 
of a certain d-c machine. It consists of a 
shunt capacitor across the terminals. 
The capacitor does not pass direct current 
and hence does not interfere with the 
normal operation of the machine. In the 
diagram EH, represents the ripple voltage, 
Z, represents the impedance of the ma- 
chine for this ripple, and Z, represents the 
corresponding impedance of the capaci- 
It will be seen that Z, and Z, act as 
a potential divider for the ripple voltage 
i. For example, if Z, is one tenth of Z,, 
only one tenth of /, appears on the out- 
going circuit. In other words, this ar- 
rangement gives 10 to 1 reduction (20 
decibels). 

Sometimes it is advantageous to add 
impedance to the machine as at Z in Fig- 
ure 5, especially if the machine itself has 
very little impedance. This arrangement 
is called an L filter. In many cases the 
shunt capacitor of Figure 4 or Figure 5 
is replaced by a series tuned circuit called 
a resonant shunt. It reduces the har- 
monic in the same manner as the capacitor 
but is selective for a particular frequency. 
When several harmonics are involved, a 
separate resonant shunt is provided for 
each frequency. For a-c machines this 
scheme has the advantage of frequency 
discrimination between the fundamental 
and the harmonics, 

A further arrangement which has been 
particularly helpful in the field of radio- 
noise suppression is the a filter shown in 
Wigure 6. It acts as a two-step potential 
suppressor. Z, and Z,, constitute the 
first step which is similar to Figure 4. 
Zr, and Z,; constitute the second step. 
This affords further reduction. For ex- 
ample, if each step gives 10 to 1 reduc- 
tion or 20 decibels, the over-all reduction 


suppressor 


tor. 
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will be 100 to 1 or 40 decibels. A prac- 
tical aircraft filter of this type is shown 
in Figure 7. 

The L filter and the 7 filter are similar 
in structure to certain simple filters 
known as low-pass filters employed in 
communication practice. 


Use of Suppressors in Aircraft 


The selection of a radio-noise suppres- 
sor to fit a given situation and the proper 
way to install it so that it will function 
properly involves a number of considera- 
tions which are discussed in the sections 
which follow. These considerations are 
brought out with reference to a type of 
aircraft power-supply system that has 
been studied extensively, but the con- 
clusions are not necessarily restricted to 
this type of system. A common situation 
is that of a power supply consisting of one 
or more generators driven from aircraft 
engines and operated at about 28 volts 
d-c, a two-wire circuit, one side of which 
(usually the negative side) is solidly 
grounded to the body of the aircraft, 
stand-by storage batteries, motors, and 


Smet 


Figure 4. Capacitor as suppressor 
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Figure 5. 


ik 


L filter as suppressor 


Figure 6. 


a filter as suppressor 
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wy 

/) 
various other devices such as amplidynes, 
dynamotors, and inverters. Some of 
these pieces of apparatus have commu- 
tators, vibrating contacts, certain types 
of thermionic elements or other features 
required for their normal operation but 
which may give rise to radio-influence 
voltage. Tests have been made on ap-_ 
paratus representative of these various 
types, and it has been demonstrated that 
the selection of the proper suppression 
equipment depends upon the following: 


1. The required attenuation of the radio- 
influence voltage. 


2. The frequency range to be covered. 


3. The impedance characteristics of the 
apparatus and circuit. 


4. The power currents which the suppres- 
sor device must be able to carry. 


Complete quantitative data on the first 
three items are not usually at hand, and 
most situations have to be treated on the 
basis of representative tests and experi- 
ence with the use of suppression devices. 
With the aid of such knowledge, the kind 
of suppression equipment to employ can 
be decided upon. In some cases a capaci- 
tor as in Figure 4 can be used to best 
advantage. In other cases a filter ar- 
rangement such as Figure 5 or Figure 6 
gives the best results. The general field of 
application for capacitors and for filters 
will now be considered. 


CAPACITORS AS SUPPRESSORS 


There are many cases of devices having 
small current ratings such as five amperes 
or less on which capacitors may be used 
effectively, for example when the re- 
quired attenuation ratio is between 10 
to 1 and 100 to 1, and the frequency range 
is not large, such as the range of standard 
broadcast. frequencies. 
the property of very low impedance at 
high frequency. In the case of an ideal 
capacitor the higher the frequency, the 
lower the.impedance becomes. It must 
be remembered, however, that every re- 
sistor, inductor, and capacitor possesses 
to some degree all three of the proper- 
ties—resistance, inductance, and capaci- 
tance. In the case of the capacitor some 
means of connection to the apparatus 
circuit is necessary, and these connections 
may have appreciable length and, there- 
fore, appreciable inductance. To deter- 
mine the effect of these properties a capa- 
citor was tested in a circuit similar to Fig- 
ure 4 with resistances used to represent 
the circuit impedances Z, and Z;. Volt- 
age was measured with capacitor off and 
capacitor on. The ratio of voltage A, 
with suppressor off as in Figure la to 
E, with suppressors on as in Figure 1b, 
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A capacitor has ~ 


which is the attenuation ratio is shown 
in Figure 8 plotted against frequency. 

The straight line, dotted at the upper 
end, represents the calculated atténua- 
tion for a pure capacitance. The solid 
curve shows the actual attenuation. It 
will be noted that the attenuation over 
the lower part of the frequency range 
coincides with the pure capacitor, but the 
attenuation at the upper end is quite dif- 
ferent and is characterized by .a peak at 
point A, At this point actual perform- 
ance exceeds the calculated performance 
based on pure capacitance mainly caused 
by capacitor resonance, but there is a 
rapid falling off of attenuation ratio at 
frequencies above this peak, instead of 
an increasing attenuation ratio as there 
would be with an ideal capacitor. The 
frequency at which the peak occurs in 
the case of the capacitor tested, which 
was of a special design for high frequency, 
was between five and ten megacycles. 
The characteristic of another capacitor 
of the same microfarad value but not 
specially designed for high frequency is 
shown by the broken line for comparison. 
The shape of the latter curve indicates 
that the capacitor has somewhat more 
inductance and more resistance at high 
frequencies, which limit its effective 
range to about two megacycles. 


Referring to the “high-frequency”’ 
capacitor, the maximum effectiveness, 
and the frequency at which it occurs, at 
A, depend upon all three of the quanti- 
ties—resistance, capacitance, and in- 
ductance. In this frequency region in- 
creasing the capacitance does not neces- 
sarily increase the effectiveness and may 
result in reduced effectiveness depending 
on the other factors. Sometimes ad- 
vantage is taken of the ‘“‘peak”’ effective- 
ness by choosing suitable values of capaci- 
tance and length of leads to control the 
inductance so that the peak occurs at a 
desired frequency. The usefulness of this 
scheme is somewhat limited, and it is 
generally preferable to make the capacitor 
leads as short as possible. 


The curve of Figure 8 indicates in a 
general way the field of application for 
capacitors as suppressors. At the lower 
end of the curve which in this example 
corresponds to about 0.2 megacycle, the 
capacitor has less effectiveness than at the 
higher frequencies. While the effective- 
ness at this frequency can be improved 
by making the capacitance value (micro- 
farads) larger, this usually results in con- 
siderable size and weight. A further in- 
crease in attenuation can be obtained by 
means of a filter such as Figures 6 and 7 
with less bulk and weight. At the upper 
end of the frequency range, that is, above 
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Figure 7. Radio- 
noise filter showing 
compact arrange- 


ment required 


five or ten megacycles, the effectiveness 
of the capacitor is limited by the induct- 
ance of leads and other factors besides 
capacitance. In and above this frequency 
range it is usually necessary to use a filter 
giving an attenuation curve such as Fig- 
ure 3. In the frequency range from about 
one to five megacycles there are many 
cases where the capacitor as a suppressor 
is the best solution. The most important 
considerations in the use of capacitors as 
suppressors are the characteristics of these 
capacitors in the desired radio-frequency 
band and the proper arrangement of 
leads and connections. 

Whether capacitors are used instead of 
filters depends on 


(a). The economies. 
(b). The allowable weight and size. 


(c). The required performance. 


Fitters As SUPPRESSORS 


When apparatus rated one kw or more 
has to be suppressed over a wide range 
of frequencies such as 0.2 to 20 mega- 
cycles and suppression of 40 decibels or 
more is required, a capacitor is not gener- 
ally sufficient for reasons already shown, 
and some form of filter is necessary. 
While in some instances filters have been 
specially designed and assembled as part 
of a piece of equipment, the general 
situation calls for the availability of fil- 
ters as separate items to be selected and 
applied as the need arises. Manufac- 
turers have made available certain sizes 
of filters intended to cover a large major- 
ity of these requirements. To meet as 
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Figure 8. Radio-influence voltage suppres- 
sion characteristics of capacitors 
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nearly as possible the general require- 
ments outlined, these filters are designed 
to give attenuation characteristics based 
on measurements on a variety of appara- 
tus and experience of aircraft operators 
over the frequency range of radio equip- 
ment used in aircraft. Impedance char- 
acteristics of aircraft equipment and 
circuits have been taken into account 
in a general way by the use of a labora- 
tory test setup to be described later. 

To illustrate the application of these 
fiiters the case of a 2.5-kw 28-volt d-c 
generator will be considered. The full- 
load current of this machitie is 90 amperes 
approximately. The filter rated 100 am- 
peres would, therefore, be selected and 
installed as illustrated in Figure 1d. 
Filter performance is illustrated by Fig- 
ure 2 already referred to in this paper, 
when the filter is properly installed. 

In order to obtain the full degree of 
effectiveness which the filter is capable of 
giving, careful attention to certain in- 
stallation details is necessary. While a 
generator is referred to as an example 
the discussion is intended to apply to a 
variety of apparatus. The filter should 
preferably be close to the generator. The 
intervening circuit must be shielded, the 
enclosure generally consisting of a con- 
duit which forms a continuous shield with 
the generator and filter cases. The filter 
base must be well grounded, for instance 
mounted directly on the grounded metal 
structure. The grounded side of the cir- 
cuit should be well grounded at a point 
immediately adjacent to the filter. 

The importance of this and other fac- 
tors to the proper functioning of such a 
filter can be seen by reference to Figure 
9. Here three important factors are 
emphasized, all of which are usually pres- 
ent to a greater or less degree simul- 
taneously. In these diagrams the filter 
is intended to isolate the radio-influence 
voltage appearing at the left from the cir- 
cuit at the right but is not fully effective 
because of faulty coupling. 

Capacitive coupling shown at @ in 
Figure 9 is one of the conditions that may 
interfere with predicted good perform- 
ance. It results from the presence of ex- 
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Figure 9. Types of faulty coupling in filters 


traneous capacitance between input and 
output circuits as indicated by C. To 
high frequencies this provides a by-pass 
and allows extraneous voltages to appear 
in all or certain parts of the quiet circuit 
in spite of the presence of the filter. 
Inductive coupling shown at b in Fig- 
ure 9 is another condition to be avoided. 
If the impedance to radio-frequency cur- 
rents flowing at the left is small, as it 
should be for a well-designed filter in- 
tended for suppression, radio-frequency 
currents flowing through this circuit may 


Figure 10. Insertion-loss tester for radio-noise 


filters 
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set up electromagnetic flux which if al- 
lowed to cut the conductors of a quiet 
circuit will introduce therein a radio- 
frequency disturbance as illustrated. In 
many cases magnetic shielding can be 
used to reduce this coupling. Electro- 
magnetic flux at commercial frequencies 
must be shielded with heavy sections of 
magnetic material. At radio frequencies 
flux penetration can be prevented to a 
great extent with thin conducting sur- 
faces. Inductive coupling occurs only 
when there are loops existing in input and 
output circuits. 

Conductive coupling is a condition such 
as shown at c in Figure 9. Radio fre- 
quency currents in the circuit at the left 
flow through a common ground lead hay- 
ing an impedance Z. As a result volt- 
age Hp appears across this impedance and 
is directly introduced in the circuit which 
is intended to be quiet. This type of in- 
duction may occur unless particular care 
is taken to secure a good ground connec- 
tion. The case of the filter should be 
solidly connected to the electrical ground 
plane. The impedance of only a few 
inches of ground wire is extremely detri- 
mental to filtering action. 

To obtain a quiet circuit all sources of 
noise must be given attention. One filter 
can sometimes be arranged to suppress 
more than one source. For instance, if 
the generator in the aforementioned ex- 
ample has a voltage regulator which 
causes radio noise and all connections to 
this regulator are made between the gen- 
erator and the filter, the filter suppresses 
noise from both sources. All other con- 
necting wires such as field leads must also 
be connected on the generator side of the 
filter, 

In general the important things to be 
given attention in the installation of a 
filter are location, shielding of the un- 
filtered parts of the circuit, and ground 
connections, 


Measurements 


Tests are needed to check the perform- 
ance of filters under actual operating 
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Insertion-loss tester for radio-noise 
filters 


Figure 11. 


Rear view showing amplifier, oscillator, and 
power supply 


conditions and to obtain data on which 
further designs and improvements can be 
based. The effectiveness of filters is de- 
termined by making two measurements of 
radio-influence voltage preferably on an 
actual installation in an aircraft. These 
measurements are made 


(a). Without filter in the circuit. 
(b). With filter in the circuit. 


Measurements on the input and output 
sides of the filter do not indicate the ef- 
fectiveness of the filter because the filter 
itself changes the circuit constants. The 
necessary equipment for these tests con- 
sists of a radio-noise meter! and a reliable 
signal generator for calibration. 

To get measurements within the ac- 
curacy? of the noise meter certain precau- 


Figure 12. Labora- 
tory circuit for rating 
filter performance 
and corresponding 
apparatus circuit 


(a). Laboratory cir- 


cuit, flterin 


4 (b). Laboratory cir- 
cuit, filter out 


(c). Apparatus cir- 
€,) Zz &, cuit, filter in 
sen (d). Apparatus cir- _ 
di cuit, filter out 
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tions are necessary, particularly in tests 
made on an aircraft in flight. Among 
these are 


(a). Maintenance of proper battery volt- 
age. 


(6). Proper alignment and adjustment of 
the noise meter and frequent calibration 
checks against the signal generator. 


(c). Placing the noise meter close to the 
test point which in measurement with the 
filter should be right at the filter terminal on 
the ‘“‘quiet’’ side. 


(d). Avoiding test locations where the 
noise level is high. 7 


(e). Providing the noise meter with cush- 
ions to eliminate mechanical vibration. 


(f). Providing a temperature controlled 
chamber when low temperatures are en- 
countered, 


In addition to tests on the actual equip- 
ment it has been found useful to make 
tests on filters at radio frequencies in a 
laboratory circuit. This setup approxi- 
mates in a general way the impedance 
characteristics of a piece of aircraft equip- 
ment and the asssociated circuit. The 
filter performance curves so obtained are 
not interpreted as those to be expected 
on apparatus but rather as those obtained 
in a standardized test circuit. However, 
the general experience has been that the 
filters showing the best performance on 
this network also showed the best per- 
formance in actual apparatus. This test 
has proved useful in the development of 
filter designs and in checking the product 
of the factory. Figures 10 and 11 show a 
filter tester based on this method used in 


‘afactory. 


A diagram of the laboratory circuit in 
somewhat common use is shown in Figure 
12 together with the corresponding ap- 
paratus circuit. Filter performance in 
this circuit is obtained by measurements 
without the filter in the circuit and with 
the filter in the circuit. The analysis 
given in the appendix shows that the 
laboratory circuit indicates the same per- 
formance as an actual apparatus circuit 
with a certain set of impedance values. 


The measurements just described on a 
laboratory circuit or on the actual power 
circuit do not take into account the radio 
equipment and circuits. A complete 
study of filter performance should include 
measurements on the radio equipment, 
but consideration of the measurement 
equipment and technique for this purpose 
is beyond the scope of this paper. 
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Appendix. Laboratory Circuit 
for Filter-Performance Tests 


The attenuation test commonly made on 
filters in the laboratory with sine wave 
voltages at radio frequencies utilizes a re- 
sistance network as shown in diagrams a 
and } of Figure 12. The voltage source or 
signal generator is represented by Ha. The 
circuit impedances Z, and Zz of a corre- 
sponding apparatus circuit shown by dia- 
gram d are represented by the same symbols 
on diagrams a and b. In the laboratory 
test these impedances consist of 20-ohm 
resistors. In addition a 300-ohm resistor 
Za is connected in series with the signal 
generator to adapt the circuit to the internal 
impedance characteristics of available signal 
generators. This 300-ohm resistor does not 
affect the test result because it cancels out 
in the “filter out” to “filter in’’ ratio as 
shown by the formulas in this appendix. 
In the diagram a, Z;, Z:, and Z; represent 
a r-filter (see Figure 6). 

The test may be made in two ways. 
The first method is to hold the signal gen- 
erator voltage constant and obtain two 
values of output voltage Fz, Ep, with filter 
out as shown in 6 of Figure 12 and Ep» 
with filter in as shown in a. The ratio 
(Ex:)/(Ep2) is equal to the filter attenua- 
tion ratio, as will be demonstrated. The 
second method will be described later. 

The following approximations which hold 
for practically all test setups have been 
made for the purpose of simplifying the 
analysis: 


The paralleling effect of Zz, on Z; is neglected. 


The paralleling effect of Zo (to the left) and of other * 


impedances (Z2 and so forth to the right) on Zi is 
neglected. 


The impedance looking into Z»2 from the left, dia- 
grams a and ¢, is assumed to be the same as Ze 
itself, which neglects the added effect of Z; and Zz. 


The impedance looking into the circuit from the 
signal generator in a and b is assumed to be equal 
to Z4 which neglects the added effect of Zo, Z1, ZL, 
and so forth. The largest error occurs in b where 
the actual value is 310 ohms and the approximate 
value is 300 ohms, the value of Z 4. 


The impedance looking into the circuit from the 
source in diagram c¢ is assumed to be equal to Zo 
which neglects the added effect of Z: and other 
elements to the right. 


In diagram a the value of Hz is approxi- 
mately 


Ep=Ha > XS hee 


When the filter is removed, as in b, and the 
signal generator voltage kept the same 
(Ec = Ea) Ep becomes approximately 


/ 


jy Soy 2 
i= Ea (2) 


where Z’ represents Z, and Zz in parallel. 
Combining these equations we have 

VO VAT Ax Is 

Ep, ZZ 


It will be shown that this equation gives 
the same ratio as the voltage ratio E;/E» in 


(3) 
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the apparatus circuit diagram c and d, In 
the former (filter in) the voltage 2 is given 
approximately by the relation 

1123 
Sag 

In diagram d (filter out) the voltage F; is 
given by the relation 

Zi 

°ZotZh 


Combining equations 4 and 5 we obtain 


Ei 240 x Ze (6) 
Ey 2,+Z, 223 


Since the term (Z,Z1)/(Z,+2Z1) gives the 
value of Z, and Z;, taken in parallel which is 
designated by Z’ in equation 3, the right- 
hand members of equations 3 and 6 are the 
same, and therefore 


E,=E (4) 


(5) 


= 


oe ee (7) 


Equation 7 shows that within the approxi- 
mations stated the laboratory test shows 
the effectiveness which the filter being tested 
would have in an apparatus circuit having 
the same value of Z, and Zz. 

It is generally more convenient to use 
the second method which is to reduce 
the signal generator voltage in diagram ), 
filter removed, to give the same value of 
output voltage Ez as in a, filter in. The 
effectiveness is then given by EHa/Ec which 


is the same ratio as (Ep))/(Ep2). This is 
demonstrated as follows: 
Equation 1 becomes Eg= EF. A (1a) 
ZaZo 
, 
Equation 2 becomes Eg= Ee Z, (2a) 


Combining these equations we obtain 


(3a) 


that 
a" (8) 


This relation enables the filter effectiveness 
to be determined from the signal generator 
voltage calibration in which case the volt- 
meter on the output (Eg) is used merely as 
an indicator. 


References 


1. Merruops or Mrasurtnc Rapro Norse 1940, 
report of Joint Co-ordination Committee on Radio 
Reception of Edison Electric Institute, National 
Electrical Manufacturers’ Association and Radio 
Manufacturers’ Association. Edison Electric Insti- 
tute publication G9, National Electrical Manufac- 
turers’ Association Publication 107, Radio Manu- 
facturers’ Association Engineering Bulletin num- 
ber 32. 


2. MEASUREMENTS PERTAINING TO THE Co- 
ORDINATION OF RADIO RECEPTION WITH POWER 
APPARATUS AND Systems, C. M. Foust, C. W. 
Frick. AIEE Transactions, volume 62, 1943, 
June section, pages 284-91. 


TRANSACTIONS 595 


Manual Switches for Aiircraft 
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Synopsis: In the design and application of 
electrical control equipment the problem of 
obtaining complete field data and require- 
ments is always present in some degree. 

The problem is acute in branches of the 
electrical industry supplying aircraft con- 
trol. Three factors contribute to the diffi- 
culty: 

1. The tremendous engineering effort centered in 


the aircraft industry causes rapid technical changes 
that soon make accumulated data obsolete. 


2. Technical data on utilization devices are not 
always available to either the aircraft or electrical 
manufacturer. The mushroom growth and tech- 
nical advance of the aircraft industry have, in some 
cases, outdistanced laboratory equipment and 
personnel capacity so the data an electrical-control 
manufacturer would like to have are simply not 
available. 


3. The secrecy surrounding many aircraft develop- 
ments blocks the passing of information from the 
aircraft manufacturer to the electrical manufac- 
turer, 


The electrical-control manufacturer can 
meet this problem, in part, by making avail- 
able complete performance data on switch- 
ing equipment offered for sale. Properly 
chosen, these data enable the aircraft engi- 
neer to match control means with his elec- 
trical utilization device requirements. 

In the preparation of such data the fol- 
lowing considerations are of primary im- 
portance to both the user and producer of 
switches. 

The functions of an aircraft switch may 
be classed broadly as follows: 

1. To establish a circuit. 


2. To maintain a circuit. 


3. To interrupt a circuit. 


Performance of these functions is impor- 
tantly affected by the following character- 
istics of the load: 


(a). Inrushes. 
(b). Inductance. 
(c). Current, 


(d). Voltage. 


i‘ establishing a circuit, the increasing 
order of difficulty shows: 

(a). 
(b). 
(c). Lamp loads. 


Inductive loads. 


Resistive loads. 


When a set of switch contacts closes, the 
circuit is seldom established without some 
disturbance (see Figure 1). The current 
magnitude at the time of this disturbance 
becomes a major factor in switch perform- 
ance. Contact erosion results, caused by 
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the arcing which normally accompanies 
such disturbance, and in extreme cases 
freezing or welding occurs with the pos- 
sibility that the switch may immediately 
become inoperative through inability to 
open the freeze. In most switches the 
contact bounce that creates these dis- 
turbances ends within ten milliseconds, 
and the current magnitude for that period 
of time is of primary importance in con- 
nection with this first function of a 
switch, establishing the circuit. 

(a). Inductive loads build up slowly, and 


the current for a time after the switch con- 
tacts close is less than steady-state value. 


O10 Sec. 


i 


Switch contact bounce 


Figure 1. 


For this reason damage to contacts is mini- 
mized. 


(b). Resistive loads cause more damage in 
establishing the circuit than inductive loads 
do because of the substantially vertical front 
current increase. This means that any 
bouncing of contacts (with accompanying 
arcing) occurs at practically full steady- 
state circuit load instead of the fraction of 
steady-state current indicated in the pre- 
ceding inductive-load discussion. 


(¢). Inrush loads are most severe in circuit 
establishment. The common forms experi- 
enced are lamp and motor inrushes. The 
former—because of their characteristic ver- 
tical front current increase, and because of 
the relatively slow decay of the inrush— 
are the most severe of any circuit-closing 
condition. Any switch bouncing is almost 
sure to occur at currents well above steady- 
state values. Motor inrushes are not com- 
parably severe because the inductive com- 
ponent tips and rounds off the wave front 
in a manner so bouncing usually occurs 
before maximum inrush current is reached. 
Condensers have a steep wave front like 
resistance, but the circuit ordinarily has 
other limiting resistance, 


The second function of the switch, 
maintaining the circuit, is mainly affected 
by the circuit characteristics of current 
and voltage. The passage of current 
across the internal resistance of a switch 
results in a wattage loss that must be dis- 
sipated without causing harmful tem- 
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1 
perature rises in either conducting or in-- 
sulating members. Experience indicates 
that, if the continuous duty rating of a 
switch be taken as 100, the 15-minute, 5- 
minute, 1-minute, and 5-second ratings 
may be taken as 110, 150, 200,and 400, 
respectively, for the average switch used 
in aircraft circuits. Losses must also be 
limited to the extent necessary that exces$” 
voltage drop will not obtain. The cir- 
cuit voltage (which may vary from supply 
voltage) strains the switch insulation, 
which must, under all operating condi- 
tions, be capable of restricting current 
flow to switch parts that are normally cur- 
rent-carrying members. Conducting 
paths to ground or opposite polarity result 
from voltage breakdowns, and such paths 
may carbonize and progressively develop 
more wattage until complete failure oc- 
curs. The stripping of conductor insula- 
tion at the switch requires the provision of 
adequate circuit insulation from terminal 
to terminal through the switch. 

The third function of the switch, inter- 
rupting the circuit, is affected by circuit 
current, voltage, and inductance. Figure 
2 shows a switch opening a resistance load 
of 380A at 30V and the same switch open- 
ing a highly inductive load of 25A at 
30V. The arcing time for the inductive 
but slightly smaller load is more than 12 
times that for the resistive load. The 
major watt-seconds loss is developed near 
the start of circuit opening even though 
a high-voltage kick develops just before 
the current reaches zero. This last kick, 
though occurring at so low current value 
that little wattage is involved is of im- 
portance because of the strain it places 
on circuit insulation and because it con-: 
tributes, in some instances, to are re- 
striking or flashovers to ground. 

In order that switch functioning under 
the previously described circuit conditions 
may be checked by laboratory tests it is 
necessary that voltage and current 


Figure 2. Current and voltage across switch 

contacts, 25 amperes inductive (above) and 30 

amperes resistance (below) loads on 30-volt 
supply 
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sources, along with elements to establish 
circuit components for inrush and induc- 
tive effects, be provided. A series of per- 
formance requirements, substantially 
formalized in specification A N.S-20 is ap- 
plied to test each switch intended for air- 
craft, establishing the following data: 

i 

1.. Current-making capacity (10,000 opera- 
tions). 

(a). Lamp load (10 hot filament current). 


2. Current-breaking capacity (10,000 op- 
erations). 


(a). Resistance load. 


(b). Inductive load (using standard test 
inductors with L/R ration of 0.26). 


3. Emergency break (50 operations induc- 
tive load). 


4, Current-carrying capacity. 


la. The inrush circuit provided for deter- 
mining current-making capacity uses a 
normally closed contactor which opens soon 
after (about 40 milliseconds) the switch 
under test closes (see Figure 3) and remains 
open until the switch under test opens, As 
shown in Figure 4, the switch under test 
opens zero load. This may be made a finite 
load, however, by shunting the break load 
across this normally closed contactor. The 
advantage of this circuit lies in the fact 
that the line of current increase is almost 
vertical, and a flat top holds the inrush at 
maximum value for approximately 40 milli- 
seconds so that any switch closing dis- 
turbance occurs at peak current. The 
lockout-contactor type of circuit is a more 
severe circuit than usually found in prac- 
tice, but it provides a test that may be 
duplicated in any laboratory and deter- 
mines a switch rating that may be used 
safely with any kind of inrush load. 


2a. The resistance-load test requires no 
special comment. 


2b. The inductive circuit for this type of 
testing was co-operatively developed by the 
Army Air Corps and the Navy Bureau of 
Aeronautics, again with the aim of pro- 
viding a circuit which could be duplicated 
in any laboratory and which would, at one 
time, test switches under conditions of 


' sufficient severity to guarantee satisfactory 


performance in any of the so-called “highly 
inductive” aircraft circuits. These circuits 
include brake coils, solenoids, relay and 
contactor coils, and so forth. 


Figure 3. Wave form. Standard inrush cir- 
cuit 
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Figure 4. Line dia- 
gram of standard in- 
rush circuit 
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So duplication could be readily at- 
tained, the following inductor elements 
are defined: 


1. Iron circuit. 

(a). Lamination dimensions. 
(b). Lamination material. 
(c). Magnetic saturation. 
(d). Air gaps. 

2. Copper circuit. 

(a). Coil dimensions 

(b). Ballast resisters. 


The stored energy of the magnetic cir- 
cuit and the rate at which this stored 
energy is released were made the subject 
of a study based on tests conducted on a 
number of solenoids, relay coils, and so 
forth, now in use. Voltage surge, current 
decay, and arcing time were the main 
measures of equivalence and were deter- 
mined with the circuit controlled by the 
same switch type in all cases. The stand- 
ard test inductor shown in Figure 5 re- 
sulted, 

The functioning of a switch is basically 


Figure 5. Standard test inductor 
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dependent on the characteristics of the 
electrical circuit to be controlled, but the 
physical characteristics of the surrounding 
atmosphere and supporting structure are, 
in many cases, of equal importance. 

Physical conditions which at times as- 
sume such importance are: 


1. Ambient temperature. 

2. Humidity. 

3. Chemical atmosphere or sprays. 
4. Accelerations. 

5, Altitude or pressure. 


The ambient temperature, in the low 
range of 50 and 60 degrees Fahrenheit be- 
low zero may interfere with the mechani- 
cal action of a switch by congealment 
of lubrication, while the high range of 
150-175 degrees Fahrenheit accentuates 
the problem of temperature control in 
current-carrying elements and insulation. 

The second physical condition sub- 
stantially affecting switch performance is 
the presence of humidity or moisture, 
either through exposure of the switch to 
direct wetting action by rain, splashing, 
and so forth, or by breathing air into the 
switch interior under conditions of high 
relative humidity with variable tempera- 
ture. In the first case the switch is best 
protected by the use of water-resistant 
gasketing and joint constructions. In the 


3130-6 


FREQUENCY 
APPROX |OO CPS 


APPROX 380CPS 
ACCEL 400 G 


ae 2 INCHES ise 


Wea 0.05 SECOND ae: 


Figure 6. Panel subjected to shock test 


With eight-pound shutter on bakelite panel at 
center 
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second case, with moisture in a relatively 
tight switch interior by condensation of 
vapors entering the switch by breathing, 
either the provision of drain holes or a 
highly water-resistant construction is 
indicated. 

The third condition involves the pres- 
ence of salt spray or combinations of 
chemical atmospheres with heat or mois- 
ture that result in deterioration at metallic 
surfaces and junctions of case or mount- 
ing elements. The elimination of abutting 
unlike metals or metals with unlike plat- 
ing is a partial solution to this problem 
although the protective adequacy of the 
plating as related to the base metal must 
be determined. Nickel on steel or cad- 
mium on brass are not the best specific 
protective coatings for these two base 
metals, yet cadmium plating for assem- 
blies of steel and brass parts is a good plat: 
ing because the more readily corroded 
material (steel) is protected and unlike 
metallic abutments are not present. 
Choice of protective metallic coating 
must also recognize the by-products re- 
sulting from protective action. For in- 
stance, zine, in the presence of moisture, 
forms zine hydroxide and carbonate, 
bulky salts of high electrical resistance, 
that would cause failure in closely fitting 
assemblies or at the electrical contacts of 
a switch. Cadmium, in a tight enclosure 
and at high temperature, in presence of 
some insulating varnishes and oils, such 
as tung and chinawood oils and air dry 
phenolic varnishes, may “bloom,” forming 
a bulky salt of high electrical resistance. 

The fourth condition affecting switch 
performance results from mechanical ac- 
celeration which may occur in the follow- 
ing forms: 


(a). Linear. 
(b). Vibrational. 
(c). Shock. 


(a). In the first form a constant linear 
acceleration and its effect on switches can be 
readily computed and measured by labora- 
tory tests. A rotating table may be used to 
generate this acceleration in accordance 
with the formula: 


Acceleration = Kx(RPM)? R 


(b). In the second form of acceleration free 
vibrations that may be induced by vibra- 
tion in the plane frame and structural ele- 
ments are checked by test on a table osecil- 
lating in harmonic motion over a frequency 
range of 10 to 60 cycles per second with an 
over-all amplitude of 0.060 inch. Devices 
under test are checked for structural failures 
and electrical failures (closing circuit when 
open or vice versa) with the frequency range 
traversed at the rate of about once in 3-5 
minutes for a period of one hour, 


(c). In the third form of acceleration, 
shock resulting from landing, shell burst, 
and so forth, transmits itself to the switch 
through plane structure and switch mount- 
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Aircraft Inverter Construction 


C. T. BUTTON 


ASSOCIATE AIEE 


HE word ‘inverter’ is a generic 

term used to designate any device 
which receives direct current and delivers 
alternating current. Such a device may 
consist of electronic elements, or vibrating 
contacts, or mechanical choppers, or ro- 
tary types. The scope of this paper will 
be confined to a discussion of rotary-type 
conversion equipment. 

Various classes of rotary inverters and 
control accessories will be listed with a 
brief and general description of charac- 
teristics and relative merits, viewed from 
the standpoint of the requirements of 
military aircraft. A statement of what 
the principal requirements are is first in 
order, 


Operating Requirements 


An aircraft inverter must operate on 
the d-c supply of the plane, which usually 
is obtained from generators driven from 
the main engines. These generators may 
be of 50-, 100-, or 200-ampere rating; 
and in a four-engine bomber there are 
usually four 200-ampere generators con- 
nected in parallel while in normal flight. 
The d-e bus voltage is maintained fairly 
constant by means of carbon-pile regula- 
tors controlling the generator fields, A 
battery usually floats on the bus. 

The inverter is connected to the d-c 
bus through a solenoid-operated switch. 
For purposes of inverter design, the volt- 
age delivered to it is considered to be 


ing means. The motion, velocity, and ac- 
celerations involved are a combination of 
effects discussed in a@ and b, although the 
energy imput to the switch is ordinarily 
greater than in either @ or b. See Figure 6 
showing the time—motion trace of a panel 
subjected to a high-shock test. Manual 
switches have been tested in a pendulum 
shock machine. Consideration is being 
given the use of a drop machine suggested 
by the Bureau of Standards, 

In these three acceleration tests, the 
measure of electrical failure is a self- 
maintaining electrical indicator set to 
pick up in four milliseconds and drop out 
in four milliseconds. A device like a 
bomb rack solenoid requiring eight milli- 
seconds to initiate armature movement, 
would not be affected when in circuit 
with a switch which passes a shock test 
with four millisecond indicating means, 
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27.5 volts, with maximum variation of , 
plus or minus 2.5 volts, In routine flight, 
varbon-pile voltage regulators restrict the 
d-c voltage variation to less than one 
volt, except for momentary transients. 

With an input voltage at any point 
from 25 to 30 volts, the inverter should 
be capable of starting and carrying full 
rated load continuously, An operating 
life of at least 1,000 hours without major 
overhaul is expected, with starting as fre- 
quent as once per hour, 

Output ratings may be anywhere from 
6 to 3,000 volt-amperes, with an ever- 
present possibility of increased loads in 
the future requiring larger sizes. Effort 
has continuously been made and will 
continue to be made to standardize on 
rated loads or sizes. In view of the fluid- 
ity of the load requirements and resulting 
necessity of modifying specifications on 
actual conversion units procured from 
time to time, a formal tabulation of rat- 
ings will not be listed. Formalized speci- 
fications are available, one of which is the 
United States Army Specification 94- 
32270. These formal specifications are 
amended from time to time as need re- 
quires. 

In order that this discussion may be 
self-contained however, three sizes of 


Paper 43-127, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1948. Manuscript submitted April 5, 
1943; made available for printing June 2, 1943. 


Cc. T. Burron is sales engineer for the Holtzer- 
Cabot Electric Company, Boston, Mass, 


The fifth physical condition affecting 
switch performance is altitude or pres- 
sure. Air-gap dielectric strength becomes 
a matter of definite concern. The spark- 
ing potential, a function of gap and pres- 
sure, becomes a major factor, and switches 
with normal forms of air gaps at contacts 
and terminals, capable of holding 2,500 
volts pressure across these gaps at 29 
inches of mercury, have by test failed at 
800 volts in pressure equivalents of five 
inches of mercury. In the presence of 
such a substantial drop in sparking po- 
tential any tendency toward flashovers: 
to ground’ or across polarity during cir- 
cuit opening is severely emphasized, and 
the interrupting capacity of switches, par- 
ticularly on inductive circuits, must be 
carefully determined, 
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inverters currently used in large quanti- 
ties will be mentioned, the ratings of 
which are as follows: 


= 


Output at 400 Cycles 


26 Volts 115 Volts 
40 Per Cent 90 Per Cent 
Rating Power Factor Power Factor Class* 
ut 
250 va.. 60 va..1 phase. .190 va. .1 phase. (i 


750 va. .250 va..1 phase. .500 va..1 phase. .D 
1,000 va..250 va..1 phase. .750 va..3 phase. .F 


* See tabulation under ‘‘Classification of Basic 
Types.”’ 


The 26-volt output is primarily in- 
tended for electrical-instrument supply 
but may be used for other single-phase 
loads such as fluorescent lighting. The 
voltage requirements are not exacting 
on this circuit, and automatic regulation 
has not been considered necessary. 

The 115-volt circuit may be used to 
supply fluorescent lights, automatic radio 
compass, motor loads, supercharger regu- 
lators, automatic pilot, and bombsight. 
In the case of some of these loads, the 
voltage requirements are not exacting, 
and the percentage variation experienced 
on the d-c bus may be tolerable. In 
such. case, an inverter which may be 
regarded as a transformer (if of suffi- 
ciently low internal impedance) may be 
a simple and satisfactory mechanism. 

However, as more precision equipment 
is developed and put into use, and with 
transient voltage fluctuations occurring 
because of high momentary current to 
gun-turret motors, need for automatic 
control of the 115-volt 400-cycle source 
becomes apparent. 

Asa broad statement, the voltage on 
that circuit should not exceed 120 nor be 
less than 110 at any load from no load to 
full load, and at any d-c input voltage 
from 25 to 30. However, modulations or 
transients or poor wave form may be ob- 
jectionable in some instances. Since no 
practical source will deliver a pure sine 
wave at exactly 115 volts 400 cycles in 
service, and since the greater precision 
demanded the more complicated the 
equipment becomes, the construction and 
acceptance of the most practical machine 
in any particular case necessarily be- 


NAVY TYPE-SHIPBOARD DUTY 
780 VOLT-AMPERES 
D.C. TO 350 CYCLES 

190 POUNDS 


AIRCRAFT TYPE 
750 VOLT -AMPERES 
D.C TO 400 CYCLES 
18 POUNDS 


‘Figure 1. Comparison of size and weight of 
units built for aircraft and shipboard duty 
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Figure 2. | Cascade 
inverter — schematic 
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comes a matter requiring engineering co- 
operation.. In other words, there are so 
many factors involved that the procure- 
ment engineers cannot say ‘‘Here are our 
specifications. Any machine meeting 
them is acceptable, and contrariwise.”’ 
Likewise, the manufacturers’ engineers 
cannot say “Here is the best possible 
equipment for the job; that’s all there 
Sok 

Specified weights for various inverter 
ratings will not be listed, as they are 
changing from time to time. Refinements 
in design make lighter weight machines 
available. However, a contrary tendency 
toward heavier weights also inevitably 
results from requirements for more ac- 
curate control of output voltage and fre- 
quency. As an illustration of weight 
trend, one inverter of the inductor-dyna- 
motor type was in use in 1939, weigh- 
ing 18 pounds and capable of delivering 
250 volt-amperes. A cascade-type inver- 
ter was designed in 1940 having the same 
weight and delivering 750 volt-amperes. 
A comparison of the latter with a motor- 
generator set for use on board ship is 
given by Figure 1, where the two are 
shown with outlines drawn to the same 
scale, 

Later developments, however, required 
addition of radio-interference filter and 
control accessories, adding a few pounds. 

The importance of light weight in air- 
craft equipment needs no argument. 
One pound of fixed weight requires an- 
other pound of structure and fuel to carry 
it. 

Likewise, the importance of efficiency 
may be emphasized by the following ap- 
proximate data: 

An aircraft engine consumes about 0.5 
pound of fuel per horsepower-hour. The 
generators are roughly 75 per cent ef- 
ficient. Hence, 1,000 watts of inverter 
input requires the consumption of about 
one pound of fuel per hour. Every 100 
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watts saved is worth a pound of fuel on a 
ten-hour flight. That pound of fuel 
might take the airplane another half 
mile. It might be said as a generality 
that 100 watts of additional inverter 
losses would necessitate a certain addi- 
tional weight of generator capacity. In 
a practical case, this capacity may be al- 
ready available. 

All things considered, perhaps a weight 
saving of one pound in an inverter is 
worth while if the losses are not increased 
as a result by more than 100 watts. This 
figure is by no means definite, however, 
and has not been set up as a design cri- 
terion. 

It is no simple problem, nor can any 
definite general answer be given, as to 
what point it is best to stop at in weight 
reduction on account of loss in efficiency 
or possible sacrifice in reliability. Like- 
wise, extremely light weight may mean 
high internal impedance and hence high- 
voltage regulation. High speed makes 
light weight possible but reduces bearing 
life and decreases reliability. 

These are all matters which should have 
the benefit of sound engineering judg- 
ment. The most sound judgment is 


400 CYCLES 26VOLTS 
3 PHASE (A-G-GND) 
IIS VOLTS C47 “SA 


D+ 275VOLTS D.C. 
O 


Figure 3. Schematic diagram of 1,000-volt- 
ampere dynamotor-generator type 
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based on experience. It is quite common 
in aircraft work, however, for experience 
to bring to light considerations which 
either were not anticipated or were 
erroneously regarded as of negligible im- 
portance, 


Classification of Basic Types 


A rotary inverter essentially consists 
of a d-c motor driving an alternator. 
The two elements may be combined in a 


Figure 4. 
making 


Centrifugally operated contact- 


speed governor, cover removed 


Parts shown in lower view include two rotat- 

ing pieces, bakelite button for transmitting 

thrust, and stationary contact unit with adjusting 
screw 


single magnetic circuit, the most inti- 
mate combination being an inverted ro- 
tary converter. The latter is analogous 
in some degree to an autotransformer, 
where primary and secondary conductors 
are common. A simple rotary converter 
cannot be used to fulfill the requirements 
in question, however, on account of the 
voltage ratio involved and the fact that 
grounded circuits are used on both pri- 
mary and secondary. 

The following list covers classes of 
equipment in current production, types 
which have been built experimentally, 
and others which conceivably could be 
used. The list does not include every 
theoretical possibility of variation and 
combination. 


A. Motor-generator set 


1. M-G set with rotating field generator 

2. M-G set with rotating armature generator 
3. M-G set with inductor generator 

4. M-G set with permanent magnetic generator 
B. Dynamotor 
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C. Inductor-dynamotor 
D. Cascade inverter 
E. Inverted rotary converter with trans- 
former 
Separate transformer 


Rotating transformer 


a 

2. 

F. Dynamotor-generator 
G. Dynamotor with booster 
H. 


Cascade inverter with booster 


Types A4, B, C, D, and E are not 
adaptable to independent output voltage 
control, except by a separate series boost 
or buck arrangement in primary or 
secondary circuits. The behavior of 
B, C, D, and E types may be compared 
with that of a transformer, where output 
voltage is proportional to input voltage 
less internal impedance drop. 

Considering the other classes where 
automatic control of output voltage may 
be obtained by field regulation, these may 
in turn be divided into two groups—those 
with slip rings and those without. 


Al, A2, F, and G have slip rings. 
A38 and H do not have slip rings. 


Of these latter two groups, those with- 
out slip rings will weigh perhaps 25 to 35 
per cent more than those with slip rings, 
all design factors being on an equivalent 
basis. 

Another theoretical possibility which 
would fall in the last group is an inductor 
dynamotor with inductor-type booster 
generator. The practical advantages of 
such a combination is questionable. 

The motor-generator set with inductor 
generator, class A3, has the advantages 
of ruggedness and reliability, since it has 
no conductors on the generator rotor and 
no slip rings. For 400-cycle service 
where light weight and hence high speed 
is required, the generator will probably 
be the twin-stator type with single sta- 
tionary field coil in the shape of an an- 


Figure 5. Centrifugally operated carbon-pile 
speed governor 
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Figure 6. Physical arrangement of resonant- 

circuit feed-back speed-control equipment 

including capacitor, reactor, and rectifier shown 
in Figure 3 


nular ring lying between the two stators. 
The generator rotor will have three salient 
poles or six effective poles on each end, 
for 400 cycles at 8,000 rpm. The direc- 
tion of the flux is centrifugal in one stator 
and centripetal in the other, and crosses 
each air gap in three rotating bands of 
high and essentially constant density at 
the rotor pole faces. 


The inductor dynamotor, class C, has | 


a single armature with salient teeth or 
poles. The a-c winding lies in slots in the 
pole faces, the field poles otherwise being 
like those of an ordinary two pole d-c 
motor. This mechanism is essentially a 
merging of the motor-generator set with 
inductor generator into a single magnetic 
circuit. This combination does not pro- 
duce a net gain necessarily, since control 
of output voltage (except in steps by a 
tap switch) is lost, and a speed of over 
4,000 rpm for 400 cycles would result in 
difficulties. For some purposes however, 
such a machine has been extensively used 
with satisfactory results. 

The cascade inverter consists of two 
parts in one frame and is physically simi- 
lar to a two bearing motor-generator set. 
The d-c end acts as an inverted rotary 
converter built for 200 cycles, multi- 
phase output. This output is delivered to 
the rotor of the a-c end, which is slotted 
and wound similar to the d-c armature, 
except that the 200-cycle phase rotation 
is reversed, as shown by Figure 2. Thus, 
the a-c end operates as an a-c excited 
generator, with combined electrically and 
mechanically rotating field. When built 
for a speed of 6,000 rpm for 400-cycle out- 
put, half of the energy is delivered from 
the d-c end electrically and half mechani- 
cally. There are four conventional sta- 
tionary salient field poles on the d-c end, 
and a four-pole stator on the a-cend. The 
only control of output voltage possible is 
obtained by a tap switch connected to the 
output stator. 


An inverted rotary converter with ro- 
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tating transformer, class #2, has been 
built, the advantages conceived being 
that the (circular three-legged) trans- 
former would be well cooled; and six- 
phase low voltage could be carried di- 
rectly to the transformer primary wind- 
ing. This particular machine was in- 
ended for three-phase output only and 
hence had three slip rings. 

The dynamotor-generator, class F, 
was designed to deliver both three-phase 
and single-phase output, and it was de- 
sired not to have the single-phase load 
unbalance the three-phase voltages. Ac- 
cordingly, the motor was designed for 
operation at 8,000 rpm with six poles, 
and a dynamotor winding superimposed 
to deliver single-phase 400 cycles through 
slip rings. Figure 3 is the schematic dia- 
gram. The generator is a three-phase 
rotating-armature type. Hence this 
machine is a combination of class A2 and 
class B. 

A dynamotor with booster, class G, 
has been built for three-phase output 
only. A dynamotor may be somewhat 
lighter than a motor-generator on ac- 
count of having a single magnetic circuit, 
utilizing the same flux for both motor 
and generator conductors. .A_ small 
generator adequate to supply the differ- 
ential energy required to maintain con- 
stant output voltage is provided, acting 
as a booster. The greater part of the 
energy conversion takes place in the dy- 
namotor. This was built in two and three 
kilovolt-ampere sizes and is probably the 
lightest type of inverter of the slip ring 
class for this particular duty. 

A cascade inverter with booster, class 
H, has been built, which is a class D (cas- 
cade) inverter with tertiary element in 
the 200-cycle circuit between the d-c and 


Figure 7 (left). Armature for cascade inverter 


(Center). Armature for dynamotor-generator 

type. Twenty-six-volt a-c winding can be 

seen in the same slots with d-c motor armature 
winding 


(Right). Rotating element including motor 
armature and rotor for inductor generator 
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a-c armature cores. This tertiary ele- 
ment is a small 200-cycle generator with 
four salient field poles and with each 
armature coil connected in series with 
the 24-wire 12-phase 200-cycle output 
from the d-c armature. The series boost 
effect at 200 cycles was added at an ad- 
vanced phase angle so that with a lagging 
400-cycle load the power factor of the 
200-cycle load on the d-c armature might 
be brought near unity. The objective 
was to increase the efficiency since an in- 
verted rotary converter operates most 
efficiently on a resistance load. How- 
ever, the net over-all gain of this boosting 
at an advance angle is dubious, since the 
tertiary element must then have more 
capacity than would be the case for in- 
phase boosting. 


Figure 8. Inverter made by the Leland Electric 
Company 


An inverter with inductor-type genera- 
tor is being considered, with one stator 
having a three-phase winding and the 
other supplying the single-phase load. 

At least four of the classes listed are in 
current use in large quantities. 

As is frequently the case, there would 
be no particular problem involved if one 
type of machine had all of the advan- 
tages (minimum number of brushes, light 
weight, reliability, and independent 
sources of single- and _ three-phase 
output). Many practical considerations 
enter, and it may be that, even for a 
single well-defined set of load require- 
ments, it will be difficult if not impossible 
to arrive at a universally accepted de- 
cision as to the best machine for the job. 

The problem of obtaining satisfac- 
tory brush operation at high altitudes is 
now generally recognized in the electrical 
industry as a serious one. The approach 
to this, in so far as inverter design is con- 
cerned, has been to study the problem in- 
tensively in itself but simultaneously to 
develop inverter designs without genera- 
tor slip rings. As indicated previously, a 
sacrifice in weight must be accepted in 
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payment for the increased reliability of 
an inverter with no generator brushes. 


Construction Details 


Inverters for aircraft duty are made in 
two-bearing open-type frames. Specifi- 
cations require openings to be small. 
Internal fans, either propeller or centrifu- 
galtype, are used. Sealed or labyrinth- 
type shielded bearings are generally used, 
with no provision for relubrication. A 
speed of 8,000 rpm is commonly used, but 
cascade types running at 6,000 rpm and 
inductor types at 4,000 are also widely 
used. The inverters must be capable of 
operating in any position, be built to 
withstand shock and vibration, and be 
capable of operating in any outdoor tem- 


Figure 9. Inverter of Eclipse aviation division, 
Bendix Aviation Corporation 


perature and pressure encountered on. the 
surface of the earth and up to 40,000 feet 
above it. 

Hollow shafts are used in many of the 
inverters for weight reduction. End bells 
are made of magnesium or aluminum. 
Armature and stator laminations have 
holes or slots where all metal not definitely 
needed for carrying flux or for mechanical 
purposes is removed. 

Armatures are, of course, dynamically 
balanced. In the case of some of these 
machines where the armatures are long, 
the shaft not too heavy, speed high and 
air gap small, special procedure may be 
required to insure that a static unbalance 
near the middle is not compensated by 
two weights added on the opposite side 
but near the bearings, resulting in a 
tendency for the shaft to spring. 

With good air circulation easily obtain- 
able at the high speeds used, and the 
losses kept relatively low to obtain good 
efficiency, it has not generally seemed 
necessary to provide for higher tempera- 
tures than commonly dealt with in other 
electrical apparatus. 

Filters for suppression of radio inter- 
ference are provided integral with the in- 
verters. 

Electrical connections are made with 
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Figure 10. Holtzer-Cabot inverter 


standardized A-N aeronautical-type fit- 
tings. 


Frequency Control 


Figure 4 shows a centrifugally operated 
contact-making speed governor which has 
no slip rings or brushes. The rotating 
element consists of a yoke carrying a 
spring which is deflected by the centrifu- 
gal force resulting from two weights. 
The axial motion of this spring is trans- 
mitted to contacts which are a part of the 
stationary unit by means of a “‘bakelite 
button’ which engages with a dimple in 
the spring at the center of rotation. The 
points are of molybdenum-silver. The 
usual capacitor and resistor are provided 
across the contacts. The familiar Lee- 
type governor is also used. 

A carbon-pile speed governor which is 
actuated by centrifugal force has been 
developed, the operation of which is su- 
perior to that of the contact-making 
governor in some respects. This is shown 
by Figure 5. 

A resonant circuit feed-back speed- 
control circuit, Figures 3 and 6, is used on 
one inverter. This has a series circuit 
tuned for a peak at slightly over 400 
cycles. In series with the capacitor and 
reactor in this circuit is a dry-disk recti- 
fier. The d-c terminals of this in turn 
supply a control field on the motor. Con- 


sequently, as the output frequency ap- © 


proaches 400 cycles, the current in this 
control field rapidly increases, and the 
speed stabilizes. The rectifier delivers to 
the control field direct current plus an 
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800-cycle component. In order to main- 
tain substantially constant flux, each field 
pole is provided with a heavy copper 
shading coil. Taps are provided on the 
reactor to compensate for manufacturing 
variables in the inverter and the capaci- 
tor. 

Electronic controls have been de- 
veloped for both speed and voltage. It 
would be quite possible to obtain ex- 
tremely accurate frequency control by 
this means, if required, by using a tuning 
fork as the reference. Here again how- 
ever, the greater the precision required 


Figure 11. Inverter manufactured by General 
Electric Company 


the more susceptible to trouble the ap- 
paratus becomes—as well as being more 
bulky. 


Voltage Controls 


It is believed that no good purpose will 
be served by elaborating on theoretical 
possibilities for automatic voltage con- 
trol. A long discussion could be pre- 
sented, starting with the Tirrill-type 
regulator and leading up to electronic- 
type precision controls. These devices 
would include multifinger contact-type 
regulators, saturated reactors, and vari- 
ous others. The carbon-pile regulator, 
however, has come into very general use 
both for controlling the main d-c genera- 
tors and for regulating the 400-cycle in- 
verter output as well. Present indica- 
tions are that it has no inherent serious 
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yf 
disadvantages and that it produces satis- 
factory results. In applying a carbon 
pile to an inverter, over-all temperature 
compensation must be obtained, including 
the rectifier in the circuit supplying the 
actuating solenoid from the 400-cycle 
circuit being regulated. 


ee 


Radio-Interference Filter 


Specifications require the radio-fre- 
quency component of voltage in any input 
or output conductor of the inverter to be 
less than 50 microvolts at any frequency 
from 0.2 to 20 megacycles. For the pur- 
pose, it is common practice to use a 7- 
circuit filter in each conductor. The re- 
actance should not be so large as to cause 
excessive voltage drop in the 400-cycle 
conductors, and here air-core chokes are 
commonly used. Textbook rules for the 
most efficient design of choke result in 
minimum space and weight. Capacitors 
should be no larger than necessary, both 
because of space and weight considera- 
tions and the effect of the leading current 
on the no-load voltage where voltage 
regulators are not used. Great care must 
be used in designing a filter as to arrange- 
ment of components, length of leads, and 
method of grounding. 


Conclusions 


While continuous effort has been made 
to standardize ratings and performance 
requirements, this has been difficult. 
Load requirements change rapidly, and 
the way must be left open for refinements 
of inverter design. 

A motor with automatic speed control 
driving a generator with automatic volt- 
age control appears to be the most desir- 
able general type for most purposes. 

Production of existing designs which 
have proved to be usable must be con- 
tinuously carried on; and simultaneously 
new designs must be studied and ad- 
vantages ‘and disadvantages weighed. 
Interchangeability must be considered. 
Also, designs cannot be changed too fre- 
quently on account of maintenance 
problems, spare parts for aircraft compo- 
nents now being carried at many points 
around the world. 
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Synopsis: The Amplidyne generator has 
been widely applied and is recognized as an 
important device in the electrical industry. 
Since it is used primarily as a power ampli- 
fier in regulating systems, the requirements 
of an amplifier for this use are analyzed, and 
the characteristics of the Amplidyne genera- 
tor are compared in this paper with these 
requirements. 

Owing to the large number of distinct 
windings of the Amplidyne, it is desirable to 
follow a consistent practice in terminal 
markings and polarities. Proposals for this 
purpose are outlined in the paper, and 
typical values of amplification for different 
output ratings are given. 

Service experience and an application 
typifying the use of the Amplidyne are dis- 
cussed, so that the reader may become 
familiar with the device and its uses. 


INCE its introduction into the elec- 
ical industry, the Amplidyne gen- 
erator has been found useful in a large 
variety of applications. The chief use 
has been in closed-cycle controllers or 
regulating systems as a power amplifier. 
In order to see why the Amplidyne is 
particularly adaptable and useful in 
regulating systems, it is desirable to re- 
view and analyze the characteristics of 
the regulating system to determine the 
requirements of an amplifier for use 
therein. 


The Regulating System 


A closed-cycle control system or regu- 
lating system is one in which the control- 
ling agency is actuated by some function 
of the final output in such a manner as to 
minimize’ any deviation of the output 
from an ideal value. 

There are three fundamental elements 
of such a system, namely: 

1. A standard of ideal performance against 


which the output to be regulated can be 
compared, 


2. An amplifier to amplify any deviation 
of output from the standard. 


3. A means of feeding the amplifier output 
into the system in such a manner as to 
minimize the deviation. 


Paper 43-125, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted April 9, 
1943; made available for printing June 7, 1943. 
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Many factors need to be considered 
in devising a regulating system, and these 
have been outlined in a previous article.! 
It is not the purpose here to elaborate 
on these factors any more than necessary 
to establish a basis for analysis of the 
amplifier requirements in the system and 
to show how such an analysis acts as a 
guide in evaluating various proposed 
amplifiers for this use. 

The first element of the regulating sys- 
tem, namely, the standard of perform- 
ance, may be either a primary or a second- 
ary standard and must be of like physical 
kind to the quantity to be compared 
with it. It is very often necessary to 
transform the quantity to be regulated 
into the same form as the standard for 
comparison. It can be readily understood 
that standards and transformations can 
most readily and economically be ob- 
tained at low power levels. 

The third element of the system, the 
means of feeding the amplifier output 
into the system, may, and in most cases 
does, require a very considerable amount 
of power. 

It is obvious that a high degree of power 
amplification is an important require- 
ment for an amplifier to be used in a regu- 
lating system. 

Stability is another primary require- 
ment. It is beyond the scope of this 
article to establish mathematically the 
requirements for stability of the regulat- 
ing system. Instability can be explained 
by the existence of a series of time delays 
in the| system. In general, the greater 
the nulmber of time delays in series and 
the higher the amplification the greater 
will be the tendency to oscillate. Also, in 
a system with three or more simple ex- 
ponential time delays in series, the more 
nearly the time delays equal each other 
in magnitude the greater will be the ten- 
dency to oscillate. Since in the usual in- 


. dustrial power apparatus the time delay 


of the final controlled element is appreci- 
able, it is generally important to reduce 
to a minimum the time delays in the sys- 
tem prior to the final one. From these 
considerations, the second desirable char- 
acteristic of the amplifier is as short a 
time delay as possible between input and 
output. 
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One thing that has not been generally 
recognized is that the closed regulating 
circuit affects the response time of the 
system as well as minimizing the devia- 
tion between the standard and the system 
output. In this respect, a regulating 
system is very similar to an inverse feed- 
back amplifier. 


Analysis of Simple Regulating 
System 


Figure 1 illustrates a very simple regu- 
lating system with one time delay. For 
purposes of analysis, assume that up to a 
time t=0 the standard voltage has been 
0 and is instantly made equal to Eg at 
time f=0. Furthermore, assume the 
amplifier and generator amplifications 
to be linear over the range of voltage con- 
sidered, 

Let 


R,=generator field resistance 
I,=generator field inductance 
K,=generator armature voltage per field 
ampere 
M,=amplifier amplification 
L 
T, == generator field time constant 
1 
FE, = —M(Er—Es) =(RitLip)t 
Er —, Ki, 


E 

— MEp+MEs=(Rit+Lip) oa 
: 1 

Ep - 

K, Ri(1+7\p)+ MER= MEs 

1 
K,MEsg 
MK, : 
RA 47 ) 
Ry 


Let 


Er= 


M ae 
a=—— =over-all system amplification 


E — (atte 
ER = *(1-¢ 7; 


If we had merely applied a voltage Fy 
to the field of the generator sufficient to 
bring the output voltage without the 
regulating system up to a value equal to 
Ep, the equation for Hp would have been 


ERK, =e y 
KEr= l—-e 7 
R Ri ( 


Thus, we see that the use of the regu- 
lating system not only minimizes devia- 
tion from the value of the standard but 
has reduced the time delay of voltage 
build-up or effectively decreased the time 


_ constant in the ratio of a + 1 to one. 


This analysis assumes linearity of am- 
plification, and it is to be noted that if the 
voltage output of the amplifier is limited, 
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Figure 1. Simple regulating system 


the response will be determined by the 
maximum voltage available at the genera- 
tor field. ~ 


The Amplidyne 


The Amplidyne has been described in 
detailin other articles.2~* It is here de- 
sired to point out the features of its de- 
sign which make it outstanding in its per- 
formance, 

A review of the operation is desirable 
to this end. Tigure 2 shows a two-pole 
d-c armature with two pairs of brushes in 
quadrature. The frame is omitted from 
the diagram for simplicity, and the as- 
sumption is made that commutation is 
ideal. A flow of current J; in the control 
field FF, in the load axis creates a load- 
axis flux ¢,. The armature conductors 
cut this flux, and a voltage /%) is generated 
in them to send current /, through the 
brushes of the short-circuit axis. The 
flow of armature current /, through the 
short-circuit axis of the armature de- 
velops a distributed magnetomotive force 
and flux , in the short-circuit axis. Ro- 
tation of the armature in this field gener- 
ates a voltage /, at the load-axis brushes. 
The magnetomotive force of the armature 
caused by current J; is in opposition to the 
magnetomotive force of the 
control field, However, there is a dis- 
tributed compensating field which neu- 
tralizes the armature magnetomotive 
force caused by current J;. Only a very 
small magnetomotive force is required in 
the load-axis control field to cause genera 
tion of the required voltage and current 
in the short-circuit axis to give full out- 
put voltage at the load terminals. Only a 
small generated voltage is necessary in the 
short-circuit axis, and yet the full voltage 
of the armature is available for forcing 
a rapid rise or decay of flux oy, 


load-axis 


Analogy and Analysis of 
Time of Build-Up 


The Amplidyne combines into one ma- 
chine two stages of amplification, each 
stage of which has a very small time de- 
lay. The first stage of amplification is 
from the load-axis control field to the 
short-circuit axis, and the second stage is 
from the short-circuit axis to the load 
terminals. For purposes of approximate 
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Figure 2. Schematic 

diagram _ illustrating 

operation of the 
Amplidyne 


analysis, it is as though two d-c generators 
were in series and with the first generator 
just as large as the second as regards 
voltage output capability. This is illus- 
trated in Figure 3. 

Let a unit voltage 4, be suddenly ap- 
plied to the control field, 


L 2 
Let 7,= ak =volts /, generated per field 
: ampere 1 

Ky= volts /y generated per field ampere 4, 


Ly 


Then 


hy — (R, + Lip)iy 


I= Ki Kyi ky (Re Lop)i 
ty = IN 1, = —— fs 4 9p )Vy 
shay OO I Ke 
: me Ky Koh) 
Es = Kola = — ae 
(Ri--Lip)( Ra-+- Lap) 
Ky Koy 


Ky 


RR d+ Tip)\(1+ Top) 


The solution of this is 


Ki Kok pets a 
iment ut LUA) Le 


RRs T1—T; 
es 
Tr he 
Ti—Ti 


Vigure 4 is a plot illustrating the volt- 
age rise in such a circuit having constants 
as follows: 


T= 0,058 second 7) = 0,092 second 


These are values taken from a typical 
1,500-watt 250-volt 1,750 rpm Ampli- 
dyne, The time delay 7 is for a field oc- 
cupying 25 per cent of the field coil space 
and capable of carrying continuously 
ten times the current required to excite 
the machine to 80 per cent voltage at 


asso 
ANALOGOUS TO | ANALOGOUS TO | ANALOGOUS TO 
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| | 
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COMPENSATED ARMATURE 
Figure 3. Two-machine equivalent of the 


Amplidyne 
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wa 

H 
rated load. The time delay Ts is on a 
machine with a series field in the short- 
circuit axis which is connected in the arma- 
ture circuit of the short-circuit axis. 

From this analysis, it is evident that 
the Amplidyne is an ingenious method of 
obtaining two-stage amplification with a 
fast response in a single unit. A number 
of independent load-axis control field” 
windings can be used, so that the resultant 
control ampere turns will represent the 
algebraic sum of several independently 
selected functions, 


Circuit Diagrams 


To take full advantage of these possi- 
bilities and to avoid confusion in cireuit 
diagrams, the symbols shown in Figure 5 
have been found convenient. These sym- 
bols may be used as a guide for any com- 
bination of field windings, Connections 
of typical machines are shown in the dia- 
gram, and it can be seen that they are 
relatively simple. The only external con- 
nections are those of the various load- 
axis control fields and the power output 
leads, 


Terminal Letters and Nomenclature 


The same general rules are used for 
designating Amplidyne terminals as those 
in use for other d-c machines. The prefix 
X is added to the terminal markings of 
all windings which magnetize in the short- 
circuit axis, while the windings which 
magnetize in the load axis are marked 
without a prefix. See Figure 5 for detailed 
definitions of the various symbols. 

Throughout the paper, the terms load 


CALCULATED RISE FOR 1SO0-WATT 
AMPLIDYNE T,=0.058 Ta=0,092 | 


PER CENT OF FINAL VALUE OF LINE VOLTS 


' 
TIME = SECONDS 


Figure 4, Response curve of typical Ampli- 


dyne generator ‘ 
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axis and short-circuit axis are used to de- 
scribe the two axes. Other publications 
have also referred to the Joad axis as the 
secondary axis and the direct axis, and to 
the short-circuit axis as the primary axis 
and the quadrature axis. 


Polarity 


Amplidynes are so marked that for 
current which flows from the lower to the 
higher subscript terminal, in any of the 
control fields which magnetize in the load 
axis, the polarity of the terminal A, of 
the armature winding of the load axis is 
negative. This is true for both directions 
of rotation. Refer to Figure 5 for a de- 
tailed explanation of various windings. 


£9, FIO F7,F8 F5,F6 F3,F4 Fi, F2 SIn S2. Al 

Seveop = 4 Vo a VS eg Ve \ ee ee 
‘ FIELD WINDINGS WHICH 
MAGNETIZE IN LOAD AXIS 


(a) 


Methods of Rating 


Amplidyne generators are rated in 
kilowatts output, the product of rated 
voltage and rated current. It has been 
found desirable to select the voltage rat- 
ing so that the saturation curve is essen- 
tially a straight line up to 80 per cent of 
rated voltage, and to provide a ceiling 
voltage approximately equal to 120 per 
cent of rated voltage. Typical saturation 
curves are shown in Figure 6. Usually, 
amplidyne generators are designed for 
40 degrees centigrade temperature rise 
at rated voltage and current and to with- 
stand a 200 per cent current peak momen- 
tarily at rated voltage. The machines 
should preferably be subjected to not 
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Figure 5. General diagram for clockwise rotation of Amplidyne generators 


1. Compensating field windings 

The compensating field windings, C:Ce, are 
always connected in series with the load axis 
of the armature winding. Frequently it is con- 
venient to split the compensating field winding 
so that half is connected in the circuit on each 
side of the load axis of the armature winding, 
and the diagram is modified as shown in 

diagram a 


2. Commutating field windings 
IF a commutating field winding is used it will 
be connected in the armature circuit between 


terminals A1-A2 or XA1-XA2Q 


3. Field windings in the load axis 

Each terminal of the field windings in the load 

axis is marked with a single letter and sub- 

script number. Exciting current which flows 

from the lower to the higher numbered sub- 

script in any one of these windings produces a 

magnetomotive force and flux along the load 

axis and a speed voltage in the armature wind- 

ing of the short-circuit axis of such polarity 

as to make XAz positive and XA, negative 

with clockwise rotation of the armature. 

The use of the letters and subscripts has addi- 

tional significance: 

SS, S354, and so forth, field windings intended 

for series connection; usually in the arme- 

ture circuit of either the load axis or the short- 

circuit axis 

FFs, main control shunt field 

F5F4, reference or counter shunt field 

F;F¢, auxiliary control shunt field 

F,Fs, antihunt shunt field 

Fo, Fro, Fix, Fiz, and so forth, shunt fields for 
other purposes than those already noted 


4. Field windings in the short-circuit axis 

The terminals of the field windings in the 
short-circuit axis are marked the same as the 
field windings in the load axis except that the 
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prefix letter X is added. Exciting current 
which flows from the lower to the higher num- 
bered subscript in any one of these windings 
produces a magnetomotive force and flux 
along the short-circuit axis and a speed voltage 
in the armature winding of the load axis of 
such polarity as to make Ay positive and A; 
negative with clockwise rotation of the 
armature 
The use of the letters and subscripts has added 
significance: 
X5,X5Se, and so forth, field windings intended 
for series connection; usually in the armature 
circuit of either the short-circuit axis or the 
load axis 
XF\XFo, and so forth, field windings intended 
for shunt connection 
5. Killer windings 
A killer winding is sometimes used in special 
cases to reduce the residual. This may be a 
special winding or it may be special taps 
on a Winding designed for other purposes. 
In either event the terminals are marked KK». 
Since the exciting current is alternating, the 
polarity marking is omitted 
6. Counterclockwise rotation 
The same letters and subscripts are used for 
both rotations. For counterclockwise rote- 
tion the polarities of all field windings and of 
the armature winding of the load axis remain 
the same as for clockwise rotation. The 
polarities of all field windings and the arma- 
ture winding of the short-circuit axis are re- 
versed. All interconnections of the various 
windings are the same for both rotations; 
except that field windings in the load axis 
which are connected in the circuit of the 
short-circuit axis, and field windings in the 
short-circuit axis which are connected in the 
circuit of the load axis must be reversed when 
rotation is reversed 
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Figure 6. Typical saturation curves for 1,725 
rpm 250-volt Amplidyne 


more than 150 per cent rated current at 
rated voltage, tapering to 250 per cent at 
zero voltage. 

The control field excitation require- 
ments for typical 1,800-rpm Amplidyne- 
generator ratings between !/, and 25 kw 
vary from 0.25- to 0.75-watt excitation 
(in one-fourth field space) with rated cur- 
rent output and 80 per cent rated volts; 
giving power amplifications (for one- 
fourth field space) from 2,500 to 40,000 


Figure 7. Schematic connection diagram with 
double motor drive using counterrevolving 
propeller 


M1 and M2 = 22,000-horsepower 
ring 327-rpm fan motors 
AD1 and AD2 = 2,500-kw d-c generators 


slip 


BD1 and BD2 == 3,200 - horsepower d-c 
motors 
S2 = 20,000-kva 540-rpm synchronous motor 


S1 


6,000-kva 514-rpm synchronous gene- 
rator 
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Guide for Wartime Conductor Tempera- 


tures for Power Cables in Service 


AEIC SUBCOMMITTEE ON 
WARTIME TEMPERATURES FOR CABLE CIRCUITS 


Preface: The cable engineering section of 
the Association of Edison Illuminating 
Companies recently sponsored a guide par- 
ticularly for the use of its member power- 
utility companies in the wartime operation 
of electric cables of the types as used mainly 
in underground systems. A large share of 
the underground cable circuits in this coun- 
try are operated by the AEIC companies. 
The details of preparing the guide for the 
consideration, revision, and approval of the 
section were handled by a special sub- 
committee. 

The AIEE cable working group sponsored 
a conference on emergency rating of power 
cables at the AIEE technical meeting on 
January 26, 1943, at which nine papers 
were presented.* Subsequently it seemed 
desirable to the cable working group to have 
the AEIC guide also presented for the pur- 
pose of giving information to all interested 
in this country and for stimulating discus- 
sion. The information and diversified views 
in the nine papers were considered in pre- 
paring the guide. 

This guide is similar in two respects to 
wartime guides recently prepared by various 
AIEE committees and subcommittees on 
various kinds of equipment, namely: 

(a). It presents principles and assumptions con- 
cerning the factors affecting the operation and life 
of the equipment involved, thereby indicating how 


to obtain maximum utilization within the pre- 
scribed temperature limits. 


(bo). It presents tables of temperatures for occa- 
sional emergency use which are above the limits in 
the AIEE Standards. 


Furthermore, this Guide has tables of tem- 
peratures for normal operation, that is, 
day-in and day-out operation, where the 
temperatures are higher than the limits 
given in various specifications and stand- 
ards, including the AIEE Standards. The 
usage of temperatures such as set forth in 
the guide for normal operation and for 
emergency operation will produce sharp 
increases in rates of deterioration and in 
rates of failures of cable circuits. Such 
temperatures are recommended for con- 
sideration only as a wartime measure to 
save critical materials, because their use is 
otherwise uneconomical as well as damaging 
to service reliability. 


1. Scope 


HIS guide has been prepared as an 
aid in determining reasonable cable 
operating temperatures for wartime serv- 
ice for both normal and emergency oper- 
ating conditions. The aim has been to 


* A single pamphlet containing all nine papers is 
available in limited quantity at Institute head- 
quarters at 75 cents a copy. 


HI 
obtain the maximum practical utilization 
of materials and facilities consistent with 
maintaining tolerable rates of failure. 
Tables are presented showing recom- 
mended maximum temperatures for rep- 
resentative systems, but the values must 
be adjusted, in many cases, to take into 
account the various special conditions 
that are involved in specific situations’ 
As an aid to the engineer who must make 
the decision as to the needed adjustments, 
a large part of the guide is devoted to a 
discussion of the principles on which the 
recommendations are based and to sug- 
gestions as to the adjustments appro- 
priate for particular cases. 

The recommendations cover four types 
of power cable used mainly in under- 
ground systems, namely: 


-1. Impregnated-paper-insulated lead-cov- 


ered cable of the solid type. 


2. Impregnated-paper-insulated lead-cov- 
ered cable of the oil-filled type. 
3. Varnished-cambric-insulated 
ered cable. 


lead-cov- 


Paper 43-104, recommended by the AIEE com- 
mittee on power transmission and distribution 
for presentation at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943. 
Manuscript submitted April 21, 1943; made 
available for printing May 20, 1943. 


Personnel of the AEIC subcommittee: Herman 
Halperin, chairman; C. T. Hatcher, and H. W. 
Collins. 


Personnel of the AEIC cable engineering section: 
W. F. Davidson, chairman; G. M. Armbrust, T. J. 
Brosnan, W. R. Bullard, H. A. Clark, M. T. 
Crawford, G. E. Dean, R. L. Dodd, F. M. Farmer, 
C. W. Franklin, T. H. Haines, Herman Halperin, 
L. I. Komives, C. H. Kraft, S. J. Lisberger, R. E. 
Morse, H. S. Phelps, F. E. Pinckard, and C. T. 
Sinclair. 


to one. The larger values of excitation 
and amplification apply to the larger 
ratings. 

Power amplification and rate of re- 
sponse are interrelated; that is, for a 
particular design an increase in power 
amplification will normally result in a re- 
duction of the rate of response, and an 
increase in the rate of response will nor- 
mally result in a reduction in power ampli- 
fication. 


Applications and Service 
Experience 


There have been a great many appli- 
cations of Amplidyne generators in regu- 
lating systems, some of which have now 
been in service from four to five years. 
Some typical applications were given in 
a previous article.! 

The service record of these machines 
and their circuits has been excellent. 

Typical of the type of regulation that 
can be accomplished is the application of 
Amplidynes to wind tunnel drives. The 
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arrangement of a wind-tunnel-drive ap- 
paratus was described in a previous arti- 
cle.5 Figure 7 shows the schematic con- 
nections of the main drive. In these cir- 
cuits, the following functions were per- 
formed with Amplidynes and associated 
circuits. 


1. Variation of field current of constant 
speed and variable speed d-c machines— 
BD1, BD2, AD1, and AD2 to 


(a). Controlled acceleration of the variable 
speed machines from rest to full speed and 
matching of the line frequency for syn- 
chronizing, 


(b). Controlled acceleration of the main fan 
motors from rest 


(c). Maintain fan motor speed within one- 
fourth of one per cent. 


(d). Under any condition impose a definite 
current limit in the circuit between the 
d-c machines. 


2. Variation of field current of variable 
speed a-c generator S» to 


(a). Match voltages during the synchroniz- 
ing period. 


(b). Maintain system power factor during 
operation of the tunnel. 


Conductor Temperatures for Power Cables in Service 


Owing to the fact that these circuits 
involve matching the quantity to be regu- 
lated against a standard, it is essential 
that the proper polarities be predeter- 
mined and checked before the apparatus is 
given full power to regulate. In case of 
error of connections, the system might 
cause the value being regulated to depart 
from the standard with increasing voltage 
rather than bringing about the desired 
matching. 


References 


1. INDUSTRIAL APPLICATIONS OF AMPLIDYNE 
GeEnERATORS, D. R. Shoults, M. A. Edwards, F. E. 
Crever. General Electric Review, volume 43, 1940, 
pages 114-19. 

2. Tue AMPLIDYNE GENERATOR—A DyNAMO- 
ELECTRIC AMPLIFIER FOR POWER ConTROL, E. F. W. 
Alexanderson, M. A. Edwards, K. K. Bowman. 
General Electric Review, volume 43, 1940, pages 
104-06. i 

3. DesicN CHARACTERISTICS OF AMPLIDYNE GEN- 
BRATORS, A. Fisher. General Electric Review, 
volume 43, 1940, pages 107-13. 

4. Streapy-StaTE THEORY OF THE AMPLIDYNE 
Generator, T. D. Graybeal. AIEE TRANnsac- 
TIONS, volume 61, 1942, October section, pages 
750-6. : : 

5. Larce ADjJUSTABLE-SPEED WIND-TUNNEL 
Drive, C. C. Clymer. AIEE TRANSACTIONS, 
volume 61, 1942, March section, pages 156-8. 


ELECTRICAL ENGINEERING 


4. Rubber-insulated cable with and with- 
out lead sheath. 


This guide is not intended to supersede 
existing standards and recommended 
practices for operating temperatures 
under peacetime conditions of service. 
Further, it is recognized that if these 
higher temperatures are used the manu- 
facturer cannot be held responsible under 
the usual guarantees in standards and 
specifications for troubles resulting from 
operation at the increased temperatures. 


2. General Principles 


Under wartime conditions, the normal 
balance between many factors that enter 
into the determination of proper cable op- 
erating temperatures is upset. Mainte- 
natice of service remains important, but 
the very Ligh standards of peacetime serv- 
ice may not be justified; economic factors 
are assigned only small consideration. As 
a general matter it may be assumed that 
underground cable systems can operate 
with failure or trouble rates considerably 
higher than those reported in the cable 
operation reports of the Edison Electric 
Institute without materially affecting the 
reliability of service to the customers. 
Some increase in maintenance cost is to 
be expected, but this is partially offset 
by the increased use of the investment. 
Some reduction in life is to be expected; 
the extent of this is indicated in the as- 
sumptions. 

Establishment of increased tempera- 
tures and increased load ratings under 
these changed conditions requires a large 
measure of engineering experience and 
judgment. However, it is practical to 
make recommendations as to tempera- 
tures for wartime conditions for repre- 
sentative systems and to give sufficient 
discussion for use in making adjustments 
in the temperatures as dictated by cir- 
cumstances peculiar to specific systems. 


2.1° Typr or SystEM 


The recommended temperatures given 
in Tables I, II, and III apply to represen- 
tative systems meeting three general 
conditions. These are: 


(a). The cable in service was purchased 
almost entirely under the following stand- 
ards and specifications: ‘“AEIC Specifica- 
tions for Impregnated Paper-Insulated, 
Lead-Covered Cable, Solid Type’ (the 
“Simplified Practice Schedule’ issued in 
1941 not being included); ‘“‘AEIC Specifica- 
tions for Impregnated Paper-Insulated 
Lead-Covered Cable, Oil-Filled Type’; 
“AIEE Standard Number 30,” issued at 
various times; ‘Insulated Power Cable 
Engineers Association Specifications for 
Varnished Cambric-Insulated Cables’ (the 
1939 edition which applies to the recently 
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developed varnished-cambric tapes not 
being included); the ‘National Electrical 
Code,” and “ASTM Standard Number 469” 
for rubber-insulated cable. 


(b). The system had rates of trouble of the 
same general order as the national rates of 
trouble as given in the “‘Cable Operation 
Reports” of the Edison Electric Institute. 
The cable and accessories have no especially 
bad condition that would lead to a very 
large increase in troubles with the use of 
higher temperatures.’ 


(c). The power cable systems involved will 
have reasonably good maintenance, which 
includes periodic inspections in manholes 
and repairs when found necessary. 


2.2 TEMPERATURES— DEFINITIONS 


2.21 The temperatures referred to are 
those at the hottest portion of the cable 
in a given line or circuit. Where these 
limiting temperatures exist in only a small 
portion of the line, attention should, ob- 
viously, be given to a determination of the 
extent to which corrective measures may 
be justified. (Section 3.8) 

2.22 The “normal” temperatures are 
the maximum copper temperatures that 
may be reached in regular daily operation 
during wartime when all of the lines or 
circuits for a given supply are in service. 
Where, for example, the daily load cycles 
for the first five days of the week are prac- 
tically the same and then the load drops 
considerably over the week end, then the 
suggested maximum allowable normal 
temperature would apply to the condi- 
tions that produced the maximum tem- 
perature during the week. 

2.23 The “emergency” temperatures 
apply to special operation occurring not 
more than four periods in any 12 consecu- 
tive months for all of the types of cable 
except the oil-filled type, for which the 
limiting number of periods is two in any 
12 consecutive months. The duration of 
the special operation is assumed to be 
a continuous period of time of 24 hours 
or less for all the types of cable except for 
the oil-filled type, for which it is assumed 
that each period is 60 hours or less. 

2.24| It is assumed that, both in nor- 
mal and in emergency operation, the cable 


is at approximately the maximum tem- — 


peratures for a few hours or more in each 
daily lead cycle, which is practically the 
condition when lines or circuits have 
their daily heavy-load periods for eight 
or twelve hours or more, 


2.3. RECOMMENDED TEMPERATURES 


2.31 For impregnated-paper-insulated 
cables of the solid type the temperatures 
for normal operation are from 4 to 15 
degrees and for emergency operation from 
10 to 40 degrees centigrade higher than 
the temperature limits given in the AEIC 


Conductor Temperatures for Power Cables in Service 


Specifications and the AIEE Standards. 
Lower temperatures are shown in Table 
I for shielded three-conductor cables than 
for single-conductor cables, because the 
maximum temperatures for three-con- 
ductor shielded cables are more limited 
by the effect of cable movement upon the 
sheath life than by deterioration of the 
insulation. 

2.32 For oil-filled cables the tempera- 
tures for normal operation are ten degrees 
centigrade above the limits given in the 
AEIC Specifications except for voltages 
below 26 kv where the increases are 
smaller, and the proposed emergency 
temperatures are from 25 to 30 degrees 
centigrade above the AEIC limits for 
emergency operation except for voltages 
below 26 ky. 

2.33 For varnished-cambric cables the 
proposed normal temperatures are from 
8 to 14 degrees centigrade above the 
limits given in ATEE Standard 30, and the 
proposed emergency temperatures are 
from 23 to 31 degrees centigrade above 
those limits. 

2.34 For rubber-insulated cables ex- 
cept those with ozone-resistant com- 
pounds, the proposed normal tempera- 
tures are from 5 to 20 degrees above the 
limits given in the 1940 National Elec- 
trical Code and the proposed emergency 
temperatures are from 15 to 40 degrees 
centigrade above those limits. No stand- 
ard limits are available for ozone-resist- 
ant compounds, but general values from 
manufacturers have been about the same 
as given in the table. 


2.4 ASSUMED INFLUENCE ON CABLE LIFE 


Higher temperatures result in reduc- 
tion in cable life. Three assumptions 
have been made as a basis for the recom- 
mendations. 

2.41 It is assumed that the wartime 
‘normal’ temperatures will at least 
double the rate of deterioration of the 
cable as compared with the rate for pre- 
vious practices based on ‘‘normal” tem- 
peratures as given in existing standards 
and specifications. The increase in fail- 
ure rate will be one indication of an in- 
crease in rate of deterioration, but it is 
to be noted that generally this may not 
become apparent in less than six months 
or a year. 

2.42 It is assumed that wartime 
“emergency” temperatures would cause 
a loss of life, for each period they are 
used, of less than one per cent of the ex- 
pected life of the cable and accessories 
when they were new, and that they 
would cause no immediate failures. 

2.43 The increases in the rate of de- 
terioration for normal operation and in 
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the loss of life of one per cent or less for 
emergency operation are meant to apply 
to either the insulation or the sheath as 
the case may be. It should be recognized 
that in many cases cable systems have 
operated at temperatures considerably 
below the limits given in national stand- 
ards. In such cases the use of the recom- 
mended temperatures in this guide and 
heir accompanying increased tempera- 
ture ranges may cause increases of 200 or 
400 per cent or even more in the rates of 
deterioration over the rates that pre- 
viously obtained. The suggested maxi- 
mum allowable temperatures for wartime 
operation are based on a large amount of 
experimental data and operating experi- 
ence. ‘Special Considerations”’ discusses 
this at some length for a number of cases, 
while there is more extensive discussion 
in several papers listed in the bibliog- 
raphy. 


3. Special Considerations 


3.1 INFLUENCE OF OPERATING VOLTAGE 


Temperatures are given in the tables 
for various nominal operating voltages 
and were determined by the formulas 
shown. For other nominal operating 
voltages, the suggested allowable tempera- 
tures can be determined by interpolation 
from the temperatures in the tables or by 
the use of the formulas. 


3.2 Leap SHEATH 


3.21 For normal temperatures which 
apply to day-in and day-out operation, 
one of the main factors affecting the de- 
termination of the temperature for lead- 
sheathed cable is the effect of daily move- 
ment of the cable in the manhole inci- 
dental to cyclicloading. Such movements 
may lead to cracking through the sheath 
before the insulation becomes unservice- 
able. The temperatures given in the 
tables are based on the assumption that 
the daily load varies.considerably through 
each 24-hour period and there is one gen- 
eral movement of the cable in and out of 


the duct in each 24 hours. If the loading _ 


is such as to have two general cycles of 
movement back and forth, then the 
temperatures should be reduced in order 
to avoid considerable cracking through 
the sheaths in the manholes. On the 
other hand, if the loading is fairly steady 
through each 24-hour period, then this 
factor may permit the use of higher 
normal temperatures. 

3.22 In connection with sheath crack- 
ing in manholes incidental to daily cyclic 
loading, another factor is the training of 
the cable in the manhole as well as the 
size of manhole. Where the offset be- 
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tween the center line of the duct and the 
center line of the line is small, or the bend- 
ing radii of the cable are small, or the 
total length between joint wipe and duct 
motth is small, then the effect of a given 
movement of the cable at the duct mouth 
in causing sheath cracks is increased. 
Where these characteristics are particu- 
larly below what may be considered good 
practice, then there should be a corre- 
sponding reduction made in the allowable 
temperatures, especially where the daily 
temperature ranges are large. 

3.23 The amount of cable movement 
at the duct mouth is affected by the 
length of cable between manholes, within 
limits. For short lengths of cable, such 
as 100 or 200 feet, the allowable copper 
temperatures might be set somewhat 
higher than given in the tables as far as 
considerations of the lead sheath are con- 
cerned, 


3.24 For a given length of cable and 
temperature range, the amount of move- 
ment at the duct mouth is somewhat 
proportional to the ratio of the total 
cross section of the copper conductors in 
the cable to the weight of the cable. Fora 
cable having relatively small conductors, 
the temperatures might be set at some- 
what higher values than given in the 
tables. ; 

3.25 The strain of the sheath in the 
manhole incidental to a given movement 
at the duct mouth is somewhat propor- 
tional to the diameter of the cable. Where 
the cable diameters are considerably more 
than about one and one half or two inches 
for low-voltage cables or about two or 
three inches for high-voltage cables, then 
the maximum temperatures for normal 
daily loading might well be less than given 
in the tables. Where the cable diameters 
are particularly small, then higher tem- 
peratures than given in the tables may be 
permissible for normal operation. 

3.26 Impregnated - paper - insulated 
cable installed vertically or on steep 
slopes may be subject to excessive sheath 
expansion from the internal hydrostatic 
pressure. The expansion of the lead 
sheath is accelerated by the rise in tem- 
perature of the sheath. For practical 
purposes it is well to assume that the rate 
of creep doubles for an increase of about 
17 degrees centigrade. 


3.27 Where solid-type cables are op- 
erated with reservoirs under positive 
pressure connected to joints, considera- 
tion must be given when increasing oper- 
ating temperatures to the possibility of 
increased sheath expansion and an in- 
creased rate of sheath bursting. Reduc- 
tion of reservoir pressure may be con- 
sidered as a compensating measure. 
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3.28 In locations where corrosion is a 


problem, increased sheath temperatures 
may increase the rate of chemical reaction 
and failures resulting from corrosion. 


3.3. CONDUIT 


3.31 Another important factor related 
to the use of higher temperatures for nor- 
mal operation is the effect of the ac- 
companying increase in conduit tempera- 
tures. In some cases the use of the in- 
creased temperatures will result in drying 
out the conduit and surrounding soil with 
a resultant increase in the heating con- 
stant, that is, the thermal resistance be- 
tween the cable and base ambient, which 
is unheated earth some distance from the 
conduit for underground installations. As 
regards temperatures for emergency op- 
eration, the main point on the heating of 
the conduit is the fact that the tem- 


Table 1. Maximum Conductor Temperatures 
for Impregnated Paper-Insulated Lead-Covered 
Cable for Wartime 


Caution: Values in tables are not to be used 
without full consideration of limitations dis- 
cussed in text 


Maximum Conductor Tempera- 
_ ture—Degrees Centigrade 


Nominal Operating 


Voltage—Kilovolts Normal Emergency 
(Phase-to-Phase) Operation Operation 
Single-Conductor Cable, Solid Type 
(os een REN ic 100) heen 125 
Ay Ag tdglaed en 98....)..cceeniaen 121 
fC ORV ee ot Cy IRE hase ch 113 
PY ee PANE ce OM 87.c,.5. ae 105 
Dis ahaa hirer een 84). coon 100 
OB iss) wectansar see 81. 1. eee 95 
BAL SPIN a tater tone 75s eee 84 
6 isa alee seesat te 64.5.5 Yee 70 
Three-Conductor Shielded Cable, Solid Type 
Li Hera ss Wasteregereie 87 io. oceans 108 
PP se stein Paik hl roe 82) 2 cee 100 
VAC INA AR 70 a isc ae 95 
Baie nator siseh ery 26.03.» caeeele 90 
Multiple-Conductor Belted Cable, Solid Type 
Ons 4. aie sa 08... +. stamens 125 
A Ki tivrciets BKaks ote & 94). cnc 115 
IS at ei viet 85... eee 104 
PP A ae ae a eh te 16). a eee 94 
Dsl ish ih dering SUE TAL atu cision ae 88 
RS AIS, (:{ PIO Fi > 80 
Oil-Filled Type of Cable 
35 and less.......... BB. 0. bee 115 
OG) Seuniiasaante wine 86 nie ee 110 
Le2pr one tciete 80.6. oie ene 105 


Rules for establishing temperatures shown were as 
follows: 

Normal 
Operation 


Emergency 


Type of Cable Operation 


Single-conductor, 100—E(100de- 125—1,62(125 


solid grees centi- degrees cen- 
grade for 0-1 tigrade ‘ for 
kv and mini- 0-1 kv and 
mum of 64 minimum of 
degrees cen- 70 degrees 
tigrade) centigrade) 
Three-conductor 95—E 120—1.6 E { 


shielded, solid 
Multiple-conduc- 98—E (98 de- 120—1.28(125 


tor, belted, grees centi- degrees cen- 
solid grade for 0-1 tigrade for 
kv) 0-1 kv) 


E is kilovolts between phase and ground for single- 
conductor and three-conductor shielded cables and 


between phases for multiple-conductor belted cables. 
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perature of the conduit may go up a few 
degrees for each 24 hours of emergency 
loading. 

3.32 In all calculations as to carrying 
capacities for a given installation or in- 
stallations of cable circuits, certain as- 
sumptions are made as to the effect of the 
heating of the cables in raising the tem- 
perature of the conduit or air surrounding 
the cable. If the assumptions are based 
on factual data obtained by surveys of 
the conduits and the installations are fur- 
ther followed up by surveys after the cir- 
cuits are in operation, then the copper 
temperatures can be calculated with a 
good degree of accuracy. In such cases 
the load ratings may be determined with- 
out making especially liberal allowances 
for the temperature rise of the duct or 
other ambient over the base ambient. If 
surveys of conduits are made where the 
cables are operating at relatively high 
temperatures, then the load ratings can 
be made somewhat higher than would be 
the case if no surveys are made. If no 
factual data are available on the heating 
characteristics of the medium in which 
the cable is to be installed and no sur- 
veys are to be made, then the tempera- 
ture that is used in calculating the load 
ratings might well be five or ten degrees 
centigrade less than given in the tables. 
On the other hand, where complete data 
are available and field surveys are con- 
tinually made, it may be feasible to use 
temperatures of a few degrees up to ten 
degrees centigrade above the limits given 
in the tables for paper-insulated cables, 
the larger increases applying to the lower- 
voltage cables. 

3.33 The total carrying capacity of 
all the cables in a conduit, expressed in 
kilovolt-amperes, may be increased in 
some cases by relocating some of the rela- 
tively lower-voltage cables into other 
conduits. Although the increase in cur- 
rent-carrying capacity for the higher- 
voltage cables might be small, the increase 
in kilovolt-amperes might be rather large. 


3.4 INSULATION 


3.41 For, particularly, impregnated- 
paper-insulated cable made prior to 1920 
and having high dielectric losses, and for 
varnished-cambric-insulated cable used at 


‘about nine kv and higher, the existence 


of large variations in dielectric loss, es- 
pecially at the higher temperatures, 
should be recognized in calculating the 
carrying capacities. Where the informa- 
tion on dielectric losses throughout the 
expected temperature range of operation 
for a particular kind of cable is not avail- 
able, then reasonably large allowances 
should be made for the dielectric losses 


or the temperature limits used should be 
somewhat less than given in the tables 
for both normal operation and emergency 
operation. Special attention should be 
given to the possibility of failures re- 
sulting from thermal instability for old 
cables with high dielectric losses. 

3.42 Another effect of the tempera- 
ture range is in the production of ioniza- 
tion in the solid+type paper-insulated 
cable. For old belted-type cable such 
as made in the period of 1920-30 with 
somewhat less insulation than used prior 
to 1920, the effect of ionization in normal 
operation may be considerable in some in- 
stances. If the operating experiences 
have indicated this to be the case, a small 
reduction below the temperatures given 
in the table for normal operation should 
be made, and a somewhat larger reduction 
should be made in temperatures for emer- 
gency operation. 

3.48 Cable that has operated at tem- 
peratures corresponding to voltages much 
below its rated voltage may become unfit 
so far as the insulation is concerned to 
operate subsequently at rated voltage. 

3.44 The insulation of recently made 
paper-insulated cable of the solid type 
can withstand somewhat higher tempera- 
tures for emergency operation than given 
in the table. 

3.45 Varnished - cambric - insulated 
cable made in the past few years can with- 
stand temperatures roughly five degrees 
centigrade higher than given in the table 
for both normal and emergency opera- 
tion. 

3.46 It should be noted that the re- 
sistance to effects of heat by rubber com- 
pounds of a given class has been found to 
vary considerably. If test or operating 
data are available for a given installation, 
the data may be used to modify the tem- 
peratures in the guide somewhat up or 
down. 

3.47 Deterioration of rubber is greatly 
accelerated by oxidation. As a conse- 
quence, higher permissible temperatures 
are shown in Table III for lead-sheathed 
cable than for cables without lead sheath, 
except for ozone-resistant compounds, 
where the maximum temperatures are 
limited by softening of the insulation. 
Where the ends of lead-sheathed cables 
are of such construction as to allow air to 
be more or less in free contact with the 
rubber insulation, then, excepting ozone- 
resistant compounds, somewhat lower 
temperatures than given in the table may 
be advisable. 


3.5 ACCESSORIES 


3.51 In some instances the loading of 
the cables in emergencies to the tempera- 
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Table Il. Maximum Conductor Temperatures 
for Varnished-Cambric-Insulated Lead-Cove ed 
Cable for Wartime 


Caution: Values in table are not to be used 
without full consideration of limitations dis- 
cussed in text 


Maximum Conductor Tempera- 
tures—Degrees Centigrade 
Nominal Operating --- 
Voltage—Kilovolts Normal 
(Phase-to-Phase) Operation 


Emergency 
Operation 


Three-Conductor Shielded and Single-Conductor 
Cable 
1 8s Cock weRUO 
1 . 85 AF ..102 
13 eee Ree 
22 70 ; a6. OO 
7 70 82 


oa or es eae 88... . 105 
: BRAS irk Siw os ee 
RS eA Sia SD 


Rules for establishing temperatures shown were as 
follows: 


Normal Emergency 
Operation Operation 
88—1.5 E...... : 105-15 E 
(88 degrees centigrade. ..(105 degrees centigrade 
for 0-1 kv and mini- for 0-1 kv) 
mum of 70 degrees 
centigrade) 


E is kilovolts between phase and ground for single- 
conductor and three-conductor shielded cables and 
between phases for multiple-conductor nonshielded 
cables, 


tures given in the tables will result in 
movements at the duct mouth of one and 
one half or two and one half inches or 
even more. Training of the cable in the 
manhole should be such as to permit these 
large movements without buckling of the 
cable or jamming of the joint against the 
manhole wall or other joints or undue 
mechanical strains on connections to the 
joints to cause serious damage. If this is 
not feasible, then lower temperatures 
than given in the tables for emergency 
operation are suggested. 

3.52 In some cases joints and pot- 
heads may develop troubles if operated 
at the emergency conductor temperatures 
given in the tables, This applies particu- 
larly to the higher-voltage cables, In 
general, however, the accessories on an 
underground system operate with am- 
bients 15 or 25 degrees centigrade below 
the maximum duct temperature along the 
circuit at the time of emergency opera- 
tion, and so the possibility of trouble with 
the accessories in such instances is thereby 
reduced or eliminated. The point, how- 
ever, is of significance where the cable 
and accessories are all exposed to the same 
ambient, as might be the case with an 
open installation of a circuit in a generat- 
ing station. 

3.53 Where joints are filled with vis- 
cous or hard compound, increased tempera- 
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Table Ill. Maximum Conductor Temperatures 
for Rubber-Insulated Cable in Wartime 


Caution: Values in table are not to be used 
without full consideration of limitations dis- 
cussed in text 


Maximum Conductor Temperature— 
Degrees Centigrade 


Emergency 
Operation 


Normal 
Nominal Operation 
Operating 
Voltage—_~No Lead Lead- No Lead Lead- 
Kilovolts Sheath Sheathed Sheath Sheathed 


Code and Intermediate Compounds 
OST eens set BO FM ror COst tienes LO rca 90* 


30 Per Cent Class AO, Performance, and Other 
Similar Compounds 


OW7:8 ak Bias ints Uhre cme is WO sade ots 95* 
Ozone-Resistant Compounds (Oil Base) 
(Ver Aay Sinehn ap 7 Bine oh Ui maar SD aeeveat 85 
7A et | ee (Oe 7 Ob tarer lame SO ad 80 


* Terminal ends of cable assumed to be sealed 
against entrance of air. 


** These temperatures are based on the 1940 
National Electrical Code, which gave 50 degrees 
centigrade for code rubber together with Interim 
Revision Number 41 dated February 26, 1942, 
which permitted the use of the higher current rat- 
ings given in the previous editions of the code. 


tures may cause trouble because of bulg- 
ing of the casing or because of repeated 
bulging and collapsing of the casing. 

3.54 Reservoirs may be subjected to 
volume expansion to beyond their limits 
when cables are operated at some of the 
higher temperatures given for oil-filled 
cables, and for those installations of solid- 
type cable having oil-filled reservoirs 
connected to the oil-filled joints. There- 
fore, special provisions should be made 
to take care of extra expansion of the im- 
pregnating compound or oil of the cable 
where the present reservoirs are inade- 
quate. 

3.55 Consideration must be given for 
oil-filled cable installations to the fact that 
dropping of heavier loads corresponding 
to higher temperature limits will result in 
hydrostatic pressure drops in the cable 
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system greater than contemplated in the 
original design of the oil supply system. 
Provision must be made to prevent pres- 
sures below atmospheric forming at any 
point of the line under these conditions. 


3.6 Loap CycLps 


As indicated under ‘General Prin- 
ciples” the recommended temperatures 
are based on the assumption that the 
cable may operate at about these tempera- 
tures for a few hours or more in a day. 
The heavy portion of the load of a given 
day may be of such short duration that no 
stable temperature conditions are at- 
tained and the maximum temperature is 
reached only momentarily. In such an 
event, if the temperature before the time 
of heavy load is considerably below the 
permissible temperature in the tables, 
then the maximum temperature could be 
five or ten degrees centigrade above the 
value in the tables, the higher tempera- 
tures applying to the lower voltages. 
This statement applies to temperatures 
during normal or emergency operation as 
the case may be. 


3.7 INSPECTION 


It is recommended that when lines or 
circuits are operated at temperatures such 
as given in the tables, the cable systems 
be given increased inspection. In the 
case of emergency operation the in- 
spection should be made with little delay. 


3.8 SPECIAL MEASURES 


As previously indicated, the utiliza- 
tion of lines and circuits already in service 
can be increased within the allowable 
temperature limits in this guide through 
certain practices and arrangements, some 
of which are listed below: 


1. Temperature surveys. 


2. Increased inspection and maintenance 
program. 


Conductor Temperatures for Power Cables in Service 


3. Changing solid bonding to special bond- 
ing for single-conductor cables to eliminate 
sheath losses. 


4. Forced cooling by water or air during 
special temperature peaks at especially hot 
spots. 


5. Elimination of local thermal bottlenecks 
by 


(a). Use of larger conductors, 


vr 


“(b). Change of soil around conduit, as by replacing 


cinder fill. 
(c). Relocating sources of external heat. 


(d). Spreading of cables in crowded location. 


6. Relocation of one or two cables to 
permit an increase in kilovolt-ampere load- 
ing of the remaining cables above the load 
carried on the removed cables. 


7. Improvements in training of cable in 
manholes. 
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ELECTRICAL ENGINEERING 


Interim Report on Overloading 


Current-Limiting Reactors 


AIEE TRANSFORMER SUBCOMMITTEE 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication, as well as other guides 
and reports in this series, has been pre- 
pared for the information of users during 
the war emergency. Upon termination of 
the war emergency, they will be reconsidered 
by the Standards committee and the com- 
mittees that prepared them, and will be 
approved, revised for normal use, or re- 
scinded. 

This procedure is being followed in pref- 
erence to the preparation of special emer- 
gency Standards which might involve rede- 
signing and drastic changes in manufactur- 
ing practices. These guides will accomplish 
the maximum conservation of critical ma- 
terials, since they provide for the maximum 
use of existing equipment and systems, as 
well as new equipment, without changing the 
fundamental basis on which the present 
Standards have been prepared. 


HIS report presents a general guide 

for loading current-limiting reactors 
above rating where specific design and 
operating data suitable to determine 
such loading are not available. It should 
be used in conjunction with the ‘Interim 
Report on Guides for Overloading Trans- 
formers and Voltage Regulators,’ pre- 
sented on June 22, 1942, by the AIEE 
transformer subcommittee at the summer 
convention, which appeared in the Sep- 
tember 1942 issue of ELecrricaL ENGI- 
NEERING, as many data included there are 
not repeated in this report. 


Temperature Limits 


* The present Standards for reactors pro- 
vide that the temperature rise of the 
hottest spot of the windings shall not ex- 
ceed 65 degrees centigrade for oil-insu- 
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Jjated reactors and for dry-type reactors 


with Class A insulation or 90 degrees 
centigrade for dry-type reactors with 
Class B insulation, and that they shall be 
suitable for continuous operation at 
rated load, provided that the ambient 
temperature does not exceed 40 degrees 
centigrade and the daily average ambient 
temperature does not exceed 30 degrees 
centigrade. 

This means that the total temperature 
of the hottest spot of the windings should 
not exceed a daily average of 95 degrees 
centigrade for oil-insulated reactors and 
dry-type reactors with Class A insulation 
or a daily average of 120 degrees centi- 
grade for dry-type reactors with Class B 
insulation. 

Reactors built to the present standards 
are often installed in compartments with 
restricted ventilation where the tempera- 


_ ture of the reactor may be 10 to 15 de- 


grees centigrade higher than when in- 
stalled in the open. Under such condi- 
tions, dry-type reactors with Class A in- 
sulation BS applied and operated under 
conditions that may result in an average 
daily hot-spot temperature of 105 degrees 
centigrade, and dry-type reactors with 


Paper 43-109, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943. Manuscript submitted 
May 21, 1943; made available for printing June 6, 
1943. 


Personnel of the transformer subcommittee: 
M.S. Oldacre, chairman; F.S. Brown, E.S. Bundy 
represented by R. T. Henry, J. E. Clem, I. W. 
Gross, V. M. Montsinger, J. R. North, W. C. 
Sealey, F. J. Vogel, C. F. Wagner. 


This interim report was prepared by the AIEE 


transformer subcommittee of the committee on 
electrical machinery for the purpose of making es- 
sential information immediately available to war 
industries, thus furthering the conservation of 
valuable material for the war emergency. It is 
educational and in no way mandatory. It is not 
intended as a “‘Standard,’’ and has not been formally 
approved by the Standards committee nor the 
board of directors. 
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Class B insulation are applied and op- 
erated under conditions that may result 
in an average daily hot-spot temperature 
of 135 degrees centigrade. 

Because of the aforementioned experi- 
ence, it is undoubtedly safe to operate 
at these increased temperatures during 
this period. In order to prevent confusion 
in the case of reactors not enclosed in com- 
partments, the ambient temperature is 
intended to mean the temperature of the 
air at a sufficient distance from the reactor 
not affected directly by the losses of the 
reactor. Likewise, in the case of reactors 
enclosed in compartments, it is not in- 
tended to refer to the temperature within 
the compartment but to the air surround- 
ing the compartment. 


Effect of Ambient Temperature on 
Continuous Loading for Normal 
Life Expectancy 


The effect of ambient temperature on 
the loading of reactors is as follows: 

If the daily average ambient tempera- 
ture is below the reference of 30 degrees 
centigrade ambient, the loading may be 
increased, and, if the daily average am- 
bient is above the reference ambient, the 
loading should be decreased as follows: 


Correction Per Cent 
Per Degree Centi- 
grade Difference 
From the Reference 


For oil-immersed reactors............1.0 
For dry-type Class A reactors........ 0.75 
For dry-type Class Breactors........ 0.5 


Effect of Load Factor on Loading for 
Normal Life Expectancy 


LoAp FACTOR 


For daily load factors below 100 per 
cent, the loading may be increased 0.3 per 
cent for each per cent that the load factor 
is below 100 per cent, with normal life 
expectancy. Corrections in greater de- 
tail, based on an actual load curve, are 
not usually justified for normal loading. 
In no case should the overload permitted 
by this factor exceed 15 per cent, corre- 
sponding to 50 per cent daily load factor. 
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Emergency Short-Time Loading for 
Normal Life Expectancy 


The following paragraph and Tables I 
and II indicate the short-time loads that 
can be carried without affecting normal 
life expectancy in 30 degrees centigrade 
daily average ambient. 


O1L-IMMERSED REACTORS 


Oil-immersed reactors may be over- 
loaded under emergency conditions in ac- 
cordance with the curves given in Ameri- 
can Standard (57.3, “‘Guides for Opera- 
tion of Oil-Immersed Transformers.” 


Emergency Loading With Moderate 
Sacrifice of Life Expectancy 


Tables III, IV, and V indicate the 
emergency overloads that can be carried 
with moderate sacrifice of life, probably 
not exceeding one per cent for each appli- 
cation, in 380 degrees centigrade daily 
average ambient. 


Use of Other Corrections With 
Overload Values Given in Tables 


Care should be taken that the per- 
centage change from each of the various 
causes be based on the reactor current 
rating and not on the increased loading 
resulting from any of the other correc- 
tions. 

The effects of the various following fac- 
tors may be added directly: 

For normal operation with normal life 
expectancy the effects of load factor, 
ambient temperature, and supplemental 


Table I. Dry-Type Class A (Enclosed in 
Compartment)* 
Times Rated Load 
Current 
Hot-Spot 
Tem- Fol- 
perature lowing 
Duration (Degrees Follow- Three- Follow- 
of Load Centi- ing Full Quarter ing No 
(Hours) grade) Load Load Load 
Leeder 20 Fras D2) ced 40 ESS KGS. 
DiciNarerecele UVB eee DLO Restelisdateaseead, 
Ae olathe ls PIO Betets WO4 wisi ls OG aed SOS 


* See footnote for Table V. 
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Table Il. Dry-Type Class B (Enclosed in 
Compartment)* 
Times Rated Load 
Current 
Hot-Spot 
Tem- _ Fol- 
perature lowing 
Duration (Degrees Follow- Three- Follow- 
of Load Centi- ing Full Quarter ing No 
(Hours) grade) Load Load Load 
»~ 
gare Hea TSO rae a US Peres Wess to remo ov 3}0] 
eraser isisiets OF a rece 1.07: selon eel. 2o 
yore 140... 3% P03). LODE tank 07, 


* See footnote for Table V. 


cooling may all be added in determining 
the load capability. 

For short-time emergency operation with 
either normal life expectancy or moderate 
sacrifice of life, the effect of the actual 
ambient temperature during the emer- 
gency and of supplemental cooling may 
be added to the value for the emergency 
operation. 

This method of adding corrections is 
not rigorously correct, but it is sufficiently 
correct for practical purposes and is simple 


to apply. 
Supplemental Cooling 


The design of dry-type reactors is such 
that forced-air cooling may be readily 
applied, provided sufficient space is avail- 
able for the cooling equipment. For best 
results, the flow of air should pass over 
all the windings of the reactor. The per- 
missible load can be increased in some 
cases as much as 30 per cent for the same 
temperature rise. The efficiency of 
forced-air cooling varies, and each ap- 
plication should be carefully investigated 


Table Ill. Oil-Immersed Reactors 
Hot-Spot Times Rated Load Current 
Duration Temperature ——H——_ 
of Load (Degrees Following Following 
(Hours) Centigrade) Full Load No Load 
Loe eee Tey Ne ss Lic Qier ete a 2.00 
eae BETO Pictausb os 165) con se 2.00 
4 ete 125 .ciowescn IM <A6 wankers 17 
8S Meee es T2055 terest UGA Obeak aries 1.4 
7 ees cl LIOR ese 16 UB ite vee 1.15 
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Table IV. Dry-Type Class A (Enclosed in 
_Compartment)* 
Times Rated Load 
Current 
Hot-Spot 
Tem- Fol- 
. perature lowing 
Duration (Degrees Follow- Three- Follow- 
of Load Centi- ing Full Quarter ing No 
(Hours) grade) Load Load Load 
ee 
Tse ies USE aaa 1.40), .. Ue6Or ea BO 
P Fade ene ci ESOae car 1,25. .: sO Redes) 
Pes Broth Fe 125) jee 1.15... LO y ee De 
Bake stale ZO ceea 1:10... </sUel OR pepeds eG 


* See footnote for Table V. 


Table V. Dry-Type Class B (Enclosed in 


Compartment)* 
Times Rated Load 
Current 
Hot-Spot 
Tem- Fol- 
perature lowing 
Duration (Degrees Follow- Three- Follow- 
of Load Centi- ing Full Quarter ing No 
(Hours) grade) Load Load Load 
YR ai 160 Fae 1.25... SIY46 soeo 
Literate Grane DBR A tis 1.15... 12207 eae 
ASS ics ena a eas 50 nA 1:08. . .clSlOnmeminat 2 
Bale aaeak 14 iets 1.05... 0b a 0o 


* Dry-type reactors with both Class A and Class B 
insulation installed in the open with three or more 
feet of head room will carry 7.5 per cent more load 
than when enclosed in compartments. In all cases 
where these conditions are not met the extra over- 
load should be obtained from the manufacturer. 


to determine the permissible increased 
loading. : j 


Cautions and Limitations 


It must be recognized that overloads 
should not be applied to current-limiting 
reactors without a thorough study of the 
various limitations involved. If reactors 
are operating at higher than standard 
temperatures, the permissible duration of 
short-circuit may be reduced slightly. 
Among other limitations are: soldered 
connections, leads, effects of increased 
magnetic fields on surrounding equip- 
ment, as well as the thermal ability of 
connected equipment. 

Before overloading current-limiting re- 
actors to the full extent covered in this 
report, it is recommended that overload 
capabilities of the reactor be checked 
with the manufacturer. 
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Design Relationships for D-C Generators 


for Use in Aircraft 


S. R. BRRGMAN 


\ ASSOCIATE AIEE 


Synopsis: The paper sets forth the different 
‘operating conditions met with in aircraft 
generators as compared with standard types 
of industrial generators. It discusses cer- 
tain features inherent in applications to air- 
craft, such as reliability and light weight. 
Certain requirements in both electrical 
and mechanical design are imposed by the 
fact that a plane is flying through varying 
altitudes resulting in changing atmospheric 
conditions, such as rarefication, low tempera- 
ture, and ionization. Other unusual con- 
ditions are created from the motion of the 
plane setting up accelerating forces on the 
generator, as well as mechanical forces 
caused by engine vibrations. Because of 
important features such as commutation, 
voltage regulation, cooling, driving means, 
and light weight, special and unusual meth- 
ods must be employed. In solving these 
problems the most perfect methods known 
in the art of building d-c machines must be 


- resorted to, and the paper lays particular 


stress on the use of compensation. 


Main and Accessory Engine-Driven 
Generators 


HERE are two different methods 
of driving the generator: 


1. The generator is driven from the main 
engine, in which case it is bolted to the 
engine and splined to a driving gear inside 
the engine. In some cases the generator is 
located in the nacelle and driven through a 
shafting containing two universal joints and 
a telescoping shaft so as to take up engine 
vibrations. 


2. The generator is directly connected to 
an accessory engine. In this case the gener- 
ator must be designed with relatively high 
efficiency so as to minimize the weight of 
gasoline consumed by the accessory engine. 


The efficiency of main engine-driven 
generators runs between 70 and 80 per 
cent for different sizes (see Figure 3), and 
those driven by accessory engines should 
have an efficiency of from 85 to 90 per 
cent. The limitation of the application to 
accessory engines lies in the fact that they 
lose power quite rapidly with altitude 
since no satisfactory supercharger for this 
type of engine has as yet been developed. 


Weights 


Low weight is the natural requirement 
The weight of 
d-c generators for aircraft has been re- 
duced to about one tenth of that of in- 
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dustrial generators of the same rating, and 
this has been accomplished with only a 
slight suffering in the efficiency. Asan ex- 
ample: A d-c airplane generator rated 
30 volts, 300 amperes, 4,400/10,000 rpm 
weighs 45 pounds—that is, five pounds per 
kilowatt—and has an efficiency of 77 per 
cent; an industrial-type generator of the 
same kilowatt rating at 1,750 rpm weighs 
about 400 pounds—that is, 45 pounds per 
kilowatt—and has an efficiency of 80 per 
cent. However, the airplane generator 
has at full load a temperature rise of 
100 degrees centigrade employing an in- 


ae 


Figure 1. Assembly 

of d-c aircraft gen- 

erator showing blast 
cooling 


sulation consisting of glass and mica; 
whereas the industrial type of generator 
has a 40 degrees centigrade rise, using 
mainly cotton as a base insulation. 

Future developments will be along the 
lines of better heat-resisting insulation. 
Varnishes have already been developed 
which will stand 200 degrees centigrade 
Noemie without deterioration. Tak- 
ing advantage of these higher tempera- 
tures, we may expect a further reduction 
in weight. 


Influence of Atmospheric Conditions 


The atmospheric conditions influence 
the cooling of the generator, affect the 


Paper 43-126, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1943. Manuscript submitted April 5, 
1943; made available for printing May 26, 1943, 


S. R. Bercman is consulting engineer, River 
Works, General Electric Company, West Lynn, 
Mass, 
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wear of the brushes, and because of rare- 
fication and ionization influence insulation 
and creepages. 

In the region in which the engine- 
driven generator is installed between the 
rear of the engine and fire wall, the am- 
bient temperature is rather high, varying 
from 35 degrees centigrade to 65 degrees 
centigrade, and remains independent of 
the altitude. Since the density of the air 
decreases with the altitude, the cooling de- 
creases in all self-ventilated generators. 
The permissible output is, therefore, re- 
duced with the altitude and at a certain 
point, usually within the range of the 
plane, it becomes zero. Therefore, self- 
cooled engine-driven d-c generators are 
not advgcated. Another type of cooling 
system consists of scooping the air from 
the outside of the plane and forcing this 
air through the generator. Since this 
cooling air has a very much lower tem- 
perature at high altitudes, it compensates 
for the decreased density. Investigation 
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shows that the permissible output re- 
mains constant independent of the alti- 
tude. Blast cooling has, therefore, been 
generally adopted. In Figure 1 is shown 
how the ventilation is accomplished in a 
blast-cooled d-c generator. 

The influence of the atmospheric con- 
ditions at high altitude on the wear of the 
brushes is a serious one. While consider- 
able progress has been made in the solu- 
tion of this problem, it is not as yet fully 
solved. It is a well-known fact that a 
good commutator which has operated 
for some time at sea level builds up a 
glossy film, the surface of which consists 
mainly of carbon. At high altitudes, 
ordinary brushes have been found to wear 
down quite rapidly. Experiments under- 
taken in altitude chambers have shown 
this effect is related to the reduced mois- 
ture and oxygen content of the air, but 
special brush types have been found 
which give longer brush life. It has also 
been found that a cool commutator 
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Figure 2. Flux distribution of a noncompen- 
sated d-c generator 


and brushes are beneficial to brush life. 
Perfect commutation is important since it 
contributes to low temperatures. While 
it is difficult to give any definite rules for 
the design of commutators and brushes to 
give satisfactory brush wear, it may be 
stated that if the temperatures of com- 
mutator and brushes are limited to 100 
degrees centigrade rise at sea level, and 
if the current density in the brush contact 
is also limited to less than 120 amperes 
per square inch, a reasonable brush life 
may be expected, provided that proper 
brushes are used. 

The rarefication of the atmosphere at 
altitude in combination with ionization 
influences the breakdown voltage of the 
air. Between small spheres the break- 
down voltage is proportional to the air 
density, for example, at 30,000 feet it is 
about one third of that at sea level. The 
ionization within the range of flight is 
comparatively small, and its influence on 
the sparkover voltage is probably quite 
small. However, if an are is started, 
then, because of the great mobility of the 
charged particles, intense ionization will 
take place, and the arc will extend itself 
more quickly than at sea level. There- 
fore, it is quite important that no arcs 
or sparks are started. This requires three 
conditions to be fulfilled: 
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Figure 3. Regulation and efficiency curves of 
a compensated d-c generator 
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1. The commutation should be perfect. 


2. The brush rig should be so designed 
as to prevent the sudden lifting of the 
brushes from vibrations. 


8. Sufficient creepage distances should be 
provided for. For example, in a 30-volt 
generator the creepage distances should be 
no less than three sixteenths of an inch. 


These circumstances must be taken 
into consideration when the voltage of the 
d-c system is determined. The 24-volt 
system has been found to be quite satis- 
factory. It has also been found that in 
certain motor generator sets which are 
used for turret and gun control 60 volts 
seems to be satisfactory. Engine-driven 
generators rated 120 volts have been built 
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Figure 4. Schematic sketch of compensation 
and excitation 


and mounted in the nacelle of flying boats; 
however, the ceiling for these ships is 
comparatively low, probably from 20,000 
to 30,000 feet, and further experience will 
be required to evaluate fully the merits of 
voltages higher than the 30-volt system. 


Vibrations 


The vibrations of the engine are very 
severe, and the magnitude of the forces 
are not fully known. To guard against 
failure of the generator, any new design 
should have an engine test, preferably on 
the engine for which it has been designed. 
This run should not be less than 125 hours 
at different speeds. The engine vibra- 
tions are transmitted to the brushes of the 
generator, tending to throw them off the 
commutator. To prevent this, spring 
pressures should be comparatively high, 
but not so high as to cause excessive 
brush wear. It has been found that about 
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Figure 5. Winding diagram 


five pounds per square inch of the brush 
contact is a good compromise. It is also 
advantageous to use a large number of 
small brushes, so that if a few brushes are | 
thrown off, there are others to do the 
work. The inertia of the brushes should 
be made as low as possible to minimize 
these forces. 

Another kind of vibration built up by 
the engine is the torsional vibration trans- 
mitted to the shaft. To take care of these 
vibrations a quill drive is employed 
(shown in Figure 1). In order to avoid 
resonance an asbestos packing is used 
between the inner and outer shafts, which 
serves as a damping medium. It may be 
pointed out that this is a nonwearing 
packing, since it does not slide but de- 
pends entirely upon internal molecular 
friction. 


Electrical Characteristics 

The electrical design must secure reli- 
ability of operation and light weight. 

The reliability requires sparkless com- 
mutation at all speeds and for short heavy 
overloads; even short circuits should not 
be injurious to the commutator or 
brushes. In Figure 2 is shown a typical 


flux distribution curve in a noncompen- 
It may be noted that 


sated generator. 


Figure 6. Structure of d-c generator with 
salient poles and compensation _ 
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_ no extra core loss occurs. 
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at load the flux has been distorted in 
height and also shifted at the same time, 
This flux distortion is reflected in a 
similar distortion of the potential around 
the commutator, resulting in an in- 
creased maximum voltage between bars 
and also a piling up of the voltage toward 
oné of the brushes. Under extreme condi- 
tions the maximum volts between bars 
may be increased from 30 to 40 per cent at 
full load, and near the brush it will be 
multiplied several times. Should exces- 
sive sparking occur, particularly when the 
air is rarefied and ionized, an arc may be 
formed and carried around to the next 
brush, very likely ruining the generator. 
This phenomenon is eliminated by the 
use of compensation, which has for its 
main object the stopping of flux distor- 
tion. 

Since the heating is the limiting condi- 
tion for light weight, an electrical design 
should be adopted which gives minimum 
losses. One solution which meets this re- 
quirement is the use of compensation, as 
it eliminates the load losses. Since com- 
pensation neutralizes the armature reac- 
tion, no field distortion takes place; hence, 
Compensation 
also eliminates sparking and thus does 
away with extra losses in the brush con- 
tacts and in the short-circuited coils. 
The extra losses in generators without 
compensation may be considerable, par- 
ticularly in high-speed machines at weak 
field. In extreme cases it has been ob- 
served to amount to eight points in the 
efficiency. 

Another feature of reliability of the 
generator is the proper shape of the regu- 
lation curve, showing the relationship be- 
tween amperes load and the terminal 
voltage. As shown in Figure 3 this curve 
should be a uniformly drooping line, which 
is helpful in giving stable operation of the 
voltage regulator and also contributes to 


Figure 7. Structure of d-c generator with 
distributed windings. : 
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Figure 8. Six-pole field structure of com- 
pensated d-c. generator 


equal current distribution when several 
generators are operated in parallel, as is 
the case in multiengined planes. In Fig- 
ure 3 is shown a typical regulation curve 
of a compensated generator, showing 
its uniformly drooping character. 


Compensation 


The principle of compensation is shown 
schematically in Figures 4 and 5. Refer- 
ring to Figures 4, A represents the arma- 
ture winding which may be wound with 


- any of the usual types of windings. Sur- 
rounding the armature is a field structure - 


carrying the compensating winding C, 
which is connected in series with the 
armature, in opposition to it and equally 
as strong as the armature reaction R; thus 
these two windings constitute a nearly 
noninductive pair; that is, no flux except 
a small leakage flux will be produced. 
In order to commutate, a certain amount 
of commutating flux is necessary, and 
this flux is produced by overcompensa- 
tion located on commutating poles, which 


for simplicity is not shown in Figure 4. 
| 


Figure 9. Complete field of four-pole com- 
pensated d-c generator 
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The field excitation F may be applied in 
two different ways: 


1. In concentrated coils E2 and £3 as- 
sembled on salient poles. 


2. It may be distributed in a winding £1 
in which case we arrive at a d-c generator in 
which both the excitation and the compensa- 
tion are fully distributed. 


In Figure 6 is shown the structure of a 
d-c generator with salient poles and con- 
centrated excitation. It also shows the 
compensating winding and the commu- 
tating poles with their windings. 

In Figure 7 is shown the structure of a 
d-c generator with both the compensation 
and excitation distributed, Full drawn 
lines indicate the compensation, and 
dotted lines the excitation. It also shows 
the commutating poles with their wind- 
ings. When inspecting the winding in 


Figure 7, it is of interest to observe that 
these windings are similar to a two-phase 
winding in a two-phase induction motor, 
one phase corresponding to the excitation 
and the other phase corresponding to the 
These two windings are 


compensation. 


Figure 10. Complete field of an accessory 
engine-driven d-c generator with fully dis- 
tributed windings 


90 electrical degrees apart in space. It 
should also be noted that the pitch of 
these windings is 50 per cent, which 
secures short end windings and thus re- 
duces losses, 

In order to further illustrate the prin- 
ciple of compensation, reference is made 
to Figure 8, which is a photograph of a 
six-pole field structure rated 30 volts, 
200 amperes, 2,500/5,000 rpm. 

Figure 9 shows a photograph of a four- 
pole structure with four salient poles 
rated 30 volts, 300 amperes, 4,400/10,000 
rpm 

Figure 10 shows a photograph of a com- 
plete field with windings and brush hold- 
ers of an eight-kw accessory engine-driven ~ 
generator with fully distributed windings 
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Frequency Modulation for Power-Line 


Carrier Current 


E. W. KENEFAKE 


ASSOCIATE AIEE 


REQUENCY modulation is known to 

most people today as a system of 
broadcasting that is remarkably free from 
the effects of interference and is capable 
of providing high fidelity reception. 
These advantages have been realized 
largely by employing frequencies of 40 
megacycles and higher which are well 
above the present broadcast band. A 
great amount of effort has been devoted 
to this field, and therefore, frequency 
modulation has been well analyzed both 
in theory!~* and experiment.4® How+ 
ever, most of the work has been done with 
systems using a large deviation ratio 
which is usually defined as the ratio of the 
carrier deviation from normal to the high- 
est modulating frequency. 

This paper presents results of investiga- 
tions carried on with a frequency-modu- 
lated system for power-line communica- 
tion, employing frequencies below 200 
kilocycles and a deviation ratio of one to 
one. In this way, the same band width 
as required for amplitude modulation, or 
A-M, can be utilized. The results of the 
investigation substantiate the work of 
others’ and indicate that even with a one- 
to-one deviation ratio an F-M system is 
less disturbed by interference than a com- 
parable A-M system. In addition, when 
such a system is subjected to the type of 
noise encountered on some power lines, 
the difference between A-M and F-M is 
still more prominent. 


Outline of Theory 


Unfortunately frequency modulation 
is not as widely understood as amplitude 
modulation. If F-M had been intro- 


duced and used for a number of years be- 
fore A-M, the reverse would probably 
have been true. Both F-M and A-M are 
descriptive of the manner in which a 
modulating quantity alters a sine function 
that represents a carrier ~ frequency. 
Since a carrier frequency is an alternating 
quantity having both amplitude and fre- 
quency as its principal characteristics, 
it is possible to operate on either one of 
these to cause the carrier frequency to 
carry intelligence. 

One effective way to compare two 
different modulation schemes is by the 
equations for the modulated signal. The 
equation for an A-M signal is merely a 
sine function whose amplitude, A, is 
varied in some fashion and is usually ex- 
pressed as 


e=A(1+msin af) sin wt (1) 
where 


w=27 times the carrier frequency 

a=27 times the modulating frequency 

m=amplitude of the modulating frequency 
and is one for 100 per cent modulation 


This equation can be expanded by trigo- 
nometric identities into three sepaiate 
sine functions 


e=A sin ope cos (w—a)t— wn 
2 2 
cos (wta)t (2) 


which can be used to determine the band 
width of various type channels, 

In a similar manner, the equations for a 
frequency-modulated signal can be de- 
veloped. Since this has often been done 
in the literature,!3 the important steps 


\ yy 
1) 


only will be given. The equation for the 
modulated signal is 
s do . 
e=Asin (+= sin xt) (3) 
a 


To grasp the significance of this equa- 
tion, it is only necessary to remember that 
Aw is directly proportional to the ampli, 
tude of the modulating frequency. As 
the amplitude of a sine function is varied 
in equation 1 for an A-M signal, the fre- 
quency of a sine function is varied in 
equation 3 for a frequency-modulated 
signal. This last equation can be ex- 
panded by means of identities into 


e=443.(2) sin wt-+ 
Q 


1(“) [sin (w-+a)t— sin (w—a)é]+ 


1(*2) [sin (w-+2a)t-+ sin (w—2a)E]-+ 


Aw 
oe () {sin (w+na)i+ 
e/] (—4)"sin Gene 4) 


a 
function of the first kind. 

Therefore, instead of one upper and one 
lower side band as in equation 2, the 
possibility of many side bands exist. 
The magnitude of these side bands are 


fixed by the Bessel functions Jo (~) to 


a 


where 1{) is the nth order Bessel 


In Ga! However, if er only the 
a Qa 

first two terms are significant, and the 

values of the Bessel functions of the sec- 

ond to nth order 
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rated 30 volts, eight kw, 4,000 rpm. 

Both the salient pole construction and 
the field using distributed windings are 
being used for aircraft generators. It 
has been found that the salient pole 
structure is the lightest of the two struc- 
tures by about 10 per cent. Since weight 
is of paramount importance, the salient 
pole construction is now given preference. 
While both methods lead to very good 
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commutation, the distributed windings 
seem to be the most powerful means of ob- 
taining perfect operation, the reason being 
that it minimizes the leakage and secures 
a very clean neutral. As an example of 
how powerful the combination of a dis- 
tributed compensation and excitation 
winding is, the author built a separately 
excited d-c generator rated 150 kw, 15,000 
volts, having an average volts per bar of 
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90. which at full voltage withstood dead- 
short circuits with only a minor flicker 
on the commutator. i 
Large industrial machines which have 
to meet severe operating conditions have 
been made for many years with compen- 
sation. In this paper it has been proved 
that small d-c generators of the com- 
pensated type can be made in a very com- 
pact form with light weight. * 
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Chart of the amplitudes of the side 
bands for three different modulating frequen- 
cies when the deviation ratio is one to one 


Figure 1. 


are small. Advantage is taken of this fact 
in the system discussed in this paper. 

Another type of modulation has been 
used that is closely related to F-M, 
namely, phase modulation or P-M.8 
Actually, a frequency shift always changes 
the rate of phase change and vice versa so 
that the two functions are dependent on 
each other. By definition, the two types 
of modulation, F-M and P-M, have be- 
come associated with the nature of the 
modulated signal. The equation for a 
phase-modulated signal, comparable to 
equation 3, is 


e=A sin (wi+¢ sin af) (5) 


This equation can be expanded to be the 
same as equation 4 except with @ sub- 


Aa) 
stituted for —. Both of these terms 


Qa 
have the dimension of phase angle. For 
the same intensity of all modulating fre- 
quencies, in phase modulation the phase 
shift is constant, but the frequency shift 
is proportional to the modulating fre- 
quency; while in frequency modulation, 
the frequency shift is constant for all 
modulating frequencies and the phase 
shift is inversely proportional to the 


~ modulating frequency. Also, the band 


width of the former is approximately pro- 
portional to the modulating frequency, 
and the band width of the latter is prac- 


tically constant. ‘Sufficient swing or 


modulation cannot be obtained easily 
with phase modulation, and, since react- 


_ ance tubes can produce enough frequency 


modulation at low carrier frequencies, 
strictly frequency modulation was used 


in the investigation reported here. 
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Deviation Ratio 


The choice of a one-to-one deviation 
ratio was influenced principally by the 
desire to restrict the band width of indi- 


vidual channels to the same space that 


would be required for a comparable A-M 
channel. This is quite important ffom 
the standpoint of any user of power-line 
carrier. The art has progressed to such a 
stage that many pieces of auxiliary appa- 
ratus have been designed and standard- 
ized around amplitude-modulated sys- 
tems. Therefore, existing apparatus as 
well as equipment already in production 
could be used with an F-M transmitter 
and receiver to set up a channel. In 
other words, if the band-width charac- 
teristics of line traps and tuning units are 
applicable to F-M, then there would be 
no change in the application and installa- 
tion practices already in use. 

Even with a one-to-one deviation ratio, 
the frequency shift is a large percentage 
of the carrier as compared to the per cent 
frequency shift used in present day F-M 
broadcast practice. For instance, a 
3,000-cycle shift is six per cent of a carrier 
frequency of 50 kilocycles, whereas the 
standard 75-kilocycle shift of a broadcast 
transmitter at 40 megacycles is only 
about 0.2 per cent. A greater deviation 
could be generated at these low frequen- 
cies, but the band-width requirements of 
the receiver and coupling apparatus 
would be excessive. On the other hand, 
a smaller deviation would not reduce the 
required band width proportionately and 
would only result in a lower degree of 
modulation. 

A better picture of what a one-to-one 
deviation ratio produces in the way of side 
bands is given in Figure 1, which shows a 
chart of the amplitudes of the various 
side bands for different modulating fre- 
quencies. This chart was made up by 


_ plotting the amplitudes of the various 


| 
| 
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terms given in equation 4, in which Aw 
corresponds to a frequency of 3,000 cycles 
in all cases. From this diagram it can be 
seen that the bulk of the side bands are 
confined to a band width of +3,000 
cycles. Of course, if the utmost in fidel- 
ity is desired, some of the side bands ex- 
-tending beyond +3,000 cycles would 
have to be transmitted and received. 
Actually, if all the side bands outside of 
the +=3,000 cycle band were eliminated, 
only about four per cent of the total 
energy in the modulated wave would be 
lost. This would cause a small amplitude 
modulation of the carrier to appear, but 
the limiter in the receiver restores the 
carrier to a constant amplitude. How- 
ever, the distortion resulting from elimi- 
nating the higher side bands is small com- 
pared to the total distortion in any A-M 
carrier channel. 


Noise Considerations 


Noise reduction by means of frequency 
modulation has been the largest factor in 
promoting broadcast F-M. Interference 
to the reception of a desired signal may 
come from many sources and be of various 
types. In space radio, the most uncon- 
trollable interference is that which takes 
the form of modulated frequencies in the 
band accepted by the receiver. The 
energy in these frequencies is usually 
uniformly distributed over the band of 
any channel and is often termed external ~ 
random noise. With varying magnitudes 
of this type noise, F-M has the character- 
istic of keeping the interference well re- 

‘jected until the magnitude of the noise 
bears a certain ratio with respect to the 
desired signal. Then the noise is ac- 
cepted, and the desired signal is rejected. 
In wide-swing or large-deviation F-M this 
threshold is quite abrupt and occurs when 
the signal-to-noise ratio becomes about 
two. It has been demonstrated* that in_ 
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Figure 2. Circuit used to produce interfere 
ence by means of an intermittent arcing air gap 
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Vibrating-relay circuit which 


Figure 3. 
caused square-wave amplitude modulation of 
carrier at a frequency of about 100 cycles 
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a small-deviation system, this threshold is 
not as abrupt and occurs at a lower sig- 
nal-to-noise ratio. Therefore, it de- 
velops that a small-deviation system can 
deliver usable intelligence from a signal 
whose signal-to-noise ratio is less than 
two. This is a definite advantage when 
the primary function of a service is to get 
intelligence from one point to another. 

There always exists on power lines a 
fairly high level of random noise caused 
by corona and arcs of various types acting 
as sources of amplitude-modulated radio 
frequencies. In these cases more trans- 
mitter power helps in improving the 
signal-to-noise ratio. Noise of this na- 
ture when added to the desired carrier 
causes a complex type of amplitude 
variation and phase shift. This produces 
a signal which is similar to a carrier and a 
single side band. It is possible for the 
limiter in an F-M receiver to remove the 
amplitude modulation, but of course it is 
impossible to eliminate the phase shift. 
Therefore, it is this phase shift that is the 
source of noise for an F-M channel. It is 
possible in an A-M system for noise to 
cause a 100 per cent modulation of the 
carrier, and this is also the limit to the 
degree of modulation by the desired sig- 
nal. In frequency modulation it is im- 
possible for noise to cause a phase shift of 
more than about one radian, but it is 
possible for the desired signal to cause a 
much greater phase shift. The phase 
shift is one radian for the highest value of 
e@ when a one-to-one deviation ratio is 
used. This phase shift. becomes greater 
as @ decreases and is the reason for more 
noise interference present at the higher 
modulating frequencies. By assuming a 
random-type noise, the noise reduction 
theoretically possible by means of F-M 
over A-M is six decibels. This is com- 
- puted from the fact that noise in A-M is 
the same over the audio spectrum while in 
F-M the noise is zero at zero audio fre- 
quency and increases linearily to the same 
value as in A-M at the highest audio fre- 
quency. Hence, when the noise is in- 
tegrated over the audio range, it is just 
half as great in F-M asin A-M, 


Random noise may not be the only 
type of interference encountered in car- 
rier current or any system where metallic 
circuits of one kind or another are used 
for the medium of transmission. In fact, 
another type of interference, apparently 
caused by corona, has also been observed 
on power lines. The carrier in traversing 
the power line becomes amplitude modu- 
lated with noise, and for lack of a better 
name this phenomenon has been called 
“corona modulation.” The modulation 
is apparently a result of corona producing 


618 TRANSACTIONS 


an impedance change to the flow of the 
carrier-current signal. If only this type 
of noise is present, an increase in trans- 
mitter power to surmount the noise does 
not help because the per cent modulation 
from the noise stays the same. This 
modulation is a function of the total 
attenuation between the transmitter and 
the receiver and the amount of corona 
present on the lines. A simple experi- 
ment that can be performed to detect this 
type of noise is to listen to a signal in a 
carrier receiver with no automatic volume 
control in operation. When the trans- 
mitter is turned off, this type of noise 
will decrease or completely disappear, in- 
dicating that it comes in as modulation of 
the carrier signal. In this case, the noise 
is carried by symmetrical side bands 
about the carrier as represented by the 
last two terms of equation 2. However, 
when this type of noise is fed into an F-M 
receiver which contains a balanced dis- 
criminator, these side bands are balanced 
out, since a discriminator is a slope filter 
whose output is proportional to the fre- 
quency deviation from normal. Because 
an A-M signal has amplitude variations 
but no phase or frequency variations, the 
output of the discriminator in this case 
would be zero. Herein is the outstanding 
advantage of frequency modulation for 
power-line carrier because it provides the 
only real solution to corona-modulation 
noise. 

In an effort to improve the discrimina- 
tion against interference in an F-M sys- 
tem still further,. advantage may be 
taken of the energy versus frequency 
characteristic of the voice.4 This char- 
acteristic indicates that the bulk of the 
energy in voice exists in the low audio 
frequencies. Therefore, it is possible to 
pre-emphasize the higher audio frequen- 
cies in the transmitter without exceeding 
the modulation capabilities of the trans- 
mitter. This, of course, makes it neces- 
sary to use a de-emphasis circuit in the 
receiver. Then the scheme is in effect a 
combination of phase modulation and 
frequency modulation. It provides a 
means to get the greatest frequency shift 
for any modulating frequency without 
exceeding the band width of any particu- 
lar channel. 


Noise Measurements 


With these known facts, a preliminary 
setup was made in the laboratory con- 
sisting of one transmitter and one receiver. 
The functioning of various circuits was 
checked, as well as the characteristics of 
F-M when noise was present. These 
initial results were so promising that a 


Kenefake—Frequency Modulation 


~ if 
complete communication channel was 
later set up in the laboratory which in- 
volved two transmitters and two receivers 
and some auxiliary equipment with which 
more elaborate measurements were made. 
After considerable development work, a 
third group of samples was built which 
embodied all of the improvements and 
circuit designs worked out in the previous 
samples: The final samples involved 


~commonly used F-M circuits such as a 


pre-emphasized frequency modulator, a 
modulation limiter, and a class C amplifier 
in the transmitter; with a radio-fre- 


quency amplifier, a limiter, a discrimi-— 


nator,,a de-emphasized audio amplifier 
and a carrier-off noise suppressor in the 
receiver. Naturally, certain modulations 
and improvements were made in order to 
adapt these F-M circuits to low-fre- 
quency operation. 

Extensive tests were made with the 
samples, of which the noise-reduction 
measurements were the most interesting. 
Various schemes were used to produce 
noise, but the two that proved most ac- 
ceptable are shown in Figures 2 and 3. 
The circuit shown in Figure 2 introduced 
a type of noise which was principally 
characterized by an arc as a source of 
radio-frequency energy. The circuit in 
Figure 3 amplitude-modulated the carrier 
with a square wave at a rate of about 100 
cycles so that several simultaneous noise 
side bands were produced. Measure- 
ments were made to indicate differences 
between an F-M channel and A-M chan- 
nel having the same transmitter power, 
band width, audio characteristic and 
attenuation between transmitter and re- 
ceiver, These measurements were made 
after both systems were set up in such a 
way that a 500-cycle modulating fre- 
quency produced the same output from 


both receivers and caused 100 per cent 
modulation of the A-M transmitter and a_ 


deviation of 3,000 cycles in the F-M trans- 
mitter. This particular audio frequency 
was used because it was just below the 
point in frequency where the pre-empha- 


sis and de-emphasis circuits began to— 


function. Table I gives the amount the 
noise level in F-M was found below the 
noise level in A-M in decibels. The re- 
sults in Table I are an average of several 
measurements with each of the samples 
mentioned. ; 


Tablel = * ae 
Unemphasized Pre-emphasized 
Type of Noise F-M F-M © 
Figure 2 16 to19. 
Figure 3 23 to 25 
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4 The results show considerably more 
. noise reduction than theory predicted. 
5 The theory is based on the assumption 
that the noise is random, while circuits 
used here did not necessarily produce 
random noise. It is felt that the noise 
‘ encountered on power lines is similar to 
a le combination of the two types of 
; noise employed in these tests. It may be 
7 all of one type or any combination of the 
two. The noise reduction is greater than 
expected, principally since the bulk of 
the energy in the noise is in the lower 
audio frequencies. 

Based on these noise measurements 
made with the are-noise generator in 
Figure 2, which utilizes the less favorable 


a Fee r ‘ 

q type of noise, it would take the following 

4 transmitter powers to give the same sig- 

, nal-to-noise ratio in a receiver under the 

same conditions. 

: 

: : 

System Watts 

. =" Ee: * 

r MMT Ah ek ale Poss keli ec aes 100 
Unemphasized FM............045 8 

; Pre-emphasized FM...........4. 2 

i F 

; This indicates the possibility of greater 

; transmission ranges with medium power 


levels which may allow some communica- 
tion problems to be solved without re- 
peating stations. 
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Noise reduction is not the only achieve- 
ment of frequency modulation as far as 
communication for power-line carrier is 
concerned. There are other character- 
istics which can be utilized to advantage 
in the various types of communication. 
The presence of a limiter in the /-M 
receiver is analogous to a very fast and 
flat type of automatic volume control. 
The automatic volume control used in 
A-M receivers is of necessity reasonably 
slow and usually not very flat. One type 
of communication wherein this character- 
istic is advantageous is the two-frequency 
duplex where one frequency is used to 
transmit in one direction and the other 
frequency is used to transmit in the 
opposite direction, The transmitter and 
receiver audio circuits must then connect 
_ to a hybrid circuit and can be set closer 

to the critical point if the audio output of 

the receiver is quite constant. Since the 

limiter in an F-M receiver can hold the 
output extremely constant, a two-fre- 
quency voice channel can be operated 
with higher audio gains, from terminal to 
terminal. 
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The other type of communication com- 
monly used is the single frequency duplex 
or automatic simplex where the voice 
starts the transmitter and blocks the re- 
ceiver on outgoing speech. To reduce the 
amount of clipping of words, it is desirable 
to accomplish the switching of the trans- 
mitter and receiver in as short a time as 
possible, One inherent limitation in an 
A-M system for fast switching of a chan- 
nel is the surge of rectified carrier in the 
detector of a receiver when the trans- 
mitter starts. For smooth operation it 
is necessary to hold the receiver in an in- 
operative condition until this surge dies 
down. This difficulty cannot be com- 
pletely overcome with an A-M system be- 
cause turning the transmitter on and off is 
fundamentally amplitude modulation, 
and the detector is designed to detect 
amplitude modulation. When F-M is 
used, the detector in the receiver is in- 
sensitive to amplitude variations and is 
only sensitive to any phase variations 
that may come about in starting and 
stopping the transmitter. Since any 
phase shifts are small compared to the 
phase shift caused by modulation by the 
desired signal, this surge is greatly mini- 
mized in the receiver when F- is used, 

The transients in an automatic-volume- 
control circuit of an A-M receiver at the 
moment carrier is received prevents the 
possibility of opening the receiver quickly 
and getting an undistorted signal in the 
output. These transients in automatic- 
volume-control circuits change the gain of 
the receiver and hence the output of the 
receiver is modulated by these transients 
which causes distortion. On the other 
hand, a limiter in an F/M receiver is 
practically instantaneous in action, and 
the receiver can be opened very rapidly 
without the possibility of the receiver out- 
put becoming distorted by transients, 

It has been shown that two broad- 
cast F-MM stations operating on the same 
frequency have considerably more inter- 
sereaite ithe operating area than two A-Af 
broadeast stations on the same frequency. 
This would still be true of two FM power- 
line carrier communicaton channels, ex- 
cept to a lesser degree, since the deviation 
ratio is one to one instead of five to one. 
With the rapid installation of carrier- 
current apparatus throughout the coun- 
try, there are many places where fre- 
quency congestion is becoming a problem. 
One partial solution to this problem 
would be by nieans of #-/, since a certain 
frequency could be repeated throughout a 
system more often than with amplitude 
modulation, 

This paper has largely dealt with as- 
pects of frequency modulation as applied 
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to voice communication. Obviously, 
there are certain other services where FW 
is much better than A-M. It has been 
demonstrated that a frequency-shift-type 
signaling channel'® is superior in most all 
respects to a keyed-carrier type of signal 
channel, It is much easier to transmit 
frequency or phase accurately through 
nonlinear tube circuits than it is to trans- 
mit an amplitude faithfully through these 
same type circuits. Therefore, frequency 
modulation seems basically advantageous 
when tube circuits are involved. Also, 
all radio-frequency circuits associated 
with an amplitude-modulated signal must 
be linear whereas they need not be linear 
with a frequency-modulated signal. 


“ 


Conclusion 


It seems certain that the characteristics 
of F-M make it desirable for many appli- 
sations in the carrier-current field. The 
outstanding characteristic of F-M is the 
rejection of the interference resulting from 
undesired amplitude modulation of the 
carmier. 

The chief advantages for F-Af when 
applied to power-lines may be sttmma- 
rized as follows: 


1. Capability of noise reduction. 

2. Possibility of longer channels or less 
power in transmitters. 

3. Less interference between channels 
on the same frequency, 


4. Flat 
receiver, 


automatic volume control in 


5. Fast switching of channel possible in 
single frequency voice communication. 


6. Same auxiliary apparatus as used 
for A-M channels because of the same 
band-width requirements. 


These advantages have been discussed 
to a considerable extent in the body of the 
paper. 

It should be pointed out that Jf 
equipment cannot be applied to operate 
with existing 4-./ equipment. A signal 
from an F-\M transmitter can be repro- 
duced by an A-M receiver by tuning the 
receiver to one side of the carrier’ so that 
the selectivity characteristic performs 
similar to a slope filter. However, this is 
not acceptable for general application 
because of the distortion resulting from 
the nonlinearity and narrowness of the 
sloping part of the characteristic. Also, 
any frequency drift which may occur in 
the F-M carrier results in excessive dis- 
tortion in the A-\W receiver because the 
slope filter which is obtained by the one- 
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The Calculation of Unbalanced Magnetic 
Pull in Synchronous and Induction Motors 


R. C. ROBINSON 


ASSOCIATE AIEE 


Synopsis:- Unbalanced magnetic pull may 
be defined as the net sideways force between 
the stator and rotor of an electric machine 
resulting from a difference in the air-gap 
flux densities on opposite sides of the ma- 
chine, This difference in flux density is, in 
general, caused by a difference in the air 
gaps on the two sides, 

There is outlined herein a method of cal- 
culation of unbalanced pull which takes into 
account the combined effects of saturation, 
parallels, and primary reactance. The in- 
creased accuracy which this method affords 
should make possible more accurate predic- 
tions of mechanical deflections and critical 
speeds, 


I. Induction Motors 


NDUCTION motors may operate at 

any speed from zero to synchronous 
speed and at any applied voltage from 
zero to 110 per cent of normal. Opera- 
tion of the machine under these condi- 
tions may be illustrated on the no-load 
saturation curve, The no-load saturation 
curve will be represented by a power 


equation of the form: 
im =ely+e"l, 


Assume that the flux density over a 
certain section of the air gap of a machine 
is uniform and that a uniform change is 
made in the length of the air gap over this 
section while the magnetizing current is 


Paper 43-99, recommended by the ALEK committee 
on electrical machinery for presentation at the AIEE 
national technical meeting, Cleveland, Ohio, June 
21-25, 1943, Manuscript submitted April 8, 1943; 
made available for printing May 20, 1943, 


R, C, Rowrnson is electrical design engineer in the 
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maintained at a fixed value. It is shown 
in Appendix I that the resulting change in 
gap density is given by the equation: 


This equation may be used to give the 
rise in gap density caused by a given 
change in the air gap for an induction 
motor with a series or two-parallel pri- 
mary winding operating at any speed and 
voltage. However, it should be noted 
that the no-load saturation curve does not 
accurately represent the flux conditions 
in the motor under load. Use of this 
curve is justified, however, by the fact 
that the total saturation will normally be 
divided fairly evenly between the stator 
and the rotor, and the density rise as cal- 
culated by the foregoing equation will be 
nearly correct. 

If a very small deflection is considered, 
this equation has the following form: 


= B 
~eB, 
b= g 
1+m m—tts 
I, 


This equation may be written in the 
form: 


A 
b=K,—eB, 
4 


where 


1 
K;= 


I, 
1 m—1" 8 
-+- me E 


sided tuning of an A-M receiver is very 
narrow, 
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F 4 


and this represents the effect of saturation 
on the flux density rise. 


A. UNBALANCED PULL FOR A SERIES OR 
“Two-PARALLEL PRIMARY WINDING 


Consider now a machine having con- 
stant flux density around the’ periphery 
in which the rotor is displaced to one side 
a small amount. 

The deflection will then be approxi- 
mately sinusoidal around the periphery, 
and the flux density change will also be 
approximately sinusoidal, since b=con- 
stant X A. 

The fundamental formula for magnetic 
pull is: 


3 
4 
3 
a 
1 
é 
’ 


— as ee eS ae 


Magnetic pull=0.01386B2A 


Using this formula together with the 4 
equation for density rise, it is easily 
proved that: 


Unbalanced magnetic pull = 


aes 
0.013886.K Fi aie 


In another form, this may be written: 
Unbalanced magnetic pull= 
e 
constant X 1+me™—, 
Solving for a maximum: 
FAS a oe 
I; 
pas 3 — 
(m? —3m) L 


where E is the per unit voltage at which 
maximum pull occurs. 

This formula gives the voltage at 
which maximum pull would occur if the 
gap density were uniform around the 
periphery of the machine. However, with 
a sinusoidal wave form and with part of 
the saturation in the teeth it is apparent 
that maximum pull for the entire wave 
will not occur when the peak density 
reaches the aforementioned value for 
maximum pull but will occur at some 
higher density. For an unsaturated ma- . 
chine, when the peak density reaches the is 
aforementioned value, the average pull 
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FACTOR @ 


° 
3°44 SieGe eh Se NOS OS 
NUMBER OF PARALLELS 


Factor a plotted against the number 
of parallels 


Figure 1. 


will be one half the pull that would be ob- 
tained if the density were uniform at this 
value. However, with saturation, it is a 
close approximation to take this value as 
two thirds of the pull calculated with a 
uniform density. There is an important 
exception, however; that is, that, when 
the maximum pull comes at higher than 
110 per cent voltage, the unsaturated 
value of one half should be used. 
This gives two cases as follows: 


l. For Eless than 1.1 


Maximum unbalanced pull= 


2 
2.88K, Ee x10-* 
£g \ 


~ 


2. For £ greater than 1.1 


Maximum unbalanced pull = 


B 2 
2.62K,;— A 
g 


Both formulas apply to a deflection of 
i / 82 inch, 


Ig Is 3-99-2 


Figure 2. ioe flux-density change from 
the no-load saturation curve 
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B. UNBALANCED PULL FOR THREE OR 
More PARALLELS IN THE PRIMARY 
WINDING 


Assume a constant gap density under 
one parallel of the winding, and assume 
that the gap is changed a constant amount 
over this section. It is shown in Appen- 
dix II that the flux density rise is given 
by the formula: 


—eBy 
b= ; 
1 m—1 8.) 
a 


This may also be written in the form: 


A 
b=Kr-eB, 
g 
where 
Ke= 1 
Siete es : 
Ce ER IP Gi 


and represents the reduction in density 
rise because of saturation and primary 
reactance. 

It is shown in Appendix ITI that if there 
are n parallels and r be any one of these 
parallels, the total pull of the rth parallel 
along a given line is given by the formula: 


Total pull of rth parallel = 


2 


4 4 
B sin p——sin Gaye 
n 
1.84 X 10~4e?—* 
g 


x 


a 


Nee Ar 
Ks+ (a—Ke) sin %—— 
2a n 


For various numbers of parallels, this 
formula has the following forms: 


3 parallels; unbalanced pull= 


B,tA 
2.88X 107 ‘e? [0.315K,+0.685Kp) 
| 


4 parallels: unbalanced pull= 


BA 
2.88 10-4? “— [0.188K,+0.812KR] 


6 parallels: unbalanced pull= 


BA 
2.88 X 107 *e2 —— [0.087K,+0.913K Rp} 


8 parallels: unbalanced pull= 


BA 
2.88 X 107 4e? —— [0.045K,+0.955KR) 


12 parallels: unbalanced pull= 
ByA 
2.88 X 107 4e2 —— [0.022K,+0.978K p] 
Infinite parallels: unbalanced pull= 
2 


B,2A 
2.88 X 10- te? 


(OKs+1.0K Rg] 
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Generally, the unbalanced pull may be 
expressed in the following form: 


Unbalanced pull= 
2 


9,9g¢2 a4 [aK,;+(1—a)Kp]X10-* 
where a is determined from the curve of 
Figure 1, 

From this equation, it is practically 
impossible to solve analytically for the 
voltage at which maximum pull will occur. 
However, a close approximation will be 
obtained, if we use in this formula the 
voltage at which the pull is a maximum, 
considering saturation alone. 

With the constants that are used in 
most induction motors, the factor [aK,+ 
(1—a) Kg] is approximately equal to K, 
divided by the number of parallels. 
Therefore, the important fact is estab- 
lished that the unbalanced pull for an 
induction motor having three or more 
parallels in the primary winding may be 
obtained approximately by calculating 
the pull for a series winding and then 
dividing by the number of parallels. 


II. Synchronous Motors 


Synchronous motors have three dis- 
tinct modes of operation as follows: 


1. On open circuit with any speed from 
zero to synchronous and any field current 
from zero to full load field current. 


2. Starting as an induction motor with any 
speed from zero to synchronous and any 
applied voltage from zero to 110 per cent of 
normal. 


3. Normal synchronous operation with any 
applied voltage from zero to 110 per cent of 
normal, any field current from zero to full- 
load field current and any load. 


A. UNBALANCED PULL FOR A SERIES OR 
Two-PARALLEL STATOR WINDING 


A synchronous motor with a series 
winding on open circuit follows the same 
type of analysis as the induction motor 


Ig Ig 


WHO 3-99-9 
iX, 


imx; 
e 


U im 
Flux-density change in one parallel 
of an induction motor 


Figure 3. 
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x) Xo 


3-99-46 


Figure 4. Equivalent circuit of the induction 
motor 


with a series winding. Figure 2 and the 
equations derived from it apply except 
that they must be modified to take into 
account the field form of the synchronous 
motor. It has been found that this may 
be done quite accurately by multiplying 
the formulas for unbalanced pull pre- 
viously given by Cj, the form factor of the 
wave. 

Under conditions of starting or normal 
running, the relation between the air-gap 
flux density and the density in the iron 
parts of the machine may be different 
than the relation shown on the no-load 
saturation curve of Figure 2. However, as 
with induction motors, part of the iron 
carries higher flux than the air gap, while 
part carries lower. This tends to cancel 
out, and the magnetic pull calculated 
from the no-load saturation curve will be 
nearly correct for most machines. 

Synchronous motors will normally be 
limited to about 120 per cent of normal 
air-gap flux density. 

The following formulas, therefore, 
apply to a synchronous motor with a 
series or two-parallel stator winding: 


1. For £ less than 1.2 


Maximum unbalanced pull= 
2 


2.88K,E2 pe 
g 


CX 1074 


2. For £ greater than 1.2 


Maximum unbalanced pull= 


B,? 
3.11K, 24 Cy 1074 
g 


B. UNBALANCED PULL FOR THREE OR 
More PARALLELS IN THE STATOR 
WINDING 


There is one very important difference 
between unbalanced pull in induction and 
in synchronous motors when parallels are 
present. That is that the parallels will 
not reduce the pull in a synchronous 
motor at standstill on open circuit and 
with the field excited. For a considera- 
tion of pulling-over of the rotor, this is 
then the worst condition of operation, and 
the machine must be calculated as though 
it had only a series winding in the stator. 

However, for a consideration of critical 
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speed of the shaft the running condition 
must be analyzed, and it is with this 
problem that the remainder of this sec- 
tion will deal. ‘ 

A synchronous motor during the start- 
ing period will have an unbalanced mag- 
netic pull which can be calculated in the 
same way as an induction motor. The 
following formulas will apply: 


1. For E less than 1.1 
Maximum unbalanced pull= 


B,2A 
2.88E? 


[aK,+(1—a)Kr]X10~* 


2. For & greater than 1.1 
Maximum unbalanced pull = 


B,2A 
2.62 —— [aK,+(1—a)Kr]X1074 
g 


In the case of a synchronous motor it 
will be necessary to use these two for- 
mulas rather than merely dividing the 
unbalanced pull for a series winding by 
the number of parallels. This is due to 
the fact that the magnetizing current is 
normally much larger in synchronous 
than in induction motors. 

Consider now the case of a synchronous 
motor running on open circuit with any 
field current and with, theoretically, an 
infinite number of parallels. It is ap- 
parent that with a change in air gap, the 
flux density rise will be X\/(4i1+X,) 
times the density rise that would have 
occurred if no parallels had been present. 
The quantity Xy, K,/(Xi+X,,) therefore 
becomes the factor K p for this condition of 
operation. The resistance of the stator 
winding has been neglected, but it should 
be noted that as zero speed is approached, 
the resistance limits the circulating cur- 
rent and brings the pull up to the full 
locked rotor value. 

Suppose that the motor is now operated 
synchronously with a fixed voltage, field 
current, and load, and a small change is 
made in the air gap by displacing the 
rotor to one side. 


2 waren 
PARALLEL 


F 


Wth 
PARALLEL 
B 
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The reduction in air 


gap on one side releases a certain number 
of field ampere turns and a certain num- 
ber of armature ‘reaction ampere turns to 
force more flux through the machine. 
This tends to raise the flux in the air gap, 
but this increase in gap flux produces a 
current component in the stator parallel 
(not necessarily in phase with the maim 
current) which produces a leakage react- 
ance plus armature’reaction voltage drop 
exactly equivalent to the original density 
rise. The phase angle of the current in- 
crement is such as to produce an arma- 
ture reaction exactly in opposition to the 
original density rise. The net density rise 


will then be X,/(X,+-X,,) times the origi-_ 


nal density rise which gives the same 
Kp, as for the open-circuit condition. As 
before, use of the no-load saturation 
curve for the determination of K, is not 
exact but is a justifiable approximation. 

Since the gap density will be limited to 
about 120 per cent of normal, we have two 
cases as follows: 


1. For Eless than 1.2 


Maximum unbalanced pull= 


2.88E2 EA 


{aK ,+(1—a)Kr]C, X10~4 


2. For £ greater than 1.2 
Maximum unbalanced pull= 


By2A ; 
3.11 oe (aK, +(.—a)Kr]C.X1074 


where 


For most machines, it is found that 
there is a larger magnetic pull during 
synchronous operation than during the 
starting period. .Consequently, only this 
condition need be calculated in order to 
obtain the worst possible unbalanced pull. 


Figure 5.: Effect of parallels on the flux 
density change 


ee a ee ee 


Summary 

Formulas have been given for calculat- 
ing first, the per unit voltage at which 
maximum pull occurs, and then the maxi- 
mum unbalanced magnetic pull for a 
synchronous or induction motor with any 
number of parallels in the stator winding. 
All quantities used in the formulas may 
be taken directly from the design sheet 
with the exception of the exponent m 
which may be calculated from any two 
known points on the no-load saturation 
curve. 

In deriving the equations, it was as- 
sumed that the air- -gap deflection was a 
static deflection resulting from such causes 
as misalignment of the rotor in the stator, 
or the stator being out of round. The 
same type of analysis may be applied to a 
deflection that rotates with the rotor, and 
the same equations for unbalanced pull 
will apply. 

The effect of parallel circuits in the 
rotor has been neglected, but it should be 
noted generally that with either a static 
deflection or a rotating deflection at a 
speed less than synchronous, the pull will 
be further reduced below the calculated 


_ values. 


A two-pole machine will have less un- 
balanced pull than calculated for certain 
conditions of operation, but the formulas 
given should still be used to calculate the 
worst possible condition. 

A two-parallel stator winding has been 


taken as the same as a series winding be-_ 


cause a deflection along the line between 
the parallels will produce no compensat- 
ing currents, and the pull will not be re- 
duced. However, it should be noted that 
the pull will be reduced below the calcu- 
lated value if the parallels of the different 
phases are spaced symmetrically around 
the machine or if the deflection is at right 
angles to the line between the parallels. 
It is apparent then that the formulas 
given are either correct or somewhat pessi- 
mistic for all conditions of operation that 
could be considered as normal. Special 
eases of unbalance from such causes as 
short-circuited coils cannot be treated in a 
general method and should be solved 


individually as they arise. 


Appendix | 


' Referring to Figure 2, assume a constant 
gap density over a section of the machine, 
and consider that a constant change is made 
in the air gap while the magnetizing current 


is kept constant. 


4g=CKeg and i,’= CK,'(g— A) 
USA a Ne 

a Ug 

K, g 


ep 


Ocroser 1943, Vo-ump 62 


Ky! g—A 
: AB=ED=iy~iy'=(1-7 e*) és 


But 1,=el, and i,=e""I; 


K,! g- 
1 =1y'+is'= ag paren Ig+e"ls 
K, 
di’ K,’ g— 
— = t = ved aT 
iP cot 6 K, 
BC Ki 
5 a tan a Pa 
= aaa I,+me”"—"T, 
c 
K,’ g-—A 
(-% 2), 
Ke 
BE 
ie ae, +me"—'T, 
K, : 


e B K/g—A 


I,+me”"—'I, 
K, g 
dA A 
(ee 
b K, £; 
Ke! Sets WS aes 
K, g I, 


Appendix Il 


Referring to Figure 3, assume a constant 
gap density under an independent section of 
the winding (a parallel), and assume that 
the gap is changed a constant amount over 
this section. The most pessimistic condition 
is obtained if in Figure 4 we assume that the 
secondary winding is open-circuited. 

As proved previously: 
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Appendix Ill 


Let there be 7 parallels total in each phase 

Angular spread of each parallel=2z/n 
radians. 

In Figure 5 the equation of curve JKL is 
K;(A/g)B cos 0. The limits on @ for the 
rth parallel are (r—1)2r/n and r2xr/n. 
The average value of JKL over the rth 
parallel = 


eyias 
== K, — B cos odo 


] A Qa 2 
aay ee B E y—— sin (r—1) =| 
n n 


Similarly. the average value of GHI over 
the rth parallel 


2 2 
nS 2 | sine sin (r—1) A 
2r g n n 


The drop in density under the rth parallel 
from the curve JKL to the final position at 
POQ 


sige aN 3 2Qar 
=(K,;—Kpr) — — Bl sinr—— 
2r g n 


2 
sin (r—1) A 
n 
Equation of POQ = 


A ead 
K,— B cos o—(K,;—Kr)— — X 
g 2m g 


2 2: 
B| sin fore sin (r—1) al 
n n 


Assuming a large number of poles compared 
to the number of parallels and that part of 
the saturation is in the teeth of the machine, 
it may be readily proved that the pull along 
the line AB 


poate (5) 04 cos ode 


us 


For the rth parallel: 
A z : : 
b=— B [K, cos 0—(K,—Kpr)B] 
g 
where 


2 2 
= sin r— — sin (r—1) a 
2r n n 


Total pull of the rth parallel along the line 
AB 


0.01386 (;) pd i 
. 3 g 


{Ks cos? 6— 


27 
(r—1) a5 


B,?A 
(Ks—Kr)B cos 0}do=1.84X10~ ‘e? er x 


4 4 
sin 7 —-— sin (r—1) 2 
n n r n 
Ks+(Kr—-Ks)—X 

4 Qa 


2 Qn)? 
{sin = sin '(r—1) x pe x, | 
n n n 
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Characteristics and Applications of 


Selenium-Rectifier Cells 


E. A. HARTY 


MEMBER AIEE 


Synopsis:- The rectification properties of 
selenium cells were first discovered in the 
year 1883. C. T. Fritts described them in 
the American Journal of Science.“ How- 
ever, they were never used to any extent, 
except possibly as photocells. 

After the introduction of the copper- 
oxide rectifier, research activities were 
stimulated, and selenium cells were again 
rediscovered. The first commercial cells 
were made in Germany in the early ’30’s, 
and, as the technique of manufacture im- 
proved, better cells were made with better 
life expectancy. 

The General Electric Company, after a 
period of developmental activity, started 
to make cells in 1938, first in its research 
laboratories, and subsequently a manu- 
facturing plant was set up which permits 
producing cells in large quantities within 
relatively close electrical tolerances. 

This paper contains data pertaining to 
these cells particularly, and the information 
may not apply in detail to cells manufac- 
tured by other methods without some cor- 
rection factors. 


CONSTRUCTION 


1 (iar selenium rectifier cell consists 
essentially of a carrier plate made of 
either aluminum or iron, supporting on 
one side a very thin film of specially 
treated selenium. The adhesion is quite 
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intimate to prevent contact losses. This 
selenium film is given a series of controlled 
heat treatments to obtain a suitable crys- 
talline structure. 

Finally, a low melting point alloy is 
metal-sprayed onto the selenium surface. 
This layer is known as the “counter- 
electrode.” 

By means of subsequent electrochemi- 
cal processes a film or blocking layer is 
formed between the counterelectrode and 
the selenium surface. Current flows 
freely between the selenium and the 
counterelectrode and is _ practically 
blocked in the other direction. Figure 1 
shows a typical cross section of a cell. 


THEORY 


Several theories have been suggested to 
explain the action of rectifiers of the type 
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Figure 1. Cross section of a selenium cell 
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under discussion. The physicists do not 
all agree, and, therefore, no attempt will 
be made to discuss all these theories in de- 
tail. 

One of the theories that appears the 
most logical to understand and that ap- 
plies to all types of metal rectifiers is the 
following: : Le 

Metal rectifiers consist essentially of a 
semiconductor and a good conductor 
separated by a barrier or blocking layer 
which is, in itself, an insulator but through 
which electrons can pass in either direc- 
tion. In the selenium rectifier the selen- 
ium layer is the semiconductor and the 
sprayed-metal counterelectrode the good 
conductor, the barrier or blocking layer 
being formed between these two sub- 
stances. The sprayed-metal layer has an 
abundance of free electrons, while in the 
selenium layer, which is a relatively poor 
conductor, the free electrons are quite 
small. 

When the two electrodes are connected 
to a source of supply, the opposite polar- 
ities set up an electric field across the 
barrier or blocking layer. Since this 
layer is very thin, a comparatively small 
electromotive force will produce a steep 
potential gradient. If the sprayed metal 
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Figure 2. D-c characteristics 


Appendix IV. Nomenclature 


A—Area of the stator bore in square inches. 
g—Single air gap in inches. 
g’—Single air gap with he rotor displaced 
(g— A) in inches, 
4—Amount the rotor is displaced from the 
center of the stator in inches. 
Ko—Carter’s coefficient for an air gap g. 
Ko’—Carter’s coefficient for an air gap g’, 
By—Air-gap flux density at normal voltage 
in kilolines per square inch, 
B—Air-gap flux density at any voltage. 
b-—Rise in the gap flux density, 
e—Voltage in per unit corresponding to 
air-gap flux, 
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, H—Per unit voltage at which maximum 
pull occurs. 
Ij;—Magnetizing current for the air gap at 
normal voltage. 
I;—Magnetizing current for saturation at 
normal voltage. 
in ~Magnetizing current at any voltage. 
X)—Stator leakage reactance in per unit. 
Xm—Magnetizing reactance in per unit. 
C\-—-Form factor of the no-load field form 
of a synchronous motor. 
m—Saturation curve exponent defined by 
1,=e"T,. 
Ky—Factor allowing for the effect of 
saturation on density rise. 
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Kr—Factor allowing for the effect of satu- 
ration and primary reactance on 
density rise. ~ 

a—Factor depending on the number of 
parallels. ‘ 
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Figure 3. Resistance change with voltage or 
current 


is connected to the negative pole of the 
source, the free negative electrons are 
accelerated to a sufficient velocity to en- 
able them to pass through the barrier 
layer and the intercrystalline spaces of the 
selenium ‘and reach the metal supporting 
disk, with the result that a flow of elec- 
trons is established which constitutes a 
current of electricity in the forward direc- 
tion. When the polarity is reversed, the 
same action takes place in the opposite di- 
rection, but, since the number of free 
electrons in the semiconducting selenium 
is less than in the metal disk, the resulting 
current is much smaller. Because of this 
asymmetrical property, it is possible to 
rectify alternating current. 


Electrical Characteristics 
of the Elements. 


Because it is almost impossible to make 
all cells exactly alike as to characteristics, 
even though materials and manufacturing 
methods are held within very close limits, 
the data that follow and also all published 
curves should be considered as represent- 
ing average conditions. A slight devia- 
tion should be expected between indi- 
vidual cells. 


FORWARD VOLTS OROP 


CELL TEMPERATURE —C 


Figure 4. Temperature—forward voltage char- 
acteristics 


f One square inch area 
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D-C CHARACTERISTICS 


If a d-c voltage of varying potential is 
impressed first in the blocking direction 
and then in the flow direction and read- 
ings taken of the current that flows, a 
curve as shown in Figure 2 is obtained. 
This curve is based on selenium cells hav- 
ing one square inch of effective rectifying 
area. 

In a similar way Figure 3 shows resist- 
ance versus voltage and resistance versus 
current. It should be noted and re- 
membered that these curves are nonlinear 
and that they do not obey Ohm’s law. 


EFFECT OF TEMPERATURE 


The selenium rectifier cells have nega- 
tive temperature coefficient which results 


RELATIVE LEAKAGE 


MINUTES 


Figure 5. Leakage-time characteristics 


in current increasing for a given voltage 
as the temperature goes up and decreasing 
as the temperature goes down. 

Figure 4 shows this relation. 


It should be noted that temperature 


also affects the leakage current in the 
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Figure 6. Effect of changing rectifier resist- 
ance on output 
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blocking direction as shown on Figure 2. 

Because of this characteristic, ratings 
should be such that the losses caused by 
heating should be kept under control; 
otherwise they may keep on adding, re- 
sulting in overheating and the eventual 
destruction of the rectifying film. In 
general, it may be stated that the rectifier 
will operate satisfactorily in a range of 
ambient temperature from —50 to 
+50 degrees centigrade. 


FORWARD CHARACTERISTICS AND 
STABILITY 


The forward characteristic is very 
stable when a-c or d-c voltage is applied 
in this direction. However, as the cell 
heats up, changes occur. Over a period 
of time, the resistance of the cell appears 
to change and take a set. The rate of 
change increases with cell temperature, 
and at 100 degrees centigrade the cell is 
damaged. 

An increase in forward resistance with 
time means that the difference between 
the input voltage and the output voltage 
will become greater. Therefore, to main- 
tain a given output voltage constant, it is 
necessary to increase the input voltage. 
Great care must be taken to rate cor- 
rectly these rectifier cells when new to 
prevent overloading in voltage after 
aging takes place. 


REVERSE CHARACTERISTICS AND 
STABILITY 


The reverse or leakage character- 
istic on alternating current is quite good; 
it is, in general, higher initially but creeps 
to a minimum value in about two to three 
minutes. However, when a selenium 
rectifier cell is subjected to a d-c voltage 
in the inverse direction, the leakage cur- 
rent is very high initially. A polarizing 
action similar to that observed with elec- 
trolytic capacitors takes place, resulting 
in a steady decrease in current with time. 
Typical leakage voltage-time character- 
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PER CENT OF NORMAL RATING 
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Figure 7. Rating of cells at high ambients 
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istics are shown on Figure 5. When the 
cells are continuously de-energized over 
a period of time, the reverse leakage re- 
sistance tends to decrease but will rapidly 
increase after the cells are again ener- 
gized. It should again be noted that this 
same type of characteristic is also present 
in electrolytic capacitors. This char- 
acteristic should be borne in mind when 
applying these cells in blocking cir- 
cuits, especially if instantaneous opera- 
tion is required such as in certain types 
of high-speed relaying circuits. 


CAPACITANCE 


A certain capacitance exists because of 
the presence of the barrier or blocking 
layer between the two electrodes of the 
rectifier cell. Measurements indicate 
this to be of the order of 0.02 microfarad 
per square centimeter. This may vary 
somewhat, depending on the past history 
of the cell. : 

In high-frequency applications, the 
capacitance acts like a shunt acrosss each 
cell, resulting in lowering the leakage re- 
sistance and changing the ratio of the 
forward to the reverse resistance. At 
normal a-c frequencies up to 2,000 cycles, 
the capacity effect usually can be dis- 
regarded. 


Rectifier Circuits 


Selenium rectifier cells are readily com- 
bined into series and parallel groups, de- 
pending on the voltage and current out- 
put required. These are used in recti- 
fier circuits to change alternating cur- 
rents to direct currents. The choice of 
the particular rectifier circuit rests with 
the designer. In view of the fact that 
rectifiers are used by many engineers 
who are not familiar with these circuits, 
a tabulation of the more popular circuits 
is included with this paper. (See Figure 
19.) 

It should be noted that these data 
apply to perfect sine waves, perfect recti- 
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DURATION OF OVERLOAD —MINUTES 
Figure 8. Overload rating of selenium cells 
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fiers having no internal resistance and 
also no leakage whatsoever in the block- 
ing direction. The load is based on a non- 
inductive resistance. 

Calculations made with the afore- 
mentioned data are only of theoretical 
use and cannot be applied to actual de- 
sign work without using correction fac- 
tors. 

Selenium rectifier cells have a funda- 
mental resistance characteristic; this 
resistance is not constant and varies with 
current, temperature, and also time. 
Therefore, computations arrived at from 
formulas are not absolute, unless all these 
variables are considered. Design work 
should be based on empirical data based 
on years of experience to avoid trouble. 
Any correction factors must also have 
their own correction factors, since these 
will vary with time, temperature, and 
current. 

In designing a practical selenium recti- 
fier circuit, it is evidently very essential 
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Figure 9. A-c to d-c characteristics of 


single-phase unit bridge rectifier with resist- 
ance load 


One square inch area, 25 degrees centigrade 


to pay particular attention to the fact 
that the rectifier resistance is not constant 
and changes with time, current, and tem- 
perature. 

To minimize its effect on the rectifier 
circuit, it is quite essential to make the 
rectifier resistance small as compared to 
the total circuit resistance.4 This is 
shown graphically in Figure 6. 

The recommended ratings have been 
so chosen as to make the rectifier resist- 
ance about 10 to 15 per cent of the circuit 
resistance. 

By referring to Figure 6, it can be 
noted that even though the rectifier re- 
sistance may double, the effect on the 
circuit is small. 

However, when rectifiers are over- 
loaded, the rectifier resistance in effect 
becomes a larger percentage of the circuit 
resistance, and, therefore, more changes 
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BATTERY VOLTS 


D-C AMPERES OUTPUT — PER CENT 
2-2-1 CIRCUIT BATTERY LOAD 


Figure 10, A-c to d-c characteristics of 
single-phase unit bridge rectifier with battery 
load 


One square inch area, 25 degrees centigrade 


should be expected in the output as 
readily shown in Figure 6. 


MAxXIMuM RATINGS 


Table I and II show the voltage and 
current ratings for the various size cells 
which are available at the present time. 

The circuit names as used by the 
metallic rectifier industry have been re- 
tained in Tables I and II. 

The circuit symbolic notation is an 
attempt to overcome the objections 
raised to the circuit names by replacing 
them by a symbolic equation 3. 

The first digit is the reciprocal of the 
fraction of time a cell carries current 
during the cycle. The second digit shows 
the cells in series and the third digit the 
cells in multiple carrying current in- 
stantaneously. This notation applies 
to unit rectifiers. 

These ratings are based on the usual 
limiting factors of temperature rise, 
aging, and voltage breakdown. The in- 
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Figure 11. A-c to d-c characteristics of 
three-phase rectifier, bridge type, with resist~ 
ance load 


One square inch area, 25 degrees centigrade 
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Centigrade 
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\\ 

ternal losses heat the rectifier cell, and the 
final permissible total temperature limits 
the output rating. It should be borne 
in mind that aging increases the heating, 
and, therefore, it is very important to run 
the rectifier cells somewhat cooler when 
new. This factor has been taken into 
consideration in the published ratings. 
The relation of cell spacing to cell di- 
ameter in a rectifier-stack assembly has 
been chosen for optimum cooling. 


PERMISSIBLE TEMPERATURE RISE 
4 


Although selenium rectifier cells may 
be operated up to a total temperature of 


RMS VOLTS DROP PER UNIT BRIDGE 


O-C AMPERES OUTPUT 
I$) 2-2-1 CIRCUIT 


Figure 12. Rms volts drop in a unit bridge 
single-phase rectifier at different values of 
és current 


One square inch area, 25 degrees centigrade 


75 degrees centigrade, the ratings given 
in the previous paragraph are based on an 
ambient temperature of 35 degrees 
centigrade allowing a maximum tempera- 
ture rise of 40 degrees centigrade. How- 
ever, if the normal temperature is liable 
to be exceeded, the full-load ratings must 
be changed and reduced to prevent the 


total temperature from exceeding 75 
degrees centigrade. : 
Figure 7 shows 


the recommended 
practice. ' 


OVERLOAD AND INTERMITTENT RATING 


Selenium rectifier cells will withstand 
short-time current overloads beyond the 
normal current, provided the cell is not 
heated above 75 degrees centigrade. If 
the cell is allowed to cool back to normal 
between loading periods, higher current 
overloads can be applied than in the case 
of insufficient cooling periods. 

Figure 8 shows permissible current 
overload data and also how the voltage 
drops as the current increases. 

Voltage overloads are not permissible, 
even for short periods, because of the 
danger of breaking down the blocking 
layer. 

If the breakdown current is limited, 
the punctured cells sometimes self-heal. 
However, every healed spot robs the 
rectifying surface of some cross section, 
resulting in increasing effective resist- 
ance of the cell. 


Unir RECTIFIER 


For convenience in designing recti- 
fiers, data have been prepared on a unit 
rectifier. This can be defined as any 
rectifier circuit having one cell in each 
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Figure 13. Efficiency of selenium cells at 
full-load current 
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Table II. Current Ratings at 35 Degrees Centigrade for Resistance and Inductance Loads 

Circuit 
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arm. By reducing all measurements to 
a unit rectifier, it is possible to obtain 
general data that will apply to any recti- 
fier, providing the number of cells in 
series in each arm is known. These same 
data can also be applied where two or 
more unit rectifiers are operated in mul- 
tiple. 


A-C-D-C CHARACTERISTICS OF A SINGLE- 
PHASE FULL-WAVE UNIT BRIDGE REC- 
TIFIER WITH A RESISTANCE LOAD 


By impressing various voltages across a 
unit bridge rectifier, a group of curves 
may be obtained as in Figure 9, showing 
d-c voltages plotted against d-c amperes 
output for various impressed a-c voltages. 


A-C—D-C CHARACTERISTICS OF A SINGLE- 
PHASE FULL-WAVE UNIT BRIDGE REC- 
TIFIER AS A BATTERY CHARGER 


If the resistance load is replaced by a 
battery load, and data as shown pre- 
viously are again repeated, a family of 
curves as shown in Figure 10 is obtained. 


A-C—-D-C CHARACTERISTICS OF A THREE- 
PHASE FULL-WAVE UNIT BRIDGE REC- 
TIFIER 


If a three-phase rectifier is operated at 
different a-c voltages and different loads, 
a family of curves as shown in Figure 11 
is obtained. 


A-C Vo.tts Drop WITHIN A UNIT BRIDGE 
RECTIFIER 


If a d-c ammeter is used as a load across 
a unit bridge rectifier and the a-c input 
is varied, a curve as shown in Figure 12 
is obtained. This permits calculating 
the a-c input voltage provided correction 
factors are used, depending on the cir- 
cuit and its form factor. 


EFFICIENCY 


Because of the presence of an a-c com- 
ponent in the d-c output of all rectifiers,. 
it is quite essential to use the correct type 
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Figure 14. Correction curve to obtain ef-- 
ficiency at different temperatures 
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24-15 


Figure 15. Aging 
of selenium rectifiers 
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Figure 16 (right). 


Full-wave single- 


PER CENT OF INITIAL 
OUTPUT VOLTS 


12) 200 400 600 


DAYS ON TEST 


of instruments to measure the power out- 
put. 

The input is always measured with an 
a-c wattmeter and reads all of the power 
delivered to the rectifier. 

If the nature of the load is such that 
both the a-c and d-c components of the 
rectifier output produce useful work, then 
an a-c wattmeter in the output measures 
the correct output. Examples of this 
type of load are resistances, lamps, radio- 


Figure 19 (below). Fundamental rectifier 


phase _rectifier-stack 
assembly 


800 1000 


Figure 17 (right). lHalf-wave three-terminal- 
type rectifier-stack assembly 


tube filaments, electromagnets, serfes 
motors, and so forth. 

However, if the a-c component is not 
utilized, then the output should be meas- 
ured with a d-c voltmeter and d-c am- 
meter of the D’Arsonval type. For ex- 


ample, battery charging, plating work, 


Figure 18 (right). lHalf-wave two-terminal- 
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Figure 20. Typical selenium rectifiers for 
industrial applications 


chemical work, electrolysis, shunt motors, 
and so forth. Therefore, the efficiency 
can be expressed as either 


i a-c watts output 
Ris eticiency Ga — 100 
a-c watts input 


or 


D-c or average efficiency % = 
d-c volts Xd-c amperes 


: xX 100 
a-c watts input 


In polyphase work, the rms efficiency 
approximately equals the average effi- 
ciency. 

However, in single-phase work, there 
‘is a difference of approximately 15 points 
in efficiency between the average and 
rms values, the latter being the highest. 

Typical efficiency curves are shown in 
Figure 13 at different voltages and at full- 
load current densities. Figure 14 shows 
correction factors at different tempera- 
tures. 


_ Lire TESTS 


General Electric selenium rectifiers 
have undergone extensive tests and show 
promise of better aging characteristics 
than some of the European elements pre- 
viously tested.4 Typical life tests are 
shown in Figure 15. It should be noted 
that these tests represent aging as seen 
from the user’s viewpoint. 
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Practical Rectifier Design 


It is believed that a worked-out ex- 
ample will show how to use the data con- 
tained in this paper. 

For example, assume that we want a 
30-volt rectifier at one ampere working on 
a resistance load from a single-phase cir- 
cuit. By reference to the tabulation on 
ratings, we find that the most voltage we 
can obtain from a unit bridge rectifier at 
full current density for each type cell is 12 
volts. Dividing 30/12 = 2.5, therefore, 
three is the minimum number of series 
cells to be selected. 

The voltage to be supplied by each unit 
bridge rectifier will be 30/3 = 10. By 
reference to Figure 9, we find that, at 
full-load current and ten volts, we need 
13.2 volts alternating current per bridge, 
or 3 X 13.2 = 39.6 for the rectifier under 
discussion. 

The size of the cell can be determined 
by reference to the tabulation on ratings. 
To carry one ampere a type C cell having 
23/,s-inch diameter is required. If the 
current rating required does not match 
that of the four available sizes, then it will 
be necessary either to operate at slightly 
less than full rating or to use several 
smaller cells in multiple. 

From the aforementioned calculations, 
to obtain 30 d-c volts at 1.0 ampere direct 
current, a bridge rectifier using three 
cells| in series would be required. The 
a-c input is 39.6 volts, and the trans- 
former should have sufficient taps to take 
care of line voltage variations. To take 
care of aging, it is advisable to tap the 
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transformer up to 3X18 rms volts or 
54 volts. The approximate efficiency is 
63 per cent at 25 degrees centigrade as 
seen from Figure 13 and will be higher 
at the operating temperature as shown 
on Figure 14. 


Construction of Selenium- 
Rectifier Stacks 


Selenium rectifier cells are assembled 
into either full-wave or half-wave stacks, 
depending on their voltage and current 
rating. Low-voltage stack can generally 
be assembled into single stack, using a 
construction as shown in Figure 16. 

Fer higher voltages, two stacks are 
sometimes used, embodying a construc- 
tion as shown in Figure 17. 

For still higher voltages four units 
are used as shown in Figure 18. 

The cells are spaced to permit free 
ventilation on both sides, light spring 
washers being used to collect current. 

The stacks are clamped under light 
pressure and come either with or without 
mounting brackets as shown in Figure 20. 


INSTALLATION OF RECTIFIER STACKS 


Selenium rectifier stacks should be in- 
stalled in well ventilated cabinets to per- 
mit free circulation of air. 

They should be located preferably at 
the bottom of cabinets so that any heat 
from other heat dissipating apparatus 
does not have a cumulative effect. 

If installed in closed cabinets, a certain 
amount of derating should be made to 
take care of the higher internal ambient 
temperatures as previously explained. 
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A New High-Interrupting-Capacity 
Fuse for Voltages Through 138 Kv 


H. H. FAHNOE 


ASSOCIATE AIEE 


Synopsis: The reliable performance of 
high-interrupting-capacity fuses in the 
intermediate voltage field has led to an in- 
creased interest in the application of such 
fuses for the higher voltages. Unfortu- 
nately, a fuse for the higher voltages cannot 
be made by simply enlarging or lenghthening 
the lower-voltage devices. To interrupt the 
higher currents in a reasonable structure, 
are lengths must be kept short to reduce 
mechanical stresses. Interruption in these 
short distances creates high dielectric stresses 
external to the fuse that would endanger 
the operation of a device built along con- 
ventional lines. Adequate conductors for 
carrying the higher currents through the 
longer-length fuse must be moved quickly 
during interruption. 

A new high-voltage fuse in which inter- 
ruption of the higher currents is accom- 
plished in a short length without undue volt- 
age stresses adjacent to the fuse has been 
developed. This fuse has a new arrange- 
ment of conductors which permits rapid 
extension of the arc without expulsion of 
any conductor parts from the fuse. All 
this has been accomplished with a fuse of 
such light weight that it permits the use of 
a drop-out design which is a necessity at 
the higher voltages to prevent subsequent 
flashovers caused by leakage currents. The 
interrupting medium is compressed boric 
acid which has proved very effective and 
reliable at the lower voltages. Repeated 
interrupting and mechanical tests have 
demonstrated the suitability of the new 
fuse for service on important transmission 
circuits. 


RESENT day requirements relating 

to the transmission of large blocks of 
electrical energy to large industrial areas 
and new war industry plants remote from 
power generation plants demand short- 
circuit protective devices that will afford 
the maximum protection with a 1ainimum 
outlay of critical materials. The excellent 
operating record established by modern 
high-interrupting-capacity power fuses 
in the intermediate voltage field has 
created an insistent demand for fuses 
suitable for application on transmission 
systems in the 44-kv to 132-kv class. 
Power fuses require less critical material 


Paper 43-103, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
June 21-25, 1948. Manuscript submitted April 7, 
1943; made available for printing May 20, 1943. 


H. H. Faunor is design engineer for Westinghouse 


Electric and Manufacturing Company, East Pitts- 
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than a conventional hook-stick-operated 
disconnect switch and can be mounted in 
the same space, thus effecting economies 
in substation space and structure. Cer- 
tain operating characteristics of high- 
capacity power fuses provide for the maxi- 
mum continuity of service so essential to 
modern production methods. 
fuses when applied for the short-circuit 
protection of transformers or circuits 
provide ultrahigh-speed clearing of faults. 
Faulted equipment is isolated from the 
system in a small fraction of the time re- 
quired by conventional short-circuit pro- 
tective devices, thus greatly reducing the 
damage to the equipment and enabling it 
to be repaired and returned to service at 
a much earlier date. Operating speeds 
equal to or less than the most modern 
ultra-high-speed circuit interrupters in- 
sure maximum system stability since the 
voltage dip associated with a fault per- 
sists for as short a period as one cycle. 
The short duration of voltage fluctuation 
insures that relays elsewhere on the sys- 
tem will not operate to stop important 
continuous process loads. The high- 
speed operation of power fuses reduces 
the requirements for elaborate relaying 
schemes on new transmission circuits and 
eliminates the need for extensive relay 
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DURING ROLLING 


HINGE AND FUSE TUBE FITTINGS 
(a) aa) 
Figure 1. Approximate plot of dielectric 
field at lower end of fuse hit 


Note how electrostatic shielding in diagram 
b reduces the lines of force or potential 
gradient at the lower fittings. The reduction 
of potential gradients at these points elimi- 
nates the possibility of external flashovers 


(a). Without electrostatic shield 
(b). With electrostatic shield 
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Power. 


changes when new load centers are added : “ 


4 


to an existing transmission line. oe 


Requirements for Higher-Voltage 
Power Fuses 


Since electrical power circuits operating 
at 44 to 132 kv are intended for the trans- 
mission of large blocks of energy, it fol- 
lows that such systems are connected to a 
generating source of considerable ca- 
pacity, capable of delivering a correspond- 
ingly high value of short-circuit energy to 
a fault. Unlike conventional circuit 
breakers which require as long as eight 
cycles tointerrupt a fault and are sorated, 
power fuses frequently operate in the 
first half cycle of a fault; hence they may 
have to interrupt a fully displaced or 
asymmetrical current. For the systems 


under discussion the rms value of this © 


current may be as much as 1.6 times the 
symmetrical short-circuit current. This 
ratio of currents is dependent on the char- 
acteristics of the transmission circuit. 
The closer the fault is to the generating 
source the greater ratio of reactance to 
resistance and the higher the ratio of 
asymmetrical to symmetrical current 
which approaches the theoretical limit of 
1.73. From this it can be seen that power 
fuses for use on high-voltage circuits 
must have an interrupting capacity con- 
siderably in excess of the symmetrical 
short-circuit current. To handle the 
most severe case a fuse for 1,000,000-kva 
systems must be able to interrupt at 
least 1.6 times the current value corre- 
sponding to a 1,000,000-kva symmet- 
rical fault. 


& 


Figure 2. Single-pole unit, 92 kv, 200 amperes 
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It is obvious therefore that — 
a fuse for use at the higher voltages — 


must have a high interrupting capacity. 
A second requirement is the ability to 


interrupt positively the entire range of 


fault currents from the minimum melting 
current of the fusible element up to its 
full interrupting rating: While such 
(fuses are normally applied solely for short- 
circuit protection, it is recognized that 
certain types of high impedance faults 
may develop, transformer secondary pro- 
tective devices may be inoperative, or 


‘that faults may develop in a period of 


light generating capacity, requiring in- 
terrupting at low values of fault current. 

A further requirement, especially im- 
portant at these higher circuit voltages, is 
that the restored voltage shall not over- 
stress the insulating material, making up 
the fuse tube so that there are high leak- 
age currents which may result in flash- 
over or dielectric breakdown. Since cir- 
cuits of this voltage are sometimes sup- 
plied from hydroelectric plants where the 
sudden dropping of a large load may cause 
“runaway” of the generators before pro- 
tective relays operate, the restored volt- 
age may rise to a value double the normal 
circuit voltage. These conditions make 
it imperative that the higher-voltage 
fuses be automatically removed from the 
circuit immediately after operating. 

Additional requirements particularly 
important to enable operating personnel 
to locate blown fuses and replace these 
with new units are positive indication of 
blown fuses and a lightweight simple unit 
that can readily be removed and replaced 
in the fuse support. 


Evolution of the New Fuse 


An analysis of the characteristics of the 
dry-type high-interrupting-capacity fuses 
for operating voltages up to 34.5 kv re- 
veals that there are four major design 
features which have been responsible for 
its exceptional performance record. 


1. Boric acid in the dry molded form as the 
lining of the interrupting chamber will inter- 
rupt a much higher voltage per inch of length 
than horn fiber on other fuse-tube materials 
in an equivalent structure.. Since this is 


Figure 4. Fuse unit with disconnecting fittings 


especially true in the lower range of currents, 
fuses utilizing boric acid can be made in a 
shorter length. At the higher currents this 
shorter-length boric-acid-lined fuse tube 
does not produce as vigorous a gas blast as 
the equivalent longer length of fiber; con- 
sequently, mechanical stresses in the tube 
structure are much less. In addition, the 
voltage gradient that can be interrupted 
increases with current much more rapidly. 
The gases evolved from boric acid are non- 
combustible and have a much higher dielec- 
tric strength than gases from organic ma- 
terials and are much less liable to cause 
breakdown between adjacent line parts. 


2. The very high interrupting capacity of 
this type of interrupter is largely due to the 
use of a very short fuse element in an en- 
larged opening of the fuse tube that is freely 
vented and the drawing of the are into a 
more restricted section of the interrupting 
chamber. There is sufficient gas blast from 
the boric acid even in this enlarged opening 
to interrupt the higher currents at the end 
of the first half cycle of arcing without de- 
veloping excessive pressures. 


Figure 3. Cross sec- 
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tion of new fuse unit 


The unit for 138 kv 

is 72 inches long 

and 2 1/2 inches in 
diameter 
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3. The use of a solid-rod-type conductor 
through the arcing chamber further increases 
reliability of high current interruptions, 
since there is no flexible conductor or cable 
to become jammed in the fuse tube by the 
gas pressure developed on very high fault 
currents. 


4. Interruption of extremely high cur- 
rents without excessive internal pressure 
and without severe voltage surges is further 
accomplished by the use of controlled mass 
and acceleration of the arcing terminal 
through the interrupting chamber. The 
mass of the arcing rod and of the operating 
spring and shunt assembly is so co-ordinated 
with the tension of the spring that the arcing 
rod is accelerated only a few inches or only 
a fraction of the length of the interrupter 
in the first half cycle. This short-length arc 
in the enlarged opening results in minimum 
meclanical stress in the fuse structure. 


The first problem of the designer in con- 
verting low-voltage fuse structures to a 
design suitable for the higher voltage is 
to determine a suitable length of fuse. 
Since in the interests of simplicity of han- 
dling and replacement by operating per- 
sonnel, it is desirable to have a disconnect- 
ing-type fuse, the minimum length of the 
fuse is automatically set by the standards 
for such types of equipment. The actual 
length of the fuse unit is then dependent 
upon the required length of interrupting 
chamber to secure efficient interruption 
throughout the entire current range. The 
voltage gradient that can be interrupted 
in a boric-acid interrupter varies with the 
diameter of the openings in the boric 
acid. Furthermore the voltage gradient 
is not constant for a given bore but varies 
with the length. For longer lengths, the 
voltage that can be interrupted corre- 
sponds to approximately the 1.7 power of 
the length. A large bore is required for in- 


Figure 5. Sleet hood with dropout mechanism 


Note the trigger which is actuated by the 
moving plunger to initiate the dropout action 
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terruption of the higher fault currents to 
minimize mechanical stresses; however, 
it would be impractical to build such high- 
voltage fuses with a constant bore as the 
length required to interrupt currents in 
the lower range would be excessive. To 
make the fuse as short as possible, a 
stepped or tapered bore is used with the 
largest opening in the vented end so that 
gases are readily vented on high-current 
' shots and the bore gradually decreasing 
to a diameter just larger than the size of 
the conductor rod. In this way, the fuse 
can be made just as short as the permis- 
sible open-gap spacing for a disconnecting- 
type unit, since the lower currents are 
readily interrupted when the arc is drawn 
into the more restricted bore. The use of 
the conventional spring and shunt as- 
sembly is not practical in the higher- 
voltage fuse as the collapsed length of 
such an assembly is approximately one 
third the length of the entire fuse unit. 
Therefore, to make the fuse unit as short 
as desired, a new method of conducting 
current from the top ferrule to the solid 
arcing rod has been developed which oc- 
cupies a length equivalent to the length 
of the interrupting chamber. 


After the minimum length has been 
established, the next step in the evolution 
of the higher-voltage fuses is to determine 
the form of the fuse unit. From a weight 
and handling standpoint, the use of in- 
sulating tube of organic material with a 
porcelain weatherproof casing is at 
once ruled out. Since it is recognized 
that organic insulation, such as a fuse 
tube, should not be subjected to high- 
voltage stress, such as restored voltage, 
after the fuse has blown, a drop-out-type 
fuse is indicated. 


The decision to make a drop-out-type 
fuse entails further design problems, 
notably the necessity for a lightweight 
construction to eliminate any shock to 
the insulator column supporting the pivot 
end of the long fuse tube. The use of a 
permanent fuse holder with a renewable 
element or refill as has been used with 
such success in the lower-voltage fuses 
must be eliminated to avoid duplication 
of structure. In a design incorporating 
a renewable refill, the refill unit must be 
mechanically strong enough to withstand 
the entire pressure developed in the in- 
terupting chamber during interruption 
of the maximum fault current and as the 
pressures in the refill are communicable 
to the fuse holder, the holder must be of 
equally sturdy construction. The deci- 
sion to make the higher-voltage fuses in a 
single nonrenewable unit was aided by 
early tests on a refill- and holder-type 
unit. With the lengths involved for the 
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higher voltages it is virtually impossible 
to maintain the extremely close clear- 
ances between the outside of the refill 
tube and the inside of the holder tube re- 
quired to prevent flashover in this space. 
The presence of ionized gases within the 
holder and the high-voltage gradients 
present in this space on high current in- 
terruption were very conducive to flash- 
overs in this space. As the length of the 
interrupter increases, the voltage that 
can be interrupted increases faster than 
the dielectric strength of the adjacent air 
gap. ; 

With lightweight construction a para- 
mount requisite, it is imperative that the 
interrupter be very efficient so that the 


Figure 6. Hinge with fuse unit 


mechanical stresses resulting from gas 
pressures developed do not require an ex- 
cessively strong and heavy structure. 
The efficiency of an interrupter is based 
on building up high dielectric strength 
in the are path at current zero with low 
arc voltage and correspondingly low are 
energy. An efficient fuse design is based 
on drawing an arc as short as possible in 
a structure offering a minimum of actual 
restriction to the are core and develop 
sufficient un-ionized gases to effect inter- 
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ruption at first current zero. The inter- 
ruption of high currents in such a short 
length imposes very severe dielectric. 
stresses between the end of the arcing rod 
and the lower terminal of the fuse with its 
associated fittings. ; 

To prevent external flashovers resulting 
from the presence of ionized air associated 
with such extreme voltage gradients, an 
electrostatic shield has been built into the 
tube structure. Figure la shows the 
voltage stress lines between the end of the 
arcing rod and the lower terminal. It is 
readily seen that very high voltage gra- 
dients are present at the fittings adja- 
cent to the tube. The corona associated 
with such high-voltage stresses creates 
sufficient ionized air surrounding the tube 
to cause external flashover over the entire 
length of the fuse unit. Figure 1b shows 
the voltage-stress distribution with an 
electrostatic shield in the insulating tube. 
It will be observed that the maximum 
voltage gradient is now impressed on 
solid dielectric and not on the air adja- 
cent to the fuse tube, so that external 
corona is eliminated. 

A further requisite of the drop-out type 
of fuse construction, particularly for the 
voltages under consideration, is that the 
drop-out action must not start until the 
circuit is positively interrupted within the 
fuse unit. If the fuse unit should start 
to drop out before the current is inter- 
rupted, there will be arcing at the top 
contacts which would create sufficient 
ionized gases to cause flashover ‘ 

To secure positive time delay between 
the time of fusion of the calibrated ele- 
ment and the initiation of the drop-out 
action, a construction has been adopted 
whereby the drop-out action is not ini- 
tiated until the moving arcing rod has 
reached the end of its travel. 


Figure 7. Oscillograms of interrupting tests 
on 69-kv fuse : 


; (a). 240 amperes 66-kv restored voltage 


(b). 1,950 amperes 66-kv restored voltage 
(c). 15,300 amperes 66-ky restored voltage 
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‘Construction and Operation 


A complete fuse consists of a fuse unit 
which is nonrenewable and is replaced by 
an entirely new unit after fault interrup- 
tion and a fuse mounting which includes 
the necessary fittings to convert the fuse 
unit into a disconnecting unit. Figure 2 
shows this assembly in the closed position. 


THE Fuse UNIT 


The new high-interrupting-capacity 
- fuse unit consists of a short low-tempera- 
ture calibrated element at the end of a 
solid conductor rod extending through 
a boric-acid-lined chamber, a copper tube 
for conducting current from the upper 
ferrule to the arcing rod through a modi- 
fied form of tulip contacts and enclosing 
the operating spring which withdraws 
the arcing rod from the interrupting 
chamber, all enclosed in a lightweight 
Micarta tube with copper ferrules as 
shown in Figure 3. ’ 

The insulating tube is made from a 
rolled Micarta tube selected for high me- 
chanical and impact strength, high di- 

/ electric strength, resistance to moisture 
absorption, and freedom from warping. 
The electrostatic shield at the lower end 
of the tube consists of copper foil rolled 
into the tube during fabrication in the 
same manner as used in the construction 
of high-voltage condenser bushings. This 
foil is electrically connected to the lower 
ferrule of the fuse unit. Copper ferrules 
are shrunk onto the fuse tube and then 
rolled. 

The lower half of the fuse tube is lined 
with molded boric-acid blocks cemented 
in the tube with a moisture-resistant high- 
dielectric-strength cement. The diame- 
ter of the opening in the boric acid is a 
maximum at the bottom of the interrupt- 
ing chamber tapering down to a diameter 
slightly larger than the size of the arcing 
rod at the top. The length of boric acid 


Figure 9. Oscillograms of short-circuit tests 
on 115-kv fuse 


(a). 145 amperes, 110-kv restored voltage 
6). 4,400 amperes, 110-kv restored voltage 
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having maximum opening is chosen so 
that interruption of the maximum fault 
currents will take place when the arcing 
rod has traveled a distance sufficient to 
prevent severe voltage stress. Moderate 
fault currents are interrupted when the 
arcing rod has traversed the intermedi- 
ate taper, and low currents are cleared 
when the arcing rod is drawn into the 
final taper. To’ insure that low fault 
currents corresponding to the minimum 
melting current of the lower rated fuse 
elements. are cleared in the shortest pos- 
sible arcing time, the arcing rod and the 
bore of the top section of boric acid are of 
smaller diameter than that of the rod 
and boric-acid blocks used for the high 
current ratings. The minimum current 
to be interrupted by a fuse will be, of 
course, dependent on its ampere rating. 

An enlarged section at the top end of 
the arcing rod engages the flexible con- 
tact fingers which are part of the con- 
ductor tube to the top fuse-tube ferrule. 


Figure 8. Oscillo- 
grams of short-circuit 
tests on 92-kv fuse 


(a). 167 amperes, 
88-kv restored volt- 
age 
(b). 3,600 amperes, 
88-ky restored volt- 
age 


The contact surfaces are heavily silver- 
plated for low contact drop for the life of 
the fuse under all atmospheric and tem- 
perature conditions. A stainless-steel 
compression spring assures uniform and 
continuous contact pressure without bind- 
ing. These contacts are so biased that the 
effort required to, withdraw the contact 
from the fingers is only a small fraction 
of that exerted by the stainless-steel op- 
erating spring which is terminated on this 
enlarged section of contact rod. 


The calibrated element in this new fuse 


is of the low-temperature type so that 
operation at or near full-load rating will 
not create temperatures that will dehy- 
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drate the boric-acid lining or impair the 
strength of the fuse tube. A _ high- 
strength strain element relieves the cali- 
brated element of all spring tension. 
When the calibrated element is fused 
by a fault current, the operating spring 
draws the arcing rod through the boric- 
acid arcing chamber. The heat of the 
arc decomposes the surface of the boric 
acid into water vapor and inert boric ox- 
ide. The blast of water vapor deionizes 
the are path and effects interruption. 
The arcing rod, which is not rigidly con- 
nected to the operating spring does not 
stop when the spring reaches its fully 
closed position but continues on through 
the spring by virtue of its inertia until 
the end punctures a frangible disk in the 
top ferrule. A special spring washer 
stops the travel of the arcing rod by ar- 
resting its enlarged section. This washer 
also functions to retain the arcing rod and 
prevent it from dropping back into the 
tube. The rod projecting from the top 
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ferrule initiates the drop-out mechanism. 
It is obvious that the drop-out action can- 
not start until the arcing rod has trav- 
ersed the entire length of the interrupt- 
ing chamber which insures that all fault 
currents are interrupted before the trip- | 
ping out action occurs. 


THE Fusp MOUNTING 


The fuse-unit fittings which comprise 


Figure 10. Oscillograms of short-circuit tests 
on 138-kv fuse 


(a). 180 amperes, 139-kv restored voltage 
(b). 5,300 amperes, 132-kv restored voltage 
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Single-pole unit, 92 kv, 200 
Unit in dropout position 


Figure 11. 
amperes, with fuse. 


a part of the fuse mounting are shown 
clamped onto the fuse tube in Figure 4. 
These fittings, comprising a hook eye for 
the top end of the fuse unit so that the 
fuse unit can be used as a disconnecting 
switch and a hinge casting for the lower 
end of the fuse tube that incorporates a 
lifting eye to facilitate the removal and 
replacement of the fuse with a standard 
hook stick, are readily removed from a 
blown fuse unit and placed on a new unit. 
These fittings are so keyed to the fuse 
unit that the correct fitting can fit only 
on its end of the fuse unit and assures 
perfect alignment of the fittings. 

The fuse mounting proper consists of a 
double steel channel base for the higher 
voltages, and two insulator columns with 
latch castings and hinge castings mounted 
thereon. The top contact and trip-out 
mechanism are enclosed in a sleetproof 
housing, as shown in Figure 5. Current 
is conducted from the terminal to the 
pivoted latch casting by means of a flex- 
ible copper shunt. A powerful stainless- 
steel compression spring insures adequate 
contact between the latch casting and the 
hookeye casting clamped to the top fer- 
rule of the fuse unit. It will be noticed 
that the force exerted by this spring puts 
the fuse tube in compression and thus 
avoids warping of the fuse tube from 
continuous cantilever stress. The drop- 
out trigger is pivotally mounted on the 
latch casting and bears on a projection 
within the sleet hood. Tests have shown 
that the kinetic energy of the moving 
arcing rod is more than ample to insure 
positive tripping regardless of alignment, 


634 TRANSACTIONS 


variations in length of the fuse unit, or 
any possible friction that might be due 
to weathering or corrosive atmospheres. 
The construction of the hinge is shown 
in Figure 6. Current is conducted from 
the fuse unit to the terminal pads by 
copper alloy leaf springs. The lower 
or lifting eye casting on the fuse unit and 
the hinge casting are so designed that the 
fuse unit is positively guided throughout 
the disconnecting or closing-in movements. 
The fuse unit can be removed from the 
mounting only when the fuse unit is in 
the 180°-open position. This arrange- 
ment also provides for the lower insulator 
stack taking the entire upward reaction 
resulting from gas blast on high current 
interruption thus insuring proper action 
of the drop-out mechanism. Below the 
hinge casting is a simple leaf spring 
bumper to absorb the energy of the falling 
fuse unit without overstressing the insula- 
tor column. This arrangement was 
chosen in preference to a friction brake 
because of its simplicity, its reliability 
under all atmospheric conditions, and 
the amount of energy to be absorbed in 
braking the fall of the long fuse unit. 


Test Results 


Complete interrupting tests have been 
made in the high-power laboratory cover- 
ing the range from the minimum melting 
current of the smallest fusible element 
up to destruction of the fuse. Test-circuit 
conditions were modified from a very se- 
vere circuit where voltage-recovery rates 
correspond to a natural frequency of ap- 
proximately 7,000 cycles per second to 
circuits with a very low voltage-recovery 
rate corresponding to natural frequencies 
as low as 800 cycles per second. 

The majority of the interrupting tests 
were made with full line-to-line voltage 
impressed across a single fuse unit with 
the lower terminal at ground potential. 
Other tests were made with line-to-line 


voltage across a single fuse with the neu- 


tral grounded at the fuse mounting base. 
Also the fuses have been tested at line- 
to-neutral voltages to determine the up- 
per current limit at reduced voltage: 
Representative oscillograms of inter- 
rupting tests are shown in Figures 7 to 10. 
The new assembly for carrying cur- 
rent through the fuse unit has been thor- 


oughly tested for reliability on all values 


of fault current up to those which cause 
destruction of the fuse unit. In addition, 
high-current short-duration faults that 
did not blow the largest fuse rating were 
applied. In no case was there a failure 
of these parts to perform satisfactorily. 
In the case of the high currents applied 
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momentarily there was no welding or 
damage that might cause failure to op- 
erate on subsequent faults. Prolonged 
temperature-rise tests indicate the com- 
plete adequacy of all current-carrying 
parts and contacts. The silvered con- 
tacts on the fuse rod within the fuse unit 
carried full rated current with an un- 
usually low temperature rise. 

High-speed moving pictures were used 
extensively during interrupting tests as. 
a check on the operating sequence of the 
drop-out action and for checking the time 
required to trip out. These moving pic- 
tures were of invaluable assistance in_lo- 
cating the cause of flashoyers in the early 
designs. They also presented an accurate 
picture of the size and shape of the cone of 
gases evolved from the fuse, thus enabling 
the designer to design an opening so that 
gases would not be deflected in such a way 
as to cause flashover of adjacent appara- 
tus. 


Application 


The selection of a high-voltage fuse for 
isolation of faults in potential transform- 
ers does not require any special precau- 
tions, as the fuse can operate only on a 
fault in the connected equipment. When 
high-voltage transmission system is 
tapped to obtain small blocks of power, 
it is recommended that high-voltage 
fuses be connected as close to the power 
transformer as practicable and that sec- 
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Synopsis: One of the means used by the 
telegraph companies for improving the 
speed of their service is the provision of 
printing telegraph circuits between their 
central offices and the offices of many users 
of the telegraph. In the beginning, circuits 
of that type were restricted to patrons whose 
volume of telegraph business and proximity 
to a central office justified the expense in- 
volved in their installation and maintenance. 
A large part of that expense, when the 
patrons are located remotely from the cen- 
tral office, is in the line-wire costs. 

This paper describes an automatic 
switching means for economically enabling 
a large number of patrons, when grouped in 
one locality, to be furnished printing tele- 
graph service with a distant central office 
by causing them to share the use of a com- 
paratively small number of line wires 
between that locality and the distant central 
office. 

This paper also cites benefits gained from 
present installations. 


MONG the methods used by the 

telegraph companies during the last 
two decades for improving the speed of 
their service has been the provision of 
printing telegraph circuits between their 
central offices and the offices of many 
users of the telegraph service. That type 


of accommodation employes the use of 
the printing telegraph mechanisms, var- 
iously termed ‘‘teleprinters,’”’ ‘“‘teletype- 
writers,” or ‘‘teletypes,”” and is known in 
the Western Union Telegraph Company 
as teleprinter tie-line service. 

Because of the expense involved in pro- 
viding and maintaining the equipment 
and line wires essential to that service, it 
has been restricted to those patrons whose 
proximity to the central office and volume 
of business warranted the expenditure. 
Therefore, many substantial users of the 
telegraph service, because of their re- 
moteness from a central office, had to be 
denied the advantages of teleprinter tie- 
line service because of the high line-wire 
costs involved. In some cases even 
groups of patrons were in that category. 

The Western Union’ Telegraph Com- 
pany undertook several years ago the de- 
velopment of a means for bringing those 
groups of remote patrons within the scope 
of teleprinter tie-line service by reducing 
the amount of line wire required. 

Long experience in serving patrons over 
teleprinter tie-lines through central-office 
concentrators! has shown that most of 


those lines are in use only a small part of 
the time, and that the probability of any 
large percentage being used at any one 
time is small. That knowledge of their 
normal requirements led to the develop- 
ment of a remote controlled switching 
means for enabling a large number of 
patrons, grouped in one locality, to share 
the use of a comparatively small number 
of line wires to a distant central office. 
In that manner the necessary line-wire 
savings are effected to make economically 
feasible the extension to many more pa- 
trons the faster service afforded by tele- 
printer tie-lines. 

The switching means, termed “sub- 
center,” is designed to be installed in the 
same locality as the group of patrons, to 
be connected to each patron’s office by an 
individual line wire, termed “‘patron’s 
line,’ and to be connected to the central 
office by only as many line wires, termed 
‘trunks,’ as the peak volume of business 
at any one time requires. An installa- 
tion containing a subcenter is termed a 
“subcenter switching system.” 


Description 


EQUIPMENT 


The equipment required for a sub- 
center switching system is divided into 
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ondary circuit. breakers or other protec- 
tive devices be used to interrupt all sec- 
ondary faults. The high-voltage fuses 
will then operate only on faults in the 
power transformers. For such applica- 
tions the fuse rating selected must provide 
adequate time for ‘co-ordination with the 
relays controlling the secondary breaker. 
The proper rating should be determined 
from the time-current characteristic 
curves of the fuses and will usually exceed 
four times the full-load current of the 
transformer. 

The addition of fuses on a system to 
isolate faults in equipment will enhance 
the reliability of the entire system by the 
rapid interruption of short circuits that 
would otherwise result in breaker opera- 
tions or even in ground that might be 
difficult to locate. 

At the higher transmission voltages it 
is generally not advisable to use fuses to 
protect even a small tap line that is ex- 
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posed to lightning, unless the nature of 
the load is such that an outage caused by 
fuse operation can be tolerated. 


Conclusions 


Numerous interrupting tests, covering 
the complete range of fault currents under 
all possible circuit conditions, show that 
these new fuses are entirely satisfactory 
for application to important high-voltage 
transmission circuits. Their interrupting 
ability is such that they may be safely 
applied to systems approximating 1,000,- 
000-kva short-circuit capacity at 66 kv 
through 132 kv. 

The positive time-delay drop-out ac- 
tion provides an air gap in the circuit 
after operation which has a breakdown 
voltage ten per cent greater than the 
breakdown voltage of the basic impulse 
level (BIL) insulator columns. | These 
fuses may therefore be applied on hydro- 
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electric transmission circuits where sud- 
den interruption of load currents may 
cause overshoot of recovery voltages. 

These new high-interrupting-capacity 
power fuses can now be applied to impor- 
tant high-voltage transmission systems 
to rapidly clear faults in connected equip- 
ment, thereby enhancing the reliability of 
the complete system. They also provide 
an economical means for tapping off small 
blocks of power from high-capacity sys- 
tems. 
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three general groupings, one for the sub- 
center, one for the central office, and one 
for the patron offices. 


SUBCENTER 


The subcenter switching equipment 
consists primarily of electrically operated 
multicontact relays and multicontact 
switches mounted either on racks or in 
cabinets, and in their assembled form 
termed “‘subcenter switching units.” The 
relays are used primarily for control and 
signaling purposes, and the switches for 
making connections between the trunks 
and the patron tie-lines. 

The switches are of the well-known 
Strowger type of two-motion and rotary 
switches. The two-motion switch is 
used to select the desired patron’s line 
wire when a call is originated at the cen- 
tral office, and the rotary switch is used 
to seek the patron line wire when a call is 
made from the patron’s office. The cor- 
responding contacts of the contact banks 
which form a part of the two-motion and 
rotary switches are connected in multiple 
so that all of the patron tie-lines are avail- 
able to all of the switches. The wipers of 
each switch are associated with a group of 
equipment individual to one trunk and 
complete the connections between that 


Figure 1. Small-size subcenter switching unit 
for ten patron tie lines and three central-office 
trunks 
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equipment and the equipment associated 
with the patron’s line. 

Three types of trunks, termed answer- 
ing, calling, and combination trunks, are 
used for connecting the subcenter to the 
central office. The “answering trunks’ 
are the trunks over which connections are 
made only wken the calls are originated 
at patron offices; the ‘“‘calling trunks,” 
only when the calls are made at tke cen- 
tral office; and the ‘‘combination trunks,” 
when the calls are made at either the 
patron offices or the central office. The 
combination trunks, with the exception 
of the smallest size installations, require 
as much equipment in the subcenter 
switching units as an answering and a 
calling trunk combined, and, therefore, 
but few of them are used in any one in- 
stallation. When installed, they are in- 
cluded primarily as overflow trunks, since 
they function as either answering or call- 
ing trunks. 


CENTRAL OFFICE 


The central office equipment may con- 
sist either of a group of operating tables, 
termed ‘‘subcenter operating tables,” 
with each table connected directly to a 
trunk, or of existing teleprinter concen- 
trator equipment. 

The subcenter operating tables are 
classified as “answering,” “‘calling,” or 
“combination,” the classification de- 
pending on the type of trunk with which 
they are to be used. The equipment 
required is basically the same for all of 
them. -In general, it includes a tele- 
printer, a signal lamp, control relays, and 
in the case of a calling or combination 
trunk, a dialing unit. The teleprinters, 
signal lamps, and dialing units are 
mounted on the table tops and the con- 
trol relays in a metal box underneath. 

The subcenters also are designed to 
direct the calls of all patron offices to the 
central office over as few trunks as 
possible by always switching the patron 
lines to the lowest numbered idle trunk. 
That feature enables them also to perform 
the functions of an automatic concen- 
trator for the central office. Although 
they function as concentrators themselves 
their central-office trunks are often con- 
nected to concentrators at the central 
office for converging the business of one 
subcenter with that of another, and also 
with that of the patron tie-lines con- 
nected directly to the concentrator. 

The equipment of teleprinter concen- 
trators consists, essentially, of turrets, 
control relays, signaling lamps, and oper- 
ating tables. Each turret. contains a 
large number of jacks, and one is located 
convenient to each operating table. Each 
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turret jack is multipled to the corre- 
sponding jack of all of the other turrets, 
and each of the multiple connections is 
connected to a separate incoming line 
which may be either a teleprinter tie- 
line or an answering trunk from a sub- 
center. Thus, all of the directly con- 
nected patron tie-lines and the answering 
trunks from the subcenter are connected 
to all of the turrets so that any line or 
trunk can be worked from any turret. 

Each operating table of the concen- 
trator contains, primarily, a teleprinter 
and a circuit from the teleprinter through 
control relays to a cord and plug located 
at a turret. As many operating tables 
are provided as are likely to be required 
at any one time. Connection is made 
between an operating table and a desired 
patron’s line or answering trunk from a 
subcenter by inserting the plug of that 
operating table in the proper jack of the 
turret. 

Each of the calling trunks from a sub- 
center is connected directly to one of the 
operating tables of the concentrator and 
can be worked only from that operating 
table. A dialing unit containing a dial, 
similar in general appearance to the dials 
used in automatic telephone systems, and 
a control key switch, is added to the 
equipment and circuits which normally 
form a part of those operating tables. The 


key switch is used for adapting the oper- 


ating table to work with either its di- 
rectly connected calling trunk from a 
subcenter or with any line connected to 
the turret jacks, and the dialing unit is 
used to select the line of any of the patron 
offices connected to the subcenter by 
controlling the selecting mechanism of 
that equipment. 

Each combination trunk from a sub- 
center is connected both to a multipled 
jack circuit in the turrets and to one of 
the operating tables, since it functions as 
either an answering or calling trunk. _ 

When the combination trunk is in use 
as an answering trunk, it is automatically 
disconnected from the operating table to 
which it is normally connected, and, when 


it is used as a calling trunk, it is auto-— 


matically disconnected from the turrets. 
Also, when it is used as a calling trunk, 
the equipment associated with it at the 


subcenter automatically busies it to all. 


patron calls. Hence, safeguards are in- 
cluded to prevent interference to service 
from any attempt to use this circuit for 
its two functions at the same time. 


PATRON’S OFFICE 


The equipment at the patron's office 
consists, primarily, of a teleprinter, a sig- 
nal lamp, a polar relay, and a teleprinter 
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operating table. That is the same tele- 
printer tie-line equipment which is used 
for operation with concentrators. The 
signal lamp is controlled by the polar 
relay and serves to advise the operator 
when the central office calls. 


STANDARD SYSTEMS 


Each of the first subcenter switching 
systems was devised for a specific installa- 
tion, but the later ones were designed as 
standard systems for general usage. The 
latter differ from the first in flexibility, in 
the ultimate sizes of the installations, and 
in some details of circuit design. They 
were designed for three different sizes of 
installations, small, intermediate, and 
large, so that an economically feasible one 
would be available for any probable re- 
quirement. 


SMALL SYSTEM 


The smallest ‘of the systems enables 
groups of ten patrons to be served by a 
remote central office over three trunks. 
The subcenter switching equipment is 
housed in a single cabinet as illustrated 
in Figtire 1. 

Combination trunks, only, are pro- 
vided between the central office and the 
subcenter, and the same equipment at 
the subcenter is used for calls originating 
at either the central or the patron’s office. 
This differs from the intermediate and 
large systems, described later, in that 
those systems require two sets of equip-- 
ment at the subcenter, one calling and 
one answering, for each combination 
trunk. 

Provision is made in the design of the 
units for connecting two of them to- 
gether in a single installation to provide 
for 20 patrons and six trunks when the 
requirements grow beyond the capacity 
of one unit. 


INTERMEDIATE SYSTEM 


The next, or intermediate, size system 
is designed to serve groups of 25 patrons 
over eight trunks to the central office. 
The equipment of the subcenter, like 
that of the small system, is housed in a 
single cabinet (Figure 2). 

Normally, three calling and five answer- 
ing trunks are provided between the sub- 

center and the central office. Combina- 
tion trunks may be provided by con- 
necting together, at the subcenter, the 
equipment of one calling and of one 
answering trunk for each combination 
trunk desired. Hence, each combination 
trunk provided reduces by one the total 
number of central-office trunks that can 
be accommodated by the subcenter unit. 
A maximum of three combination trunks 
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may be provided in this manner for each 
unit. 
Provision also is made in the design of 


the subcenter switching units of this sys- . 


tem for connecting two of them together 
in a single installation to double the 
capacity to 50 patrons, six calling and ten 
answering trunks. 


LARGE SYSTEM 


Each of the small and intermediate sys- 
tems requires that all of the patrons be 
connected to the one subcenter in order to 
share the trunks to the central office. 
The large system, in addition to serving a 
much larger number of patrons, also pro- 
vides for serving the trunks of as many as 
seven smaller size subcenters. Thus, the 
large system may consist of one main sub- 
center serving 200 patron tie-lines and as 
many as seven tributary subcenters, each 
of which may serve 25 patron tie-lines, 
combined into a single large system serv- 
ing a total of 375 patrons. The main 
subcenter, to which the central-office 
trunks are terminated, is termed the 
“subcenter,” while the seven tributary 
subcenters are termed ‘‘sub-subcenters.” 
The sub-subcenters may be either the 10 
or the 25 patron size already described. 
Combining a large number of patron tie- 
lines in one system in that manner con- 
siderably reduces the number of trunks 
that would be required between the 
locality of the patrons and the distant 
central office if those patron tie-lines were 
served by several smaller systems. The 
plan of this system is illustrated by the 
diagram of Figure 3. 

The equipment of the subcenter is 
assembled in nine units (see Figure 3). 
Two of the units contain that portion 
associated directly with the calling 
trunks; two, that portion associated di- 
rectly with the answering trunks; one, 
that portion associated directly with the 
sub-subcenter answering trunks; and, 
four, that portion associated with the 
directly connected patrons. Each calling 
trunk unit provides for eight calling 
trunks to the central office and ten sub- 
subcenter calling trunks; each answering 
trunk unit, for 16 answering trunks to the 
central office; each patron tie-line unit, 
for 50 patron tie-lines; and, the sub-sub- 
center answering trunk unit for 35 sub- 
subcenter answering trunks. Hence, an 
installation equipped for maximum ca- 
pacity operation provides for 16 central- 
office calling trunks, 32 central-office 
answering trunks, 200 directly connected 
patron tie-lines, and 55 sub-subcenter 
trunks. 

All of the patrons, regardless of whether 
they are connected to the subcenter di- 
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Intermediate-size subcenter switch- 
ing unit for 25 patron tie lines and eight 
central-office trunks 


Figure 2. 


rectly or by sub-subcenter trunks, share 
the use of all of the central-office trunks. 

The trunks between the subcenter and 
the central office also may be converted 
to combination trunks by combining the 
equipment in the subcenter of one calling 
and of one answering trunk for each com- 
bination trunk desired. A maximum of 
16 combination trunks can be obtained in 
that manner. 


Operation 


All of the subcenter switching systems 
mentioned in this paper operate funda- 
mentally in the same manner. 

Calls can be originated from either the 
central or any patron’s office, but con- 
nections can be completed only between 
the central and a patron’s office. No 
provision is made for making connections 
between any two patron offices. 

After a connection is made, trans- 
mission may be carried on in either di- 
rection until the connection is released, 
regardless of which office initiated the 
call, The connections normally are re- 
leased only from the central office. 

The operations required at either the 
central or the patrons’ offices for causing 
the subcenter switching equipment to 
effect a connection are so simple that no 
special training of the personnel is neces- 
sary for proper operation. 
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Figure 3. Diagram showing plan of large subcenter switching system 
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Figure 4 is a simplified schematic dia- 
gram of the circuit and equipment ar- 
rangements used in a typical subcenter 
switching system. The trunks are shown 
terminated on individual tables in the 


central office. Many details of the con- 
trol circuits and relays are omitted from 
the diagram for reasons of simplicity. 

A call originated at any patron’s office 
is initiated by the patron’s operator open- 
ing, momentarily, the normally closed 
line between her office and the subcenter 
by depressing any one of the keys of her 
teleprinter keyboard. The opening of 
the line allows a normally operated relay, 
termed “‘line relay,’ connected in series 
with the line in the subcenter switching 
unit, to release and lock itself released. 

The release of that relay causes the 
wiper contacts of the switch associated 
with the lowest numbered idle answer- 
ing trunk, through the medium of con- 
trol circuits and relays, to seek the 
patrons’ line containing that relay by 
advancing, step by step, over the con- 
tacts of its contact bank. 

When that patron’s connections are 
found, control circuits and relays asso- 
ciated with the respective switch and the 
patron’s line function to disconnect ground 
from the trunk, and power from the 
patron’s line, and after a brief tapse of 
time (about 0.3 second), to connect the 
trunk and the patron’s line together. 
The brief interval of time between the re- 
moval of ground from the trunk and the 
connecting of the trunk to the patron’s 
line wire constitutes a sufficient opening 
of the trunk to allow a normally operated 
relay whose winding is connected in series 
with the trunk at the central office to 
release and operate the central office 
signaling equipment. 

When the answering trunks are con- 
nected directly to individual tables at 
the central office, the release of the relay, 
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Figure 5. View of 
switching equipment 
at Newark for large- 
size subcenter- 
switching system 


termed a “signaling and line switching 
relay,’ not only signals the operator but 
also connects the central-office tele- 
printer to the trunk and reverses the 
polarity of the power applied to the trunk 
from positive to negative. 

Both visual and audible signals are 
provided at the central office. A pilot 
lamp and buzzer, conspicuously located, 
give a continuous alarm, and a signal 
lamp, mounted on the table to which the 
call is directed, flashes repeatedly until 
an operator presses a push button on the 
table top for operating the signal control 
relay. Those signals advise the operators 
that a new call has been received, and the 
push button is pressed when the call is 
answered. The operation of the signal 
control, relay silences the buzzer, ex- 
tinguishes the pilot lamp, and causes the 
signal lamp on the table to glow steadily, 
instead of flashing, and to continue glow- 
ing as long as the connection is allowed to 
remain. This alarm signaling arrange- 
ment is used to insure that all calls are 
given prompt attention, and the con- 
tinuous glowing of the signal lamp is 
provided for supervisory purposes. 


Figure 6. ~ Section 
of the Western 
Union central office 
in New York. This 
view shows some of 
the subcenter oper- 
ating tables used 
with the Newark 
subcenter switching 
system 
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The reversal of the power applied to 
the trunk, from positive to negative, 
causes a polar relay, connected in series 
with the trunk at the subcenter, to re- 
verse its armature and prepare the sub- 
center switching equipment for releasing 
the connection when the transmission of 
business is completed. 

' When the transmission is completed, 
the central-office operator presses a 
second push button, which reoperates 
the signaling and line switching relay. 
The operation of that relay transfers the 
trunk from the teleprinter and power of 


negative polarity to a circuit through its” 


own winding and power of positive polar- 
ity. It also opens the circuits to the 
signal lamp and the signal control relay 
winding causing the lamp to be ex- 
tinguished and the relay to release. The 
reversal of power to the trunk from nega- 
tive to positive causes the armature of 
the polar relay, whose winding is con- 
nected in series with the trunk in the sub- 
center, to reverse to its original position 
and release the connection. The trunk 
is then available for connection to another 
patron’s line wire. 

When the answering trunks are ter- 
minated at a teleprinter concentrator, the 
opening of the trunk at the subcenter 
causes only a signal to be given at the 
central office for identifying the trunk and 
attracting the attention of the operator. 


The reversal of power polarity to the sub- — 


center, from positive to negative, is ef- 
fected by the operator’s inserting the plug 
of her operating table circuit into the 
proper jack of the turret. This operation 
transfers the trunk from its normal idle 
connection and positive polarity of power 
to the operating table circuit and nega- 
tive power. 

When transmission is completed, the 
plug is removed from the jack, causing the 
power applied to the trunk to be changed 


to positive, which is the idle condition 
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polarity. Hence, the plug and jack, with 
_ their associated relays, perform the same 
functions at the central office when con- 
centrators are used as the signaling and 
trunk switching relay and the push but- 
tons when individual tables are used. 

Calls are initiated at the central office 
by reversing the power applied to the 
trunk from positive to negative by operat- 
ing a key switch and by dialing the num- 
eral assigned to the desired patron office 
in the same manner as the digits of dial 
telephone numbers are dialed. The re- 
versal of power polarity prepares the sub- 
center equipment, associated with the 
calling trunk, for responding to the dial 
pulses and for advancing the wiper con- 
tacts of the switch to the contacts of its 
bank associated with the desired patron’s 
line. 

When the proper contacts are reached, 
the patron’s line is first tested automati- 
cally at the subcenter to determine whether 
itisidle oris busy. Ifitis busy, an auto- 
matic busy-signal transmitting device 
sends a busy signal over the calling trunk 
to the central-office operator. If it is 
idle, control relays at the subcenter asso- 
ciated with the trunk and the dialed 
patron’s line function to disconnect the 
patron’s line from positive power at the 
subcenter and connect it to the trunk line 
which, at that time, has power of negative 
polarity applied at the central office. 
This reverses the direction of current over 
the patron’s line and causes a polar relay 
connected in series with the line at the 
patron’s office to operate and signal the 
call. The patron’s operator answers 
the call with her teleprinter keyboard. 

When transmission is completed, the 
central-office operator restores the lever 
of her key switch to its normal idle posi- 
tion which restores the central-office cir- 
cuits and equipment to their idle condi- 
tion, and reverses the polarity of the 
power applied to the trunk for releasing 
the connection at the subcenter. The 
trunk then is available for connection to 
another patron’s line. _ 

Several interesting auxiliary features 
are contained in the switching units. 
One of them is a means for automatically 
wiping out false calls on patron’s lines 
which might result in the event of a tem- 
porary interruption of the local power 
supply to the subcenter switching units. 
Since power is furnished the patron line 


wires from the subcenter switching units, . 


any interruption of that power results in 
- an interruption of the current flow over 
the line wires. Any interruption of the 
current flow over the patron’s line wires 
allows the line relays of all the patron 
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lines at the subcenter to release in the 
same manner as they do for bona fide 
patron calls. If automatic preventive 
measures were not included in the design, 
each patron line wire would beswitched to 
the central office as fast as answering 
trunks became available until all had been 
connected to and released by the central 
office. The false call wipe-out feature 
functions after each power failure to pre- 
vent all switches associated with answer- 
ing trunks from operating, to re-establish 
the patron line-wire relays at the sub- 
center to their normal idle operated con- 
dition, and then to allow all switches to 
operate normally again. 

Another interesting feature is a pro- 
vision for “‘busying’’ the equipment at 
the subcenter of any answering trunk to 
all new calls by opening the answering 
trunk circuit. That enables the central- 
office attendants to remove any trunk 
from service for maintenance or for any 
other reason, and it also automatically 
prevents the connecting of a patron’s line 
to an open trunk, 


Installations 


Examples of the benefits which sub- 
center switching systems can render are 
afforded by the installations which have 
been in service for several years between 
patrons in Oakland and the central office 
in San Francisco, patrons in Beverly Hills 
and tke central office in Los Angeles, and 
patrons in Newark and the central office 
in New York City. 

The Oakland-San Francisco system 
was designed to enable the central office 
in San Francisco to serve 50 patrons 
located in Oakland over 16 submarine 
cable conductors (six calling and ten an- 
swering trunks) across San Francisco 
Bay. All trunks were terminated in an 
existing teleprinter concentrator at the 
central office in San Francisco. 

The Beverly Hills-Los Angeles system 
utilizes one of the 25 patron subcenter 


switching units previously described and - 


shown in Figure 2. All trunks are ter- 
minated in an existing teleprinter con- 
centrator at the central office in Los 
Angeles. This installation relieved an 
acute wire shortage caused by furnishing 
direct teleprinter tie-line service between 
those points to 15 patrons, and at the 
same time provided accommodations for 
extending the service to ten more such 
patrons. 

The Newark—New York City system 
was the first of the larger systems designed 
and installed. Though the installation 
as now equipped accommodates only 150 
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patrons, the design provides for adding 
equipment to increase this number to 200 
whenever the need for it develops. 

The equipment of the subcenter, which 
is located in Newark, is housed in five 
racks’ as shown in Figure 5, and these 
racks are enclosed in an air-conditioned 
room for protecting the equipment from _ 
dust. The three similar racks shown in 
the foreground are the patron line units, 
the fourth is the calling trunk unit, and 
the fifth is the answering trunk unit. 
One patron line unit has a capacity of 50 
patron tie-lines; one calling trunk unit, 
ten calling trunks; and one answering 
trunk unit, 36 answering trunks. 

The system, at present, is served by 27 
trunks, two of which are calling, five are 
combination, and 20 are answering. 
These trunks are terminated on individual 
tables in the central office in New York. 
Figure 6 is a view of that portion of the 
central office in New York containing 
most of those tables. 

The first two installations, the Oak- 
land—San Francisco and the Beverly Hills- 
Los Angeles, effected substantial savings 
in line wires and increased the capacity 
of the Western Union to furnish more of 
the same type of service between those 
points. 

The Newark-New York installation 
greatly reduced the cost of operation by 
eliminating one relaying, or retrans- 
mission, of the patron business at Newark, 

In the past, the business was received 
in the Newark central office and most of 
it was retransmitted to one of the few 
large central offices connected to it, for 
further retransmission to its destination. 

At present that part of the business 
destined for New York is handled di- 
rectly, and the rest is retransmitted either 
to its destination or to a point much closer 
than was possible before, since the New 
York office is provided with direct con- 
nections to many more cities than was 
the Newark office. 

The benefits anticipated from the use of 
subcenter switching systems have been 
fully realized in the installations made 
thus far. 

Ease of operation, improved speed of 
service, saving of line wires, and in some 
instances, such as the Newark case, the 
reduction of operating costs, are the fac- 
tors which make this development promis- 
ing for future use in the telegraph in- 


dustry. 
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Aircraft Circuit Breakers 


Cc. W. KUHN 


FELLOW AIEE 


Synopsis: Airplane circuit breakers are 
recognized as important units in the electri- 
cal systems of military aircraft. The de- 
sign of such circuit breakers can be com 
bined with switching and contactor fune 
tions. This makes possible the use of well 
developed switch and contactor structures, 
The design of such circuit breakers must 
provide for operation under the very exact 
ing requirements of military aircraft service, 
The principal funetion of both manual 
and remote-control circuit breakers is to 
provide short-circuit protection. There is 
some question as to the desirability of motor 
military aireraft, Many 
motor funetions are vital to the operation of 
the aircraft, and it may be better to operate 
the motor to destruction rather than to stop 
at a safe temperature or load value, Where 
motor overload protection is desired, it is 


protection for 


necessary to correlate circuit-breaker and 
Both manual and 
remote-control circuit breakers can be 
made to provide for holding the circuit 
closed in emergency to ‘force’! the motor or 
other equipment, 


motor characteristics 


LECTRICAL operation and control 

have contributed largely to the effec 
tiveness of today’s military aireraft, It 
has been necessary to develop new types 
of electrical equipment to meet the special 
Minimum 
size and weight are of extreme impor 


requirements of this service, 
tance, Control devices must operate in 
any position, must withstand high rates 
of acceleration and retardation, miust 
operate in ambient temperatures of 50 
to 200 degrees Fahrenheit, must operate 
at high altitude with rarefied atmosphere, 
and must withstand severe vibration, 
Wxtensive electrical power systems are 


required for these military  aireratt, 


particularly for the bombers, 


Maximum 


large 

reliability for the various 
circuits for these power systems is of 
Any part of the 
electrical power systeins may be damaped 
in battle, As much of it as possible should 
remain available, 


unusual importance, 


It should be possible 
to restore power to any circuit as soon as 
a fault is cleared, Airplane-type cireuit 
breakers are the logical answer to these 
problems. 


Twenty-four volt dee power with 
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stand-by storage battery is the most ex- 
tensively used power system for United 
States military aircraft, The lower volt- 
age as compared to industrial power re- 
duces the interrupting problem for cir- 
cuit breakers but increases current values 
for a given power rating. Short-cireuit 
faults in such a system may result in 
current of from 1,000 to 3,000 amperes, 
Such 
problems. 


service presents serious contact 

These contact problems have been 
largely solved in the development of 
aircraft manttal switches and contactors, 
One aircraft-cireuit- 
breaker problem, therefore, is the addi- 


solution to the 


tion of thermal trip units to these atreraft 
switches and contactor, Such an arrange 
has a number of obvious advan- 

The 


tactors can be 


ment 
manual switches and con 
normal 


tages, 
used for their 
service. The same mounting arrange- 
Repairs and re- 
This type of 


design is a dual purpose one in which 


ments are available, 
placements are simplified, 


circuit or overload protection has been 
added to the normal switching or contac. 
tor function, Our discussion here will be 
limited to the features of cireuit or over 
load protection, 

The thermal trip units must be de- 
signed with special consideration for the 
service requirements of military aireraft, 


Manual circuit breaker 


Figure 1, 


Contacts open, thermal trip unit latehed 
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Their tripping values must not be ap- 
preciably affected by acceleration of 
10g (where g is the acceleration of 
gravity) or more, or the effect of severe 
vibration, They must not change in 
rating in altitude from sea level to ap- 
proximately 40,000 feet. These results 
‘an be accomplished by proper design, 


Manual Circuit Breakers 


The manual-type circuit breaker con- 
sisting of an airplane-type switch with 
bimetal thermal trip provides both cir- 
cuit protection and switching functions, 
The X-ray pictures, Figures 1, 2, and 3, 
show the general construction of one such 
airplane circuit breaker. The switch 
mechanism provides make and break 
contacts operated by a toggle lever. This 
toggle lever may be provided with a 
luminous or fluorescent end, The trip 
unit is of the bimetal type. The bimetal 
latches a spring-actuated trip member. 
When the current through this bimetal 
trip unit exceeds a predetermined value 
for a sufficient length of time, the bi- 
metal trips the latch and causes the cir- 
cuit breaker to open its contacts, The 
contacts are reset by returning the toggle 
lever to the ‘on’ position, 

A thermal trip unit, in which the 
current flows through the bimetal, has a 
relatively sharp knee in the tripping- 
time curye. ‘This is favorable to the pro- 
tection of the circuit, as the wiring cable 
likewise has but little thermal capacity 
and reaches its maximum permissible 
temperature in a relatively short time, 
The relationship between the time re- 
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Figure 2. Manual circuit breaker 
Contacts closed, thermal trip unit latched 
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quired for the cable to reach a tempera- 
ture of 90 degrees centigrade as com- 
pared to the tripping time of a circuit 
breaker with a tripping temperature of 
150 degrees centigrade, is shown in 
Figure 4, 

Short-cireuit protection is the prin- 
cipal function of the manual circuit 
breaker. The amount of short-circuit 
current is determined by the circuit. 
High-capacity circuits will generally have 
higher short-circuit currents than low- 
capacity circuits. This is illustrated 
by the accompanying table which shows 
standard manual-circuit-breaker ratings 
and short-circuit test currents. 


Table Il of Army Navy Aeronautical Standard 
AN-C-77, February, 1943 


mitting the operator to “‘force’’ the 
motors, in case of emergency, by holding 
the circuit breaker in the closed position. 


Remote-Control Circuit Breakers 


There are some applications, particu- 
larly on the larger military aircraft, 
where it is desirable to have the circuit 
breaker at a location remote from the 
point of control. Such installation re- 
duces the amount of heavy wiring, there- 
~by reducing the important element of 
weight. The reduced amount of heavy 
wiring further tends to increase reliabil- 
ity, because of damage from enemy fire. 


Breaker Rating Shorc-Circuit Load 


(Amperes) (Amperes) 
BRO RGTA SHS aie wx civ theshe wed 1,000 
UAT s Wo he ax Tk koa hhc Lele « 1,000 
UOC te OR Aiare FAs Biwi t.47F ofa. 1,500 
PARR My Tarst ct 5's WR NRG Are As ons 1,500 
ach ihn SEI eee oa 2,000 
TL a i en A red 2,500 
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The service requirement fot aircraft 
circuit breakers differs in other particu- 
lars from those used in industry. 
Some of the applications make it desir- 
able to “force’’ operation of the equip- 
ment even though the motors may seri- 
ously overheat. Specifications, there- 
fore, require the nontrip-free type of cir- 
cuit breaker. This is based on tripping of 
the circuit breaker to protect the circuit 
and equipment in case of faults, yet per- 


Figure 3. Thermal trip unit tripped, contacts 
open 
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Figure 4 


Circuit protection is the primary func- 
tion of the remote-control circuit breaker, 
It is also possible to obtain motor pro- 
tection, that is, to add the overload func- 
tion to that of contactor and circuit 
breaker, | making a triple-purpose de- 
vice. , 

There is some question as to the de- 
sirability of motor protection for military 
aircraft. Many motor functions are vital 
to the operation of the aircraft, and it 
may be better to operate the motor to 
destruction rather than to stop ata safe 
temperature or load value.’ The follow- 
ing discussion, however, pertains to 
those applications where motor protection 
may be desired. 

A remote-control circuit breaker con- 
sisting of an airplane-type contactor with 
thermal trip unit is shown in Figure 5. 
This combination can be obtained in the 
various standard sizes of contactor as 
used for airplane service, that is, 50- 
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Remote-control circuit breaker 


Figure 5. 


ampere,  100-aimpere, and 200-ampere 
ratings. These airplane contactors pro- 
vide the high interrupting capacity 
(3,000 amperes) and freedom from weld- 
ing of contacts as required for circuit- 
breaker service. 

The thermal trip unit for these remote- 
control circuit breakers is shown in the 
X-ray photographs of Figures 6 and 7. 
This provides quick make and break 
pilot-duty contacts operated by a_bi- 
metal trip member, The contacts are 
insulated from the bimetal trip member 
by a small bakelite operating pin. The 
bimetal carries all or part of the main 
circuit current. The different ratings 
are obtained by the use of shunt ele- 
ments which are an integral welded unit 
with the bimetal. 

It is well established that the tripping 
temperature of an overload device should 
approximate the danger temperature of 
the equipment to be protected. For 
military aircraft it is desirable to operate 
to maximum capacity to avoid unneces- 
sary weight. Class A insulation will per- 
mit of operation at temperatures of 125 
degrees centigrade. This is recognized 
in the Underwriters’ Laboratories stand- 
ard on industrial control for built-in cy- 
cling overload motor protection. 

The heating of any motor is, in general, 
proportional to the losses in the motor. 
It is, therefore, possible to determine an 
approximate heating curve for a motor if 


6. Remote-control  circuit-breaker 
thermal trip unit 


Figure 


Contacts closed 
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we have the efficiency curve and know 
the temperature rise at some particular 
loading. Such a study based on perform- 
ance curves for a two-horsepower air- 
craft-type motor is shown in Figure 8. 
From the heating curve for the motor 
we can readily determine a load curve 
for a range of ambient temperatures. 
This is based on the assumption that the 
final temperature of the motor will equal 
the sum of the ambient temperature and 
temperature rise for a given load. The 
proper trip temperature, for the thermal 
trip unit, is readily determined from this 
curve. Figure 9 shows motor load and 
thermal unit tripping-current curves. 
The motor load curve is based on a 
maximum winding temperature of 125 
degrees centigrade and the curve for 
the thermal trip unit is based on trip 
temperature of 120 degrees centigrade. 
The use of glass-insulated motor wind- 
ings will of course permit of higher motor 
temperatures. Such motors require 
higher tripping temperature for overload 
protection. This is reflected to some 
extent in AN-C-77 specifications which 
indicate an approximate tripping tem- 
perature of 155 degrees centigrade. 


Figure 7. Remote-control cir- 
cuit-breaker thermal trip unit 


Contacts open 


For motor protection it is necessary to 
provide a large number of ratings. These 
ratings should be spaced not more than 
ten per cent. If we protect the motor for 
a predetermined maximum temperature, 
it will be necessary to overprotect an 
amount equal to the spacing between 
ratings. This results in a corresponding 
loss in motor capacity. 

Many aircraft motor applications are 
of the intermittent-duty type. The 
greatest need for motor protection on 
such application is protection against 
locked rotor. In order to determine 
such motor protection it is necessary to 
have the corresponding motor data. 
These include locked rotor current and 
the maximum time which the motor will 
permit of this current without exceeding 
the maximum permissible temperature, 
This maximum temperature may occur 
in either the field or armature windings. 
Many of these intermittent-duty appli- 
cations are such that if the motor will 
operate at all, no further protection is 
needed. For such applications the re- 
mote-control circuit breaker provides 
motor protection equal to that which 
could be obtained with built-in overload 


ee 
FENG des 


Ms 


| | 
Aros 


Hawes 
Fa 
|| 

aa [es 


Figure 8 
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Figure 9 
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protection. The remote-control circuit 
breaker provides quick reset for such 
applications, whereas built-in overload 
protection depends upon cooling of the 
motor and has a much longer reset time. 
Circuit-breaker standards specify rat- 
ings which will cause tripping at 25 
degrees centigrade from 115 per cent to 
138 per cent. of the established rating. 
This is primarily intended for circuit 
protection and to insure that rated load 
will not cause tripping. This method of 
rating must be understood when making 
applications of remote-control circuit 
breakers for motor protection. These 
ratings, however, can be readily trans- 
lated into the usual overload ratings 
which provide that the overload unit trip 
under all conditions in a 40 degrees centi- 
grade ambient. The recognized stand- 
ard of accuracy for overload protection 
is a tolerance of +0 to —10 per cent. 
Remote-control circuit breakers for 
many military aircraft applications 
should be arranged for “forcing” the 
motor in emergencies. It is also desirable 
to indicate tripping of a remote-control 
circuit breaker at the control point. 
These functions can be obtained by con- 
trol circuits as shown on Figure 10. 
This circuit requires but a single con- 
trol wire with grounded return, The use 
of the two-way momentary contact pilot 
switch provides six operating functions. 


1. The contactor is closed by moving the 
pilot switch to the close position and is 
maintained through a control resistance 
which is mounted as a part of the remote- 
control circuit breaker. 


“2. The contacts are opened by moving the 


pilot switch to the open position. 


8. The thermal trip unit contacts reclose 
automatically after tripping on overload, 
and operation to the close position re-estab- 
lishes circuit to the load. 


4. The motor can be forced against over- 
load by holding the two-way momentary 
contact switch in close position. 


5. The-+remote-control magnetic indicator 
is operated through the single control wire 
to show the position of the contactor. 


ON-HOLD 
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Relay Protection of Tapped 


Transmission Lines 


M. A. BOSTWICK 


\\ ASSOCIATE AIEE 


Synopsis: The war, with its attendant 
shortage of critical materials, has led to a 
considerable increase in the number of 
tapped lines. This paper deals with the 
method of protecting circuits of this kind 
under the three headings: 


1. Pilot-wire protection, a-c and d-c schemes, 
2. Carrier-current protection. 


8. Other protective schemes, 
Directional overcurrent or network, 
Distance type, 


Three-terminal lines are classified into 
three types with regard to other system con- 
nections between the terminals connected 
by the line in question. These are further 
classified as to power sources to aid in 
analyzing limiting conditions for relay ap- 
plications. 

Typical operating characteristics of a-c 
pilot-wire equipment for three-terminal 
lines are shown, 

In general in dealing with pilot-wire, car- 
rier, and other types of protection, those 
problems peculiar to application on three- 
terminal lines are analyzed and methods 
given for solving some of the more trouble- 
some problems. 


Introduction 


HE interconnection of several power 

supply and load points by a single 
tapped transmission line rather than by a 
number of two-terminal lines has always 
presented first cost advantages at some 
expense in reliability and flexibility. 
However, the relay protection of such 
lines has been somewhat of a nightmare to 
protection engineers. Increased operat- 


6. The contactor will maintain its last 
operating position, should the control wire 
be broken or shot away. 


A second control scheme, Figure 11, 
provides operation of the remote-control 
contactor by means of a three-position 
pilot switch. The contactor can be held 
closed against motor overload if the pilot 
switch is in the ‘‘on-hold’”’ position, The 
overload trip unit contacts reclose auto- 
matically, and, if the pilot switch be in 
the “on-cycle” position, the motor will 
restart automatically, after tripping on 
overload. If the control wire is shot away 
or broken, the contactor will open or 
remain open as the case may be. 
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ing times for complete clearing of faults, 
and even some loss of selectivity have had 
to be tolerated in many instances. It has 
been said that there are no good three- 
terminal lines; some are simply worse 
than others. While inaccurate, this 
thought does express the general senti- 
ment of protection engineers toward such 
layouts. 

Nevertheless, the war, with its attend- 
ant shortage of critical materials, and 
manpower for construction, has led to a 
considerable increase in the number of 
tapped lines and placed increased load 
requirements on others already in service, 
Many war plants, because of their loca- 
tions and high power requirements have 
been provided with supply with a mini- 
mum use of critical materials by tap- 
ping the nearest high-voltage line or lines. 
The circuit breakers usually have been 
located on the low-voltage side of the 
transformer. 

The present paper deals with the 
methods of protection for such lines under 
the headings of: 


1. Directional overcurrent protection. 
2. Impedance or distance-type protection. 


8. Pilot-wire and carrier-pilot protection 


It is hoped that by summarizing the 
existing schemes and presenting data on 
certain new schemes, particularly on 
pilot-wire protection, that some help can 
be given in the solution of this currently 
important problem. It is also hoped that 
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Military aircraft have extensive electri- 
cal systems. Circuit breakers are an 
essential part of such an electrical system. 
Their use insures that as much of this 
system as possible will remain available 
when the aircraft is subjected to enemy 
fire. These circuit breakers can combine 
switch and contactor functions with that 
of circuit protection, thereby reducing 
weight, 

Military aircraft service often  re- 
quires the immediate and maximum 
operation of motors so that motor over- 
load protection cannot be provided, For 
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this paper will elicit discussion which will 
bring to light other schemes which vari- 
ous protection engineers have devised to 
solve the problems here discussed. Such 
discussions will be of particular benefit to 
the industry at the present time. 


TypicaL TAPPED LINES 


Tapped lines appear in all the categories 
of main transmission, subtransmission, 
and distribution. Two hydrogenerating 
stations may be connected together and 
to a load and steam generation area over 
a high-voltage three-terminal line of the 
main transmission class. The substations 
of an a-c electrified railway? are fed from 
dual 132-kv lines with as many as ten 
substation transformers tapped from each 
line. The trolley system constitutes a 12- 
ky network. In the subtransmission 
class the four-kv network! (‘high-voltage 
network’’) is a typical example of multi- 
tapped lines, the transformers which feed 
the network being tapped from lines such 
as 13.8 kv. Industrial plants will be 
found tapped at intermediate points of 
lines of practically all voltage classes. In 
many cases these plants have generating 
facilities in order to provide process 
steam. Hence, they must be relayed for 
line faults. Numerous other examples 
could, of course, be cited, 


CLASSIFICATION OF ‘THREE-TERMINAL 
LINES 


The simplest three-terminal line is the 
straight radial arrangement with one 


Paper 43-118, recommended by the ATER com- 
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June 21-25, 1948. Manuscript submitted April 7, 
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those applications, where motor-overload 
protection is desired, circuit-breaker char- 
acteristics must be properly related to 
motor characteristics. Some such appli- 
cations are of very intermittent duty and 
stalled motor conditions is the principle 
consideration for motor protection, Both 
manual and remote-control circuit 
breakers can be of the nontrip-free type 
to permit the operator to ‘force’ the 
motor or other circuit devices beyond 
conditions which cause tripping. 
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Figure 1. Classification of three-terminal 
lines 


(a), No paralleling ties; one, two or three 
sources 

(b), One paralleling tie) sources on con- 

nected terminal, or independent terminal, or 
both 


(c), Paralleling ties between all terminals 


S—Power source 
L—Load 
Z—|mpedance 


power source and two loads, fed solely 
As the number 
of sources is increased or other ties are 


over the line in question, 


included between the busses connected 
by the three-terminal line, additional re- 
laying problems are introduced, Thus, 
from a relay-protection point of view, 
three-terminal lines may be classified into 
seven types as follows: 


A, No paralleling ties, Figure la, 

One power source, 

Two power sources, 

3. Three power sources. 

B, Paralleling tie between two of the ter- 
minals, Figure Lb, 

1, Power source on’ the connected ter- 
minals only, 

5, Power source on the independent ter- 
minal only, 

6. Power sources on both, 

C. Paralleling ties between all three ter- 
minals, Figure le (with or without dotted 
portions), 


7, The power source is effective at all 
terminals, 

The classification as regards ground 
current is, in general, different from that 
for phase currents, For example, Figure 
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2 illustrates a three-terminal line with 
paralleling connections between all ter- 
minals for phase currents. However, 
ground faults on the tapped line cause no 
ground current in the other two lines. 
Thus, there are no paralleling connec- 
tions for ground currents. Also, the two 
grounded transformers are the only 
sources of ground current for the tapped 
line, Thus, the relaying for ground faults 
is little, if any, different from a two- 
terminal line. This particular three- 
terminal line falls in the seventh classi- 
fication for phase relaying but in the 
second class for ground relaying. High- 
voltage bussing throughout would throw 
it into the classification for 
ground relaying also. 


seventh 


THE PROBLEMS OF TAPPED LINES 


The greater difficulty of relay co- 
ordination with tapped lines is due to a 
variety of problems that do not arise 
with the simpler two-terminal lines. For 
example, the impedance from one ter- 
minal to the two others may be different, 
introducing a problem in setting distance- 
typerelays, Also, an impedance measure- 
ment at one terminal for fault near a 
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13.8 13.8 


13.8KV 


Figure 2. System showing three-terminal line 

with parallel ties for phase currents and only 

two sources with no parallel lines for ground 
currents 


second is affected by current entering at 
the tap point from the third terminal, 
or by load current flowing to the third 
terminal, These two problems may 
occur on any of the seven classifications 
of three-terminal lines. 

In addition, on the latter four classes, 
which involve paralleling ties, it is possible 
for fault power to flow out of one terminal 
for a fault on the line near another 
terminal. This frequently prevents the 
use of a straight blocking pilot scheme on 
lines of this class. 

These problems and their solutions are 
dealt with in the subsequent paragraphs. 
Quite satisfactory solutions are possible 
by the use of pilot-wire’ and carrier-pilot* 
relaying where these are feasible. Fre- 
quently the directional overcurrent or 
distance schemes depend for good opera- 
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tion on the strict maintenance of a norma 

system setup, or else sacrifice speed to use 

settings that will co-ordinate under ad- 

verse system conditions. |The high- 

voltage network is an exception as will be 
explained. 


Directional Overcurrent Protection 
“ 

Three-terminal lines in radial circuits 
can be protected with standard overcur- 
rent time-delay relays, as indicated in 
Figure 3. When additional sources of 
power are connected to the circuits, 
directional elements must be added to the 
relays. This circuit is indicated by the 
dotted construction on Figure 3. As 
the amount of power that must be 
transmitted over a given circuit is in- 
creased, the problem of maintaining 
system stability during faults becomes 
more critical and may impose limitations 
on the amount of time that is allowable 
for clearing faults. This usually elimi- 
nates the use of timed overcurrent relays, 
except in special cases where instantane- 
ous overcurrent elements will provide the 
required speed of operation. 

The high-voltage network" is an ideal 
example of a multiterminal-line arrange- 
ment that can be satisfactorily relayed 
Each of the many taps is tripped by 
power reversal to the supply line, the 
system being so arranged that this can 
occur only during a fault on the supply 
line. This requires that all lines feeding a 
given network emanate from the same 
bus so that for normal load conditions 
the supply-line voltages are nearly equal 
and little or no reverse power flows 
through any transformer bank... 

Many modifications of this basic 
scheme have been used in which some 
power reversal can take place when trip- 
ping is not desired. If such a reversed 
flow is due to a fault beyond the next 
breaker, time is introduced! for selection. 
If it is due to load currents, fault detectors 
have been successfully used, and, if the 
reversal can be due to either faults or 
loads,? fault detectors have been used to 
prevent operation on load currents and 
timing to provide selectivity for proper 
fault operation. 

Usually such systems are arranged for 
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Be wea ee eee = ne a 


INSTANTANEOUS 
TRIP ZONE 


TIME DELAY 
BACK UP ZONE 


( EQUIVALENT 

\GENERATORS 

Figure 4. Impedance protection of three- 
terminal line 


only one or two sources of ground cur- 
rent, the taps being tripped by residual 
voltage. 

On long taps with overcurrent protec- 
' tion considerable improvement in selec- 
tivity can be secured through the use of 
angle discrimination. On such lines fault 
current occurs at a phase angle which 
could not occur for large load currents or 
swings. 


INDUSTRIAL INTERCONNECTION 


When a line is tapped to an industrial 

plant having generation, it is common 
- practice to segregate essential loads for 
operation from the plant generator and 
dump others in event of a line outage. If 
the same line is tapped for other plants, 
the problem arises of separating the plant 
under consideration from the line under 
conditions hazardous to its operation. 
One scheme in successful use on many in- 
dustrial interconnections consists of sepa- 
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Figure 5. Graphical solution for balance 
point 
Zn te aa Zoe k7, 
m 

Given Zm, Zp, Im In (vectors) and either 
a or k (scalars) the other can be found by 
drawing the circular locus of impedance 
viewed by the relay 
Refer to Figure 14 for nomenclature 
Relay at m. Normal balance point is at 

Zm+kZp from m 
Balance point with mutual effect is at Z,.,+ 

aZ, from m 


OcToBER 1943, VOLUME 62 


ration based on any of three indications, 
provided power flow has reversed and is 
toward’ the power company. The three 
indications are: underfrequency, under- 
voltage, or generator overload. Any of 
these occurrences, provided power flow is 
away from the plant, is taken as sufficient 
cause for separating and at the same time 
dumping nonessential loads so that the 
remaining plant load may be brought 
within the capacity of the plant genera- 
tion. 
The relays normally employed are: 


Induction-type overcurrent for generator 
overload. 


Induction-type underfrequency relay. 
Induction-type undervoltage relay. 
High-speed-type three-phase directional re- 
lay. 


The overload relay is directional con- 


Figure 6. Typical 
three-terminal power 
circuit protected by 
three HCB relays 


a 


INSULATING 


trolled so that it will not start timing 
unless direction has reversed. 

Directional relays are also used, with- 
out the voltage, frequency, or current 
fault detectors, for this purpose. 


Impedance or Distance-Type 
Protection 


The general principle of application of 
distance relays to a three-terminal line 
is illustrated in Figure 4. As indicated, 
the instantaneous elements are set to in- 
clude a|zone that has a radius of approxi- 
mately 90 per cent of the impedance to 
the nearest station. Faults beyond this 
zone will be tripped instantaneously by 
the near relay and, after a time-delay 
period has expired, at the remote ter- 
minals. However, certain problems arise 
which are not present in the application 
to two-terminal lines. 


UNEQUAL IMPEDANCES TO REMOTE 
TERMINALS 


Even in the simplest case of one power 
source and no paralleling ties, the three- 
terminal line presents a problem not 
present with two-terminal line protection. 
For example, with a source at m only, in 


Bostwick, Harder—Relay Protection 
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Figure la, it is desirable to set the first 
zone element of an impedance relay at m 
for a large part of the line impedance to 
the next station. If p is much further 
away than 1, the first zone instantaneous 
element can be set to trip only to 90 per 
cent of the distance to m. This leaves a 
considerable section of the line to p with- 
out instantaneous protection at m. 

Also, the second zone impedance ele- 
ment at m must be set to trip beyond p in 
order to be sure of tripping end zone 
faults up to p. However, with this set- 
ting it may reach so far beyond as to 
encompass another complete line section, 
whereas for proper co-ordination it 
should cut off somewhere in the first 
zone protective region of that next line 
section. 

A similar problem exists with the third 
zone element which is set where possible 


POWER (OPTIONAL) 
TRANSFORMERS 
FAULT 


HOB 


J BALANCING 
RESISTANCE 


PILOT WIRES 


to back up completely the subsequent 
line section. 

These problems occur also in the other 
cases where more sources and paralleling 
ties are present. It is evident that con- 
siderable advantage can be secured from 
a pilot channel to prevent the high-speed 
impedance elements from overreaching 
either of the other terminals, as will be 
described subsequently, 


Mutua IMPEDANCE EFFECT 


While the impedance relay operates on 
the ratio of current to voltage it is con- 
venient to hold one quantity fixed and 
visualize the operation as the other 
quantity varies. Suppose a constant 
fault current is considered through the 
relay at m and the fault is gradually 
moved from the relay toward p. At first 
there is no voltage restraint, and the re- 
lay operates. As the fault is moved 
further away, the voltage restraint on the 
relay increases directly with the distance 
or impedance, until a so-called ‘““balance 
point” is reached beyond which the volt- 
age restraint exceeds the current operating 
force. Suppose that witha single power — 
source this normal balance point is at 90 
per cent of the distance to p and takes in 
80 per cent of the section from f to p. 
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If a second source is introduced at 1 
and the fault is again moved from m 
toward p, the restraint again increases 
directly until # is passed. Then, if the 
source at m provides four times as much 
current at the first source, the restraint 
increases five times as fast for distances of 
fault beyond f, since the current producing 
the voltage drop is five times as great in 
this section, The balance point is there- 
fore reached at 1/5th of 80 per cent or 16 
per cent of the distance from ft to p. Or, 
in general, if the normal balance point is 
at an impedance, Z,,+kZ,, from the 
relay, with a source at m only, and no 
paralleling ties, the balance point moves 
to an impedance 


Im 
Tintin 


Zmcr kZ, 
from the relay when the source or parallel- 
ing tie is added. 

This ‘‘backing-up”’ of the balance point 
of a relay caused by current entering at 
the tap point is termed ‘‘mutual-imped- 
ance effect.’’ It introduces complica- 
tions because of the variable location of 
the balance point depending on the 
amount of generating capacity connected 
at each terminal. 

However, it may be noted that if the 
second zone elements are set to include 
double the impedance of the common 
branch, tripping will always be assured 
although it may be sequential. Any cur- 
rent distribution that more than doubles 
the common branch as viewed from one 
terminal m, will less than double it as 
viewed from the other terminal 1. The 
terminal with the larger current will 
therefore trip, eliminating the mutual 
effect, whereupon the other terminal will 
trip. 


Mortvav Errect or Loaps 


Even with a single source and no 
paralleling ties, load currents will have 
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Figure 7. Typical tripping characteristic of 
HCB relays on a three-terminal line for 
internal ground faults 


Relay set for maximum sensitivity. Pilot-wire 
resistance 200 ohms (each branch) 


Negligible capacity between wires 
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some effect on the balance point of im- 
pedance relays, particularly when fault 


and load currents are of the same order | 


of magnitude. In Figure la with a fault 
at p, current to the load L,, causes 
mutual drop in the branch m. Since this 
load current flows through the relay but 
does not create proportional restraining 
voltage by flowing over the line clear to 
the fault, it causes an overreaching effect 
which must be considered particularly in 
the setting of a first zone element. In 
terms of a normal balance point at a 
distance, or impedance, Z,+kZ,, the 
addition of the load L, moves the balance 
point to an impedance 


In 


Zmt+——— hZ 
siti! Pie 8 Pek ieee 


from the relay. This expression is identi- 
cal with that given previously which 
makes the fraction Im/(Zm+J,) greater 
than one. Starting with a normal balance 


point at Z,+80 per cent of Z,, a load 
flowing to L, and constituting 40 per cent 


of the total relay current I, would 


move the balance point to Z,+133 per 
cent of Z,. (Note: 1/1-0.4 x 0.8= 
1.33.) To prevent overtripping, the 
normal balance point must be reduced. 
A balance at Z,,+aZ, with the load 
present can be secured by making the 
normal balance point: 


InmtIn 
ty, 


k 
In 


(1) 


Then, if a=0.8, k=1—0.4/1X0.8=0.48. 
A normal balance point at Z,+48 per 
cent of Z, will be moved to Z,+80 
per cent of Z, when the 40 per cent load 
is present. 


PHASE-ANGLE EFFECTS 


In the foregoing discussion the balance- 
point expression has been treated as 
algebraic which is, of course, strictly true 
only if the impedance phase angles are 
alike and the currents J,, and J, either in 
phase or 180° out of phase. More 
generally the balance point occurs at 
Zm+aZy where a can be determined by 
solving the equation 


Dacln 


UN ate aZp (2) 


=|Zmt+kZ| 


A graphical solution is shown in Figure 5. 


Pilot-Wire and Carrier Pilot 
Protection 


Pilot protection using either wire or 
carrier channels has proved to be quite an 
effective solution to the problems of re- 
laying three-terminal lines. Two com- 
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: i 
mon types of pilot protection will be dis- 


cussed here. They are known respectively 
as, first, the directional comparison or 
blocking type which is used with d-c 
pilot-wire or carrier-current channels, 
and second, the two-wire a-c pilot-wire 
type. 


DIRECTIONAL COMPARISON OR BLOCKING’ 


TYPE 


In the blocking scheme, directional 
fault-detector relays at each terminal 
trip for any faults in the tripping direc- 
tion unless blocked by a signal from the 
far end indicating the fault to be beyond 
the far end of the line. This signal is 
usually initiated by a directional element 
which operates when power of fault mag- 
nitude flows out of the line at that 
terminal. Fault power flowing out at one » 
terminal of a three-terminal line, to an 
external fault, will correctly block trip- 
ping at the other two terminals. 

Such a blocking scheme is used with 


. either wire or carrier pilot. One arrange- 


ment utilizes the step-type directional 
impedance relay as the fault-detecting 
element, and as the directional element for 
controlling the blocking signal, cor- 
responding ground-current elements be- 
ing used. The backup characteristics of 
step-distance relaying are obtained in this 
scheme without added impedance ele- 
ments. 

As previously explained, on systems 
with paralleling ties, as in Figure 1b or 
c, fault power may flow out at one 
terminal for a fault on the protected line 
near another terminal. However, with 
the step-distance arrangement the first 
zone element is used independently of 
carrier or pilot blocking and results in 
immediate tripping of the terminal near- 
est the fault. Thereafter fault power no 
longer flows out, and the carrier- or pilot- 
controlled relays promptly trip at the 
other two terminals. 

Also, in extreme cases the mutual im- 
pedance effect, previously described, may 
prevent a tripping element from reach- 
ing to a fault at the far terminal. This 
may result in the blocking of pilot trip- 
ping at all terminals. However, opera- 
tion of the first zone instantaneous ele- 
ment will in many cases open the breaker 
nearest the fault and remove the mutual 
effect. Pilot-controlled relays can then 
trip normally at the other terminals. 

To summarize, distance-type pilot- 
wire or carrier protective systeris can be 
applied to any type of three-terminal 
power circuit. Their operation may be 
slightly delayed when power flows out of 
one terminal of the faulted line or when 
mutual impedance effect prevents a ° 
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Figures 8 and 9. Typical operating charac- 
teristics of HCB relays on a three-terminal line 


Instantaneous direction of ground-fault cur- 
rents indicated by arrows, all currents in 
phase 
Relay set for maximum sensitivity (0.5 ampere 
ground current per terminal) 
Pilot-wire resistance 200 ohms (each branch) 
Negligible capacitance between wires 


tripping fault detector from reaching a 
fault near a far terminal. 


Two Wire A-C Pitot-WIrE TyPE 


The HCB single-element a-c pilot- 
wire scheme,’ developed in 1937, which 
has been widely used on short two- 
terminal lines, is also applicable to short 
three-terminal lines. In fact, such appli- 
cations have been in successful operation 
in United States and Canada since 1939. 
The success with these lines and the 
greatly increased number of such appli- 
cations at the present time has stimulated 
a considerable study of the limits of 
application of this type of equipment to 
determine how far it can be extended. 
Operating characteristics have been de- 
termined as the current distribution is 
varied, or the length of the tapped lines 
increased with corresponding increase in 
pilot-wire resistance and capacity. Some 
of the significant results of this analysis 
are presented here. 


PRINCIPLE OF OPERATION 


The HCB scheme of pilot-wire protec- 
tion operates essentially as an extended 
bus-protection scheme, tripping all ter- 
minals whenever the totalized current to 
a fault within the protected zone exceeds 
a predetermined setting. It has variable 
ratio characteristics, produced by the 
restraining coils and a saturation device, 
that makes it relatively insensitive to 
ratio errors of current transformers on 
heavy through faults. The ratio char- 
acteristics are the same in percentage for 
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any type of fault, phase, or ground; 
however, the relay has separate adjust- 
ments for phase and ground currents, so 
that the actual magnitude of ground cur- 
rent required to trip can be, and usually 
is, set considerably lower than the phase- 
current trip. 

It is evident from the foregoing dis- 
cussion that this scheme differs from the 
blocking types in that flow out at one 
terminal will not necessarily block trip- 
ping if the total net flow is ‘‘in’”’ to’a fault 
on the line. It is, therefore, ideal in 
principle, producing immediate tripping 
of all terminals for internal faults. 

As the number of terminals is increased 
above two, and as the length of the pilot 
wire is increased, departures from the 
ideal of ‘extended’ bus _ protection” 
already described begin to be observed. 
For example, the minimum trip value in- 
creases with the number of terminals, 
and some variation is noted between the 
fault current required to trip different 
terminals, depending on the current 
distribution and the pilot-wire resistance 
and capacitance. 

In the HCB pilot-wire scheme, re- 
straint current is circulated through the 
pilot wires for through-fault or normal 
load conditions. With three terminals 
the three pilot wires are all brought to a 
common point and paralleled, their re- 
sistances being equalized up to this com- 
mon point by means of balancing re- 
sistances as shown in Figure 6. For a 
through fault or load current flowing in at 
two terminals and out the third, restrain- 
ing pilot-wire currents flow from the two 
terminals to the pilot-wire junction where 
they combine to form the correct pilot 
current to the third terminal. For faults 
within the protected zone the relay 
voltages act in opposition over the pilot 
wire, reducing the restraining currents 
and building up voltages which pass large 
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currents through the shunt operating 
coils. 

The operating characteristics of the 
HCB pilot-wire-relay scheme are illus- 
trated by the charts of Figures 7, 8, and 
9, If each relay is given a ground-cur- 
rent setting of 0.5 ampere, all relays trip 
whenever the total current to a fault in 
the protected zone totals approximately 
1.5 amperes, or 0.5 ampere per terminal. 
The minor variations from this approxi- 
mation are shown for moderate pilot- 
wire lengths in Figure 7. With equal 
distribution 0.5 ampere per terminal 
trips, whereas 1.9 amperes in terminal p 
alone is required to trip all three relays, 
the difference being due to the greater 
restraint current under the latter condi- 
tion. This difference is usually of small 
significance. 

The characteristic curves are given 
only for ground current, but it should be 
understood that the same curves apply 
for phase currents if the current scales 
are multiplied by a constant, that is, by 
the ratio of phase setting to ground set- 
ting given the particular relays. 

The curves of Figures 8 and 9 are used 
first of all to show the amount of current- 
transformer inaccuracy that would be 
required to cause misoperation on a 
through fault. All current entering p 
and 2 must leave at m for a through fault. 
The currents p and m are considered equal 
and plotted as abscissa in Figure 8, while 
the current out at is plotted as the 
ordinate. The curves separate trip from 
nonttip areas. Thus, two amperes in each 
of n and p (abscissa 2), and four amperes 
out at m, falls on the dashed line well 
within the no-trip area. In fact even 
should the ratio error of the current trais- 
formers at m be so great that only two 
amperes was delivered, the relay would 
still not quite trip. However, dropping 
to 1.5 amperes would cause undesired 
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tripping at p and m, The burden 18 
moderate (1,6 ohms in residual cireuit) so 
that current-transformer errors beyond 
those permissible according to Vigure & 
would not be expected, 

It was mentioned that the relay tripped 
on the basis of net current flow into the 
protected zone and hence operated eyen 
with some flow out at one terminal, 
There is obviously a limit to how far this 
can be carried, since the greater the de 
parture from equal feed in at all three 
terminals the greater the restraint cur- 
rent flowing and the higher the operating 
With sufficiently high current out 
tripping will be pre 


value, 
at one terminal, 
vented, Wigure % ig also intended for de 
termining whether correct tripping will 
be obtained during an internal fault with 
maximum flow out at one terminal, If 
shows for example that if two amperes 
(secondary) flow in at each of p and n 
terminals, as much as 1.0 ampere leaving 
at m will not block tripping, 

Curves similar to Figure & have been 
prepared for other than equal values of 
currents at p and, Vigure 9 shows the 
corresponding characteristic with the cur 
rent at equal to five times that at p, 

It has been found from experience with 
a number of applications that the flow out 
is not sufficient to block desired tripping, 
as, determined from data such as Migures 
Sand 9, It can be concluded, therefore, 
that in practical cases, the J7CH relay as 
used on three-terminal lines . provides 
iistantaneous tripping for all internal 
Also it 
margin to prevent 


faults on three-terminal lines, 
provides adequate 
operation on through faults even with 
quite larye current-trangformer ina 
As mentioned, a number of in 
stallations have proved this to be a re 
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liable means of obtaining high-speed (one 
cycle) relay protection on three-terminal 
lines, Standard equipment is used so that 
existing circuits frequently can be ex 
panded simply by adding a third relay, 

The pilot wires used should preferably 
be encloyed in cable sheaths, protected 
from lightning, iiduetion, and differences 
in station ground potentials so as to main 
fain a continuous eireuit at all times! 
On three terminal tines the shunt capacity 
between pilot wires should not exceed 
0.5 microfarad per terminal for 500-ohim 
circuits, Continuous dee supervision can 
he supplied with the relay to ring an 
alarm whenever any branch of the eireuit 
ig opened or faulted, 


Conclusions 


The co-ordination of directional over 
current and distance-type relays is more 
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ORK a number of years prior to the 
F present urgency for the production of 
high-quality steel, the development in 
control methods for electric-are furnaces 
remained substantially stationary in this 
country, devices were in the 
yveneral form of vibrating regulators or 
contact-making ammeters which rapidly 
connected the electrode motors to and 
disconnected them from a constant d-c 
voltage source. In Europe, meanwhile, 
various methods employing Ward-Leon- 
ard or hydraulic control means were de- 
veloped, some of which were reported to 
result in smoother operation under the 
highly fluctuating transient conditions of 
the are. 


‘These 


Some six months prior to Pearl Harbor, 
study indicated that with stepless regulat- 
ing or control means available in this 
country improved results might be ef- 
fected, Such means consists of a rotating 
regulator in the form of a Regulex exciter, 
The first of this type control, here dis- 
cussed, has now been in operation long 
enough for a definite judgment of operat- 
ing results, 


Qualities Required in a Regulator 


1, Actuation from a measure of are or 
heating energy, 
2, Correction increasing in value as devia- 


difficult in three-terminal lines because of 
two principal problems, 


1, Unequal impedances to remote ter- 
minals, 


2, Mutual impedance effeets from fault 
and load currents entering or leaving at the 
Lap, 

assist in 
solving these problems, but on three- 
terminal lines with paralleling ties wnde- 
sired blocking may be produced by: 


Blocking-type pilot schemes 


3, Power flow out at one terminal to a 
fault within the protected zone near another 
terminal, 


The first zone clement of step-distance- 
type pilot schemes solves this problem by 
operation independent of the carrier- 
current or pilot-wire blocking, but at the 
expense of a slight time delay, 

The J//CB two-wire ac pilot-wire 
scheme circumvents all of these problems 
and provides uniform high-speed protec- 
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tion from normal increases and decreasing 
to zero as deviation decreases to zero, —* 
3. Quick response. 


4, Stable antihunt means to prevent over- 
shooting. 


These requirements, of course, need to 
be met in any successful closed control 
system for governing or regulating. How- 
ever, in the are furnace the regulating 
problem is unusual because of the high 
degree of instability of the electrie cur- 
rent and power in the are. 

By referring to A and A!, Figure 7, film 
2, it will be seen that fluctuations occur 
about every six cycles! near the beginning 
of a melt in a steel furnace. This is due 
in part to rapidity of changes in ioniza- 
tion, varying degree of rectification, and 
so forth. Obviously, it would be im- 
practical to move an electrode system 
weighing perhaps a ton, in a six-ton fur- 
nace, fast enough to correct for these 
variations by control of arc length, Cur- 
Paper 43-95, recommended by the AIEE committee 
on electrochemistry and electrometallurgy for pres- 
sentation at the AIEEE national technical meeting, 
Cleveland, Ohio, June 21-25, 1943, Manuscript 


submitted April 16, 1948; made available for print- 
ing June 1, 1943, 


T. B. Monrcomury and T, H, BLoopwortTH are 
both with the Allis-Chalmers Manufacturing Com- 
pany, Mr, Montgomery is engineer-in-charge, con- 
trol engineering, switchgear and control division in 
the eleetrical department of the company at Mil- 
waukee, Wis,, and Mr, Bloodworth is engineer in 
the control section of the company at West Allis, 
Wis, 


tion even in the more difficult cases of 
three-terminal line protection. Typical 
operating , characteristics for three-ter- 
minal line operation are presented in the 
paper. 
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rent is limited in such transients to a safe 
maximum value by transformer and lead 
reactance and where necessary an ex- 
ternal reactance, as X2 in the equivalent 
circuit of Figure 3. But, under the same 
conditions, the variations in average 
values, from maximum to minimum as 
from A to B, Figure 7, film 2, occurs every 
one to two seconds. This is due in part 
to metal melting away, electrode melting, 
and so forth, which changes the arc 
length. 

Thus a good regulating system must 
hold the average value to minimum 
variation. The Regulex exciter was 
selected for these requirements. 


Rotating Regulators 


AMPLIFICATION 


In a d-c generator rotating at constant 
speed, such as Figure 2A, the output 
power is controlled by the excitation 
winding CF. The machine is recognized 
as a power amplifier, and the control 
power in winding CF is a small percentage 
of the power output. This percentage 
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Figure 2. Regulex exciters 


OcToBER 1943, VoLUME 62 


Figure 1. Six-ton 

top-charge arc fur- 

nace with operator's 
panel at right 


is two per cent to five per cent in a ma- 
chine of standard commercial design giving 
an amplification factor of 50 to 20, re- 
spectively. This ratio is dependent on 
frame size and design, and in general the 
larger the frame size the greater the am- 
plification factor for a given output volt- 
age because the larger the frame the more 
flux per watt excitation is set up. Fur- 
thermore, by connecting two such ma- 
chines in tandem as in Figure 2B the ratio 
of power output to control power is the 
product of the amplification factors of 
the individual machines. Therefore, with 
a given control power available, in the 
form of a measure of the quantity to be 
controlled, a wide variety of amplifica- 
tion factors are available to the engineer 
to obtain the necessary power output. 
The power output then is used to react 
on the quantity to be controlled when- 
eyer it varies from normal. 

For example, in Figure 3, the control 
power available is current-transformer 
five-ampere metering and are potential. 
Field 4 is designed for current-transformer 
metering current, and field 5 is designed 
for corresponding volt-ampere and at- 
pere-turn capacity. The Regulex ex- 
citer 3 is the first stage of the amplifier and 
is of sufficient size to excite the electrode 
generator 2, which is the second stage. 
The second stage then is made of suitable 
capacity to drive electrode motor 1. This 
motor acts to change are length when are 
current and voltage vary from normal. 
Obviously for small electrode motors 
only one generator need be used. 


STABILITY 


The next most important consideration 
is stability of the system to prevent over- 
travel and “‘hunting.’”’ In the Regulex 
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arc-furnace control, the actuating medium 
in the system is the resultant excitation 
of two opposed fields, 4 and 5, Figure 3, 


‘in the Regulex exciter. The control power 


is the sum of the excitation watts of these 
two fields. These fields are equal in 
ampere turns at normal value of arc watts 
or heating energy (the aforementioned 
quality 1 required in a regulator). No 
actuating flux being present, under this 
condition, no voltage is applied to the 
electrode motor. 

Curve B, Figure 4, gives a typical 
volt-ampere are characteristic. The 
change in voltage is not linear with change 
in current but is sufficiently large to 
satisfy quality 2. For small deviations 
from normal the actuating flux is essen- 
tiatly proportional to the deviation of arc 
watts from normal and the resultant 
power output to produce correction is 
essentially proportional to this deviation. 
This produces an inherently stable system 
where mechanical and electrical inertias 
can be neglected, thus signifying quality 
4. Where these factors are appreciable, 
an anticipation of ‘‘cutoff”’ of the actuat- 
ing flux proportional to such inertias is 
required. The amplification together 
with design for low inductance in all cir- 
cuits satisfies quality 3 as will be later 
shown. 


SENSITIVITY 


The sensitivity of the system depends 
on amplification ratio, friction in the 
electrode system, and hystercsis in the 
electrical machines. As will be seen from 
the volt-ampere characteristic, curve B, 
Figure 4, at very low currents the change 
in are volts is greater per unit change in 
current than at higher current values. 
For this reason good sensitivity is main- 
tained inherently down to very low cur- 
rents. The system is quite stable at 10 to 
15 per cent current which is necessary to 
prepare furnaces for operation after re- 
lining (burning bottom), 


Arc-Furnace Control 


An are-furnace installation is subject 
to greater fluctuation in power and surges?” 
than other installations requiring control 
because of: 


(a). More frequent switching. 


(b). Wide range in primary transformer 
taps to provide necessary secondary voltage. 


(c). Large reactance to limit maximum cur- 
rent. 

(d), Varying amount of d-c component in | 
the arc, ‘ 


(e). Rapidly fluctuating state of ioniza- 
tion in the arc. 
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Figure 3. Arc-fur- 
nace control, simpli- 
fied connections 
TRANS. & 
TRANS. SECONDARY 
PRIMARY REACTOR LEADS 


The last item e has greatest effect from 
the control standpoint. 

The complete system, here under con- 
sideration, consists for each electrode, of 
a Regulex exciter controlling a generator 
of suitable size with its armature con- 


nected electrically directly to the arma- 
ture of an electrode motor which raises 
and lowers the electrode. In addition, 
there are the necessary control switches, 
meters, indicating lights, and so forth. 
This equipment is duplicated for each 
electrode. For a three-phase furnace 
three Regulex exciters, three genrators, 
and an a-c driving motor form a small 
seven-machine motor generator set. The 
complete connections are shown in Figure 
5. The motor generator set, as shown by 
the connections, may be supplied from 
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Figure 4 (right). 
Typical  arc-circuit 
characteristics 


the furnace bus, thus making the entire 
installation self-contained, and not de- 
pendent on a separate d-c power source. 
Figure 6 shows the control equipment 
from the rear of the operator’s panel. 
The panel at the left mounts, plate-type 
rectifiers, control resistors, and so forth. 
On small electrode motors, generally 
under one horsepower, the Regulex ex- 
citer armatures are connected directly to 
the electrode motors, thus resulting in a 
small four-machine control unit. 

As shown in Figure 5, current settings 
in each phase are made by rheostats 
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plete diagram of LIWGA 
control 
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R1, R2, and R3 in the arc-potential cir- 
cuit. By changing, for example, the 
excitation of VF-A, the phase current is 
automatically changed, since the differ- 
ential flux between VF-A and opposed 
current field CF-A produces voltage to 
run the electrode in the proper direction 
(raise) until the fields are equalized. 
Four voltage positions normally are 
provided on the transformer tap changer. 
On the highest voltage all of resistance 
R1A, R2A, and R3A in the potential 
circuit are connected in the circuit. When 
the circuit is changed to the next lower 
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voltage, contact B automatically short- 
circuits resistor R3A so that on the new 
voltage the current setting is not changed. 
Contacts of B also perform the same 
function on the other phases, and for 
other voltages contacts C and D act in 
like manner. 

\\ 

Operation of the Control in Service 


A good image of the net operation of 
the control can be obtained from examina- 
tion of oscillograms taken with a furnace 
in operation. The films of Figures 7 and 8 
were taken on a steel furnace of six tons 
nominal charge capacity. Arc energy is 
supplied through a furnace transformer 
from a 22,000-volt three-phase 60-cycle 
line. The analysis of the melt was 
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In all films, which were taken on a 
single phase, the oscillogram traces start- 
ing at the top of the film and progressing 
downward measured the following: 

1. Arc volts. 


2. Electrode (or winch) motor, armature 
volts. 


3. Arc amperes. 
4, Voltage-control-field amperes (rectified). 


5. Current-control-field 
fied). 


6. Electrode (or winch) motor armature 
amperes. Dye: 


amperes. (recti- 


All values are rms except rectified 
Regulex-control-field currents which are 
peak values. 

In film 2, Figure 7, taken 15 minutes 
after the start of the melt, just prior to 
sudden current increase, at A, the 
electrode motor was operating at 75 volts 
and lowering the electrode at 10.85 
inches per minute. With the sudden 
current increase the motor was reduced to 
zero speed in 26 cycles. However, it was 
not decelerated at a constant rate, as can 
be seen from the motor armature current. 
As the average difference in current and 
volts decreased, the rate of deceleration 
decreased. The motor teached practi- 
cally zero speed 26 cycles later and re- 
mained so for approximately 35 cycles 
up to point C. At this point the average 
are energy had dropped below normal, 
and the motor accelerated for 35 cycles 
until it had 90 volts across its armature. 
At this point the average arc energy be- 
came essentially normal, and the electrode 
speed remained at 14.35 inches per min- 
ute lowering, and the motor armature 
current ran to approximately zero. 


* 
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As will be shown later, between points 
E and B, mutual inductance between the 
two opposed control fields prevents re- 
sponse to the peak values of only a 
cycle or so duration. However, following 
point B, the current rose sharply from 
about 5,000 amperes to 18,400 amperes, 
and the motor was decelerated to zero 
speed in about 10 to 11 cycles and re- 
versed. Here a high “pump-back”’ cur- 
rent is regenerated in the electrode-motor 
armature. 

Consider the action at point F. Prior 
to reaching this point because of too low 
are energy, the electrode motor had been 
accelerated to lower the electrode until 
106 volts were across its armature. The 
increase in current at this point, with 
little decrease in voltage starts decelerat- 
ing the motor. However, as previously 
mentioned, at this point in the heat, metal 
is running away from the electrode as it 
melts, thus tending to increase arc length 
inherently and to reduce current. At the 
same time the electrode is lowering. Con- 
sequently, the rate of lowering the elec- 


trode decreases only until the average 


actuating measure of arc watts is reduced 
to normal which is not necessarily zero 
speed of the electrode. In examining the 
electrode-motor armature volts for the 
entire length of film 2, the electrode is 
raised four times, with only slight move- 
ment each time. The total area under 
all of these raising voltage swings below 


Figure 6. Rear view 
of operator's panel 
showing _ auxiliary 
panel and Regulex 
exciter motor gen- 
erator set 
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zero, compared to the total area under 
the lowering loops above zero, shows that 
the electrode is lowered through the scrap 
at such a rate as to maintain as near 
constant average heating value as the 
response of the system to the extreme 
fluctuations will allow. 

Film 4, the lower one in Figure 7, was 
taken 65 minutes after the start of the 
melt of film 2. Much of the steel has 
been melted down, and conditions are 
steadier. The film speed is such as to 
show the general wave shape of current 
and voltage. At point H on the film, it 
will be noted that current jumped from 
5,240 amperes to 13,100 amperes on 
successive peaks. However, the recti- 
fied-yoltage control-current peak in- 
creased on this half cycle, because of 
mutual inductance, even though the 
voltage was sharply reduced. But the 
average of the next four half cycles is 
reduced from the previous four half 
cycles with a net small response from the 
Regulex unit. This characteristic is of 
particular value in refining at the end of 
the melt to prevent false movement when 
the metal is “boiling.” When a bubble 
rises against the electrode and disappears 
within a cycle or two, after bursting, no 
movement of electrode results. 

Film 8 at top of Figure 8, was taken one 
hour and 55 minutes after the start of 
the heat of films 2 and 4 and consequently 
during the refining period. Iron ore and 
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Figure 7 (above). Film 2 and film 4 


Film 2 taken 15 minutes after start of melt. 
Transformer on A tap, 205 volts phase to phase, 
14.3 per cent impedance. Time 10:15 p.m. 
Film speed approximately 11/, inches per 
second. Heat 21071. Saturday, November 
21, 1942. Charge 2,000 pounds turnings, 
9,600 pounds gates, 6,400 pounds plates 
(nine tons total) 


Film 4, same heat, taken 65 minutes after start 

of melt. Time 11:05 p.m. Transformer on A 

tap, film speed approximately 23 inches per 
minute 


other elements had been added shortly 
before and created violent boiling suffi- 
cient to necessitate a cutoff of power to 
prevent boiling over. 
regulation just after reapplication of 
power after boiling had subsided some- 
what. 


The film shows 


Film 11 was taken at the beginning of a 
heat next day. The control was pur- 
posely set so that when it was placed 
under automatic regulation to lower 
electrodes onto loose scrap, one electrode 
would strike the scrap in advance of the 
one being recorded. At point J to the 
right of the film when the electrode 
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Figure 8 (below). Film 8 and film 11 


Film 8, same heat taken one hour 55 minutes 

after start of melt, 11:55 p.m. Transformer tap 

C, 127 volts phase to phase, 9.4 per cent re- 

actance. Film speed approximately 11/4 inches 
per minute 


Film 11, heat 21075. Sunday, November 29, 
time 3:10 p.m. (furnace shut down approxi- 
mately 7:00 a.m. Sunday morning, restarted 3:10 
p.m.). Start of melt. Transformer tap A, 205 
volts phase to phase, 14.3 per cent reactance. 
Film speed approximately 11/, inches per sec- 
ond. Same scrap and analysis as on film 2 


aT re 
2 3770A, 
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touched the scrap placing  full-phase 
voltage between electrodes, the electrode 
motor speed was increased correspond- 
ingly. At points, J, K, L when the 
electrode first came in contact with the 
loose scrap, the are was ‘‘struck” and 
broken some eight times before being 
firmly established. Thereafter, it was 
not lost for the duration of the heat ex- 
cept for interruptions by the operator 
for tap changing, and so forth. 

It is to be noted particularly how 
electrode motor speed was reduced as the 
are was established, until at the extreme 
left of the film it has reached a speed 
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On 
comparable to the lowering speeds of 
film 2. Also of interest is the low magni- 
tude of arc current when the are is ini- 
tially established. 


Power Consumption 


Power consumption is, of course} de- 
pendent on many variables including” 
type of material melted, method of feed- 
ing material into the furnace, use made of 
the furnace such as melting or refining, 
and so forth, so that kilowatt hours per 
ton vary from one installation to another. . 
The control is only one element in any 
comparison. However, on furnaces of 
the same type and rating, in the same 
plant, evidence of more uniform resultant 
heating has been reflected in more heats 
per day as compared to older methods of 
control. Figures are not given because 
the results are unexpectedly favorable 
and need verification in other installa- 
tions to be put into service, where com- 
parisons with previous equipment can be 
made. 


Effects on Power System 


Previous papers® before the Institute 
have shown that maximum disturbance 
on the power system occurs when the are 
is made or broken. From film 11, Figure 
8, and the other films, it may be seen 
that once the arc has been established 
firmly, at the beginning of the melt, it 
is not broken again before the end of the 
melt, except for interruptions for voltage 
change, and so forth. 

Also, it has been found that a lesser 
reactance may be used than with older 
methods, thus improving power factor to 
some extent with less net voltage dis- 
turbance. Comparative data are not 
available on this general comment. 


Conclusions 


1. A stepless direct aeting regulator. is 
readily adaptable to highly fluctuating 
electrical quantities. h 


2. Application of such control to are fur- 
nace has improved efficiency and reduced 
power consumption and maintenance. 
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Synopsis: An ever increasing demand for 
electric power in aircraft has been felt for 
some time. The necessity of using an elec- 
tric storage battery started the practice of 
accompanying it with a d-c generator, first 
of low current and voltage capacity, later 
of 50-ampere 12-volt rating, and for the past 
few years of 200-ampere 24-volt output. In 
the largest four-engine aircraft, even four 
generators of maximum capacity do not 
furnish ample electric energy. Experiments 
have proved so far that generation of a-c 
power and application of lightweight trans- 
formers, together with its conversion to 
direct current by means of selenium recti- 
fiers, is entirely a reliable and practical way 
of attaining large, trouble-free electric plant 
capacity in aircraft. The subsequent pages 
and illustrations portray the current prog- 
ress made with lightweight power trans- 
formers and rectifiers in the a-c—d-c aircraft 
systems. They also represent at least a 
partial answer to the questions raised by 
Lieutenant Colonel Holliday! when he dis- 
cussed problems of applications of electric 
power in aircraft two years ago. 


HE development of a-c-d-c power 

systems for aircraft application started 
with a view of achieving two main ob- 
jectives: 


1. Augmenting the source of electric energy 
offered by conventional d-c generators. 


2. Alleviating the difficulties of commutat- 
ing machinery and voltage limitation under 
conditions of high-altitude operations. 


Furthermore, having alternating current 
aS a primary source of electric energy, 
some of the a-c powered equipment in the 
aircraft can readily be used with or with- 
out resorting to transformers, whereas 
d-c operated devices may be powered 
through rectifiers with or without trans- 
formers. 

The first stage of early development was 
to duplicate the largest d-c generator of 
200-ampere rating, operating, the so- 
called 24-volt system, with the output 
voltage set at 28.5 volts in order to main- 
tain the proper charging rate of the 
battery.2, The weight, efficiency, and, 
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to some extent, the bulk of the generator 
were to be at least.duplicated or, if at all 
possible, were to be met more favorably 
with a combination of alternator and 
rectifier. 

The paramount requirements of the air- 
craft power rectifier narrowed down to 
the following three: 


1. High efficiency. 
2. Minimum weight. 
3. Satisfactory service. 


An efficiency of 84 per cent appeared to 
be feasible and acceptable. A unit of 
six-kw rating, with suitable enclosure and 
connecting terminals, would receive’ fav- 


Figure 1. Block diagram of 
aircraft electric plant of 800- 
ampere 30-volt d-c rating 


orable consideration if its weight could be 
in the neighborhood of 15 pounds. The 
larger-sized units are to be a multiple of 
this one. Satisfactory service could only 
be expected if the performance of the 
rectifier is: 


1. Fairly uniform under extreme tempera- 
ture, humidity, and altitude conditions. 


2. Unaffected by vibration. 


3. Capable of maintaining good operating 
characteristics for at least 500 hours if not 
longer and with a reasonably small amount 
of air-blast cooling. 


The | transformer, on the other hand, 
from the very start presented one im- 


Figure 2 (right). High-voltage selenium 
rectifier plate 


A. Diagram of three-phase bridge circuit and 
distribution of current in its six arms 


B. Operating characteristic, forward and re- 

verse voltages in rms values, and the currents 

in arithmetical values, as they function in 

three-phase bridge circuit. Cut shows four 

layers. of rectifying element: back electrode, 

selenium layer, barrier layer, and front 
electrode 


C. The net result of performance of the six 
arms of the bridge circuit during each 
cycle 
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portant problem, that is, the attainment 
of the lightest possible weight. The air- 
blast cooling was set out to be a definite 
means of meeting this requirement. As 
it happened, however, the latest kind of 
material and the unique design produced 
very gratifying results. 

The requirement, design, and perform- 
ance factors of the alternator constitute an 
ample subject for their own discussion. 
It is sufficient to state here that even the 
early alternator, powering a 200-ampere 
30-volt rectifier, was 26 pounds in weight 
and 90 per cent efficient. Several se- 
lenium rectifiers were designed, built, and 
tested under low and high temperatures, 
rarefied air, and excessive vibration con- 
ditions. Their performance was in every 
respect satisfactory and, therefore, prom- 
ising. 

In order to evaluate fully the soundness 
of higher power generations,* plans were 
drawn to build an aircraft electric system 


3-433- 


TRANSFORMER RECTIFIER 


REGULATOR 


capable of delivering a d-c output of 800 
amperes, 30 volts, under varying tem- 
perature and humidity conditions and 
with a reasonably small amount of air- 
blast cooling. Such a system, Figure 1, 
comprising alternator, transformer, and 
rectifier, was built and tested. 


Rectifier 


Even during early experiments with a 
200-ampere rectifier, it became evident 


VOLTS, RMS (REVERSE) 
32 28 24 20 16 I2 


Al 2.3.4 
4 VOLTS, RMS 
FORWARD 


G 


th 

[o) 
makM2xi00 
IN REVERSE 
DIRECTION 


TRANSACTIONS 655 


| >. 8 > i 


Figure 3. Avircraft rectifier, three-phase input, 
200-ampere 30-volt d-c capacity 


Top and side covers removed. Weight 15 
pounds. Rectifying elements occupy less than 
0.25 cubic foot and weigh 11 pounds 


that if selenium rectifiers were to play a 
role in 24-volt aircraft systems, the design 
and technique of the manufacture of 
selenium plates had to be modified at 
least to the extent of using a single 
selenium plate in series. Such a plate 
had to be of at least 28-volt rms rating 
and still of the lightest possible weight. 

This plate, as finally developed, weighs 
1!/, ounces bare and 1%/, ounces when 
equipped with the necessary hardware 
including fuse, Figure 2. In the three- 
phase bridge circuit, selected as most 
suitable for the aircraft power conver- 
sion, this selenium plate accounts for 
12.5 amperes of the entire current output 
at 30 volts d-c with 350 cubic feet of 
air per minute. It is fitting here to once 
more reiterate the function of this type 
of rectifying element. The phenomenon 
of electric current rectification wholly 
takes place in the barrier layer which, in 
this particular plate, has been strength- 
ened in the reverse direction but with the 
minimum adverse change in the forward 
direction, The static characteristic of a 
metal rectifier is determined by applying, 
first, d-c voltage in the forward direction 
(from zero to one, two, or three volts) and 
recording the d-c current per unit area 


Figure 4. Aircraft rectifier, same as Figure 3, 
side covers open, ready for installation of 
conduits and cables 


‘656 TRANSACTIONS 


8 


Figure 5. Operating charac- me 
teristics of rectifier unit shown 5 
in Figures 3 and 4 S ine 
1 O8 
Rated at 200 amperes, 30 volts, 2 *£ 3 80 
at ambient temperatures from 4 oe & 
minus 70 to plus 50 degrees EG 2 60 
centigrade. Unitis capable of % a y) 
withstanding 50 per cent cur- = ty Sone 
rent overload continuously for Zo Se 
ten hours x a sa 
a 
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(milliamperes per square centimeter) ; and 
second, by applying d-c voltage from zero 
to maximum plate voltage in the reverse 
direction and measuring the current leak- 
age in milliamperes per unit area. 

There is a total of six arms in the recti- 
fier of the three-phase bridge circuit, but 
only two arms function during each one 
sixth of a cycle. The remaining four 
arms are blocking, Figure 2A. Since the 
total d-c output is greater than 12.5 
amperes, several plates are placed in 
parallel. The rectifier of 200-ampere 
30-volt rating has a total connection of 
6-1-16, and the figure 16 designates the 


Figure 6. Aircraft transformer, air-cooled, 


33.7-kva 400-cycle three-phase, 250-volt 
primary winding, 28-volt secondary winding 


Weight 30 pounds. Front view. Over-all 
length ten inches 


number of parallel plates in each arm of 
the bridge circuit. Physically all 96 plates 
are assembled into three stacks, inter- 
connected with suitable bus structure and 
are housed in a lightweight case designed 
and built in accordance with usual air- 
craft practice, Figures 3 and 4. 

The upper section of Figure 2B illus- 
trates the function of the selenium plate 
in the passing or forward direction. There 
is a certain amount of voltage drop per 
plate. This drop varies with the current 
density or the total output of the rectifier 
and constitutes forward losses. In a 
rectifier giving an output of 200 amperes, 
its value is in the neighborhood of 2.3 to 
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2.7 volts. This drop, however, changes 


with the time of service of the rectifier. 
Its increase during 500 hours of continu- 
ous operation may bring a net result of 
five per cent drop in the d-c output with 
the same a-c input to the rectifier. For 
some time, it had been expected that an 
idle condition of the rectifier would give 
a marked increase in this voltage drop. 
To date, however, observations have 
shown that this is not the case, although 
some momentary deforming of selenium 


plates may be expected after long idle-. 


ness, 

With the two arms of the bridge cir- 
cuit passing the current in forward direc- 
tion, the remaining four arms are block- 
ing. An ideal rectifier would block re- 
verse current completely. Actually, how- 
ever, there is a certain amount of current 
leakage. Its value depends on the oper- 
ating temperature to some extent but 
mainly on the length of service of the 
rectifier itself. The lower curve of Figure 
2B illustrates a typical leakage current 


characteristic at an ambient temperature 


from 10 to 40 degrees centigrade. At 
both ends of this temperature range, the 
leakage current increases. Under all 
temperature conditions, however, the 
currrent leakage decreases with the life 
of the rectifier. 
typical reverse voltage-current density 


Figure 7. 33.7-kva three-phase air-cooled 
transformer, same as Figure 6 


we 
Side view. Over-all width seven inches 


The curve represents a_ 
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relation observed with two plates op- 
posing each other. In the actual three- 
phase rectifier circuit, the reverse current 
is somewhat higher than that shown in 
Figure 2B, since the effects of all plates 
are integrated over the entire cycle. 
Computations and subsequent tests 
showed that the total current leakage of 
a 200-ampere rectifier is approximately 
2.4 amperes at the start of service and is 
in the neighborhood of 1.6 amperes after 
500 hours of continuous operation. 

The necessary a-c input voltage to give 
the required direct current output volt- 
age is computed by means of already es- 
tablished formulas.*~6 


Vac =0.74X%30+2 X1X2.7 =27.6 volts 


The performance of this rectifier is illus- 
trated in Figure 5. 


Transformer 


In the design of the transformer, full 
advantage was taken of improved ma- 
terials and latest methods. Following the 
general aircraft practice of obtaining 
minimum weight and highest efficiency, 
high-permeability low-loss silicon steel 
was selected for the core structure.78 
Since the transformer was to operate 
under conditions of high magnetic in- 
duction, this type of steel, insulated with 
a silicate glass and processed under a 
rigidly controlled technique of heat treat- 
ing and crystal orientation, was to give 
maximum amount of flux, some 40 per 
cent more than the best transformer 
steel, with a remarkably small external 
Furthermore, this 
material permits not only lower total 
losses, including copper losses, but also 
their better balance, greater short-time 
overload capacity, lower impedance, and 
better voltage regulation. The latter 
measured 12 per cent and with the, flux 
density of 16,150 lines per square centi- 
meter and resulting core losses of 320 
watts at 350 cycles per second, the effi- 
ciency of the 33.7-kva transformer was 


95 per cent at full load. As the fre- 
quency increases, the core losses de- 
crease. Even with the frequency 25 per 
cent higher, when the flux density was 
in the neighborhood of 12,800 lines per 
square centimeter, the core losses de- 
creased almost 40 per cent. At these 
high frequencies, the machined butt 
joints also added to the high performance 
of the transformer. 

Both windings were designed with a 
view to keeping copper losses to the 
minimum. This has been accomplished 
with the use of a rectangular wire for the 
primary windings and with the use of 
very thin and wide flat copper strips for 
the secondary windings. In this manner, 
the radiating area of the copper was in- 
creased markedly, and, since there is a 
certain amount of skin effect in the con- 
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Figure 9. Characteristics illustrating the effect 
of temperature upon efficiencies of transformer 
and rectifier 


ductor under the conditions of high fre- 
quency and high current, this feature 
helped greatly in keeping copper losses 
down. With the current density of 6,600 
amperes per square inch in the primary 
winding conductor and some eight per 
cent less in that of the secondary, the 
copper losses at 75 degrees centigrade 
were only 620 watts and 610 watts for 
primary and secondary windings, re- 
spectively. 

All other material employed in this 
transformer was also selected with the 
sole objective of obtaining optimum per- 
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Figure 8. Performance char- 
acteristics of 800-ampere 30- 
volt rectifier used in Figure 1 
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Figure 10. Transformer and rectifier efficiency 
characteristics as affected by the amount of 
cooling air 


formance. The winding, for instance, is 
separated from the core by means of heat- 
resistant glass cloth-base laminated plas- 
tic. The ventilating ducts in the winding 
are formed by means of sticks made from 
the glass cloth-base plastic. The frame 
itself is made of four comer supports 
welded from pieces of high-strength 
aluminum alloy. The supports are 
clamped to the core with a steel tape in 
such a manner that vibration stresses 
are taken by the supports rather than by 
the entire transformer structure. This 
type of frame construction contributed 
greatly in achieving lightness of weight, 
Figures 6 and 7. 

The secondary winding, carrying ap- 
proximately 875 amperes, is_ spirally 
wound and has a-c resistance much lower 
than the conventional type of winding, 
The actual amount of 650 watts of copper 
losses in such a winding at 1,000 cycles 
per second frequency and 150 degrees 
Fahrenheit operating temperature would 
be some six times as great if the same 
winding were made of a square wire, of 
the identical cross-section area and ar- 
ranged in a single layer. Furthermore, 
the copper-foil winding facilitates cooling, 
since the thin and wide strip has a sur- 
face area of almost six square inches per 
inch of conductor length, whereas, the 
square wire conductor has a surface of one 
square inch per each inch of conductor 
length. 


Alternator 


During the past year, several alter- 
nators were designed, built, and tested. 
Two voltage ratings (250 and 28 volts, 
line) were tried. The alternator used in 
Figure 1 experiment was of 35-kva 250- 
volt rating. Two more alternators be- 
came available. One is 16 kva to operate 
with the rectifier delivering 400-ampere 
30-volt output; another of still lower 
kilovolt-ampere rating, Figure 11. 

This aircraft alternator is rated at 


TRANSACTIONS 657 


WE-ReN AO ENER AIOE 


11-kva three-phase air-cooled 
alternator, weight 33 pounds 


Figure 11. 


Top, from left to right: 

1. Engine pad view of the alternator 
2. Section through alternator 

3. Cooling cap and terminal block 


Bottom, enlarged details of bayonet-type 
mounting flange. On left, alternator initially 
placed on flange. On right, alternator in 


locked position 


‘ 


11 kva, three phase, 30 volts, 211 am- 
peres, 440 cycles and is capable of de- 
livering 10.45 kw at 95 per cent power 
factor and at the minimum speed of 
4,400 revolutions per minute. It was 
designed for a field current which could 
be handled by the 28-volt 200-ampere 
voltage regulator normally available; 
therefore, it does not represent the light- 
est possible design which could be 
achieved by a heavier field current (12 
amperes) and a special regulator. Its 
approximate weight is 33 pounds. 

The stator is delta-connected with two 
parallel circuits per phase. There are 72 
semienclosed slots with two slots per pole 
per phase and full pitch winding. Rec- 
tangular wire is used in the stator winding 
to obtain maximum ratio of copper to 
slot area. Paper insulation is used since 
the alternator temperature rise is kept 
within class A insulation limits. The 
12-pole rotor is skewed. Metallic slot 
wedges are used for the rotational speeds 
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encountered. The field coil ends are 
strapped to metallic reinforcing rings. 

‘Forced draft cooling is employed. A 
six-inch total pressure differential is re- 
quired with a two-inch blast pipe. The 
internal air passages are so arranged that 
reverse flow of cooling air is caused, and 
thus more efficient use is made of the 
available air.° 


800-Ampere 30-Volt Electric System 


The first unit (Figure 1) with rectifier 
having operating characteristics shown 
in Figure 8 and supplying a total output 
of 24.6 kw, 0.6 kw of which was used by 
the field circuit of the alternator, has 
been tested under ordinary laboratory 
conditions and has given an over-all 
efficiency of 72 per cent. The efficiencies 
of the transformer and rectifier are af- 
fected by the amount of cooling air and, 
therefore, by the operating temperature 
of the respective units, Figures 9 and 10. 
The amount of cooling air was varied 
from 750 cubic feet per minute to 1,300 
cubic feet per minute. Over this range 
of volume of cooling air, the combined 
efficiency of the transformer rectifier unit 
remained practically constant, since the 
efficiency of the transformer decreases 
and that of the rectifier increases with the 
temperature rise. It follows then that 
the minimum volume of air can be chosen 
to maintain both components within their 
safe temperature limits. 
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High-Altitude Operations. s 

The high-altitude operations constitute 
unusual conditions of rarefied air and ex- 
treme low temperature. The 200-ampere 
rectifier unit without transformer has 
been tested in a stratosphere chamber 
under 45,000 feet altitude and minus 
43 degrees centigrade temperature condi- 
tions. 

The results could readily be analyzed in 
the light of the same characteristics shown 
in Figures 9 and 10. Referring to Figure 
9, it can be seen that rectifier efficiency 
decreases steadily as the temperature goes 
down. At the same time, however, effi- 
ciency increases with the reduction of the 
cooling air as a result of the higher internal 
temperature of the rectifier. The net 
result is that both effects tend to balance 
each other and to maintain the efficiency 
of the rectifier at a point governed by 
percentage of loading. 


Conclusion 


It is gratifying to comment here that at 
present a large amount of work is being’ 
carried on by capable engineers and manu- 
facturers connected with or serving the 
aviation industry. The results no doubt 
will bring about the availability of several 
flexible electric systems from which to 
choose one meeting particular require- 
ments.° 
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Formulas fo: Galeulsting Short- 


Circuit Forces Between Conductors 
\ of Structural Shape* 


ie THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE mechanical forces acting on bus- 

bar supports during short circuit are 
determined both by the magnitudes of 
the mutual electromagnetic forces exerted 
among the bus conductors and by the 
elastic properties of the supporting struc- 
ture: its motional resistance, natural 
frequencies, and physical nature and 
arrangement. Comprehensive mathe- 
matical studies,** substantiated by ex- 
perimental data, of the individual and 
collective effects of these factors and 
general methods for calculating the mag- 
nitudes involved have been advanced by 
Schurig and Sayre,! Dahlgren,”* and 
Pilcher.‘ In shorter articles based on the 
work of the first-named Schurig, Fricke 
and Sayre,® Tanberg,® Specht,’ Edson,* 
and others® have presented certain charts, 
nonograms, and short cuts that facilitate 
the numerical labor incident to actual 
calculation. 

Now though the circumstances of a 
particular problem may render certain of 
these methods more advantageous to use 
than the others, all require calculation of 
the mutual electromagnetic forces exerted 
among the conductors of the bus. Com- 
monly the bus is comprised of a group of 
long linear parallel nonmagnetic cylin- 
drical conductors. If so, calculation of 
the electromagnetic force acting on a 
specified conductor resolves into suc- 
cessive determination of the magnitudes 
and phase relationships of the currents in 
the conductors, of the mutual force 
exerted between the given conductor and 
each of the others, and of appropriate 
vector summation of these last. : 


Paper 43-106, recommended by the AIEE com- 
mittee on basic sciences for presentation at the 
AIEE national technical meeting, Cleveland, Ohio, 
_June 21-25, 1943. Manuscript submitted April 26, 
1943; made available for printing May 27, 1943. 


Tuomas James HicGGrIns is associate professor of 
electrical engineering, Illinois Institute of Tech- 
nology, Chicago, Ill. 


* As the formulas pertinent to conductors of full 
or annular circular cross section are well known, 
they are not treated in this paper. 


** While the work of the first named is frequently 
cited in the American literature, that of the other 
two, seemingly, has attracted but little attention, 
Yet Pilcher’s work is an extension of the theory 
delineated by Schurig and Sayre; while Dahlgren’s, 
an extended study of the important phenomenon of 
mechanical resonance, complements both. 
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finding these individual forces. 


Calculation of the actual short-circuit 
currents requires use of symmetrical 
components. General procedures specifi- 
cally adapted to short-circuit calcula- 
tion of industrial-plant distribution sys- 
tems, together with inclusive pertinent 
numerical data (electrical constants of 
standard types of conductor, of typical 
busses, and of the usual attached elec- 
trical apparatus), are encompassed in 
elaborate works by Hanna’ and by 
Darling.14” Illustratively, Schulze!’ has 
given a detailed numerical analysis of the 
short-circuit calculation of a _ typical 
plant distribution system. Other phases 
of the problem of calculation of the short- 
circuit currents have been discussed by 
Papst,'4 Schurig,!® Leonard and Riker,1® 
Gross,!7 Robinson,!® Tripp, and Kil- 
lian. 2024 


However, between finding the short- 
circuit currents (for which step are avail- 
able all the methods and data contained 
in the papers mentioned in the preceding 
paragraph) and summing the forces 
exerted on the specified conductor by the 
other conductors (which step for a d-c 
bus requires but simple arithmetic and 
for an a-c bus the only slightly less simple 
task of adding complex numbers) is the 
intermediate and important task of 
Theo- 
retically, if the conductor currents and 
geometry are known, these forces can be 
calculated by use of fundamental electro- 
magnetic theory. Practically, the mathe- 
matical analysis requisite to use of this 
theory is far from simple—if not actually 
intractable—and the bus designer turns, 
perforce, to the use of known formulas 
or, if these latter be lacking, to some type 
of approximation, the accuracy of which 
is more or less indeterminate. 

Obviously, resort to such approxima- 
tion, certainly inconsistent with good 
engineering practice, is most undesirable. 
Yet there is little choice to the contrary. 
For, though the mechanical and elec- 
trical advantages stemming from the use 
of linear conductors of structural shape 
are so marked that, at present, most 
busses for heavy-current duty are con- 
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structed of such conductor; and, though 
standard designs of single and polyphase 
busses utilize strap, rectangular, tubular, 
channel, angle, tee, and I-beam con- 
ductor, a recent exhaustive survey”? of 
the literature reveals, seemingly, that 
explicit formulas for calculating the 
electromagnetic forces between two con- 
ductors of the shapes mentioned are 
virtually nonexistent. A paper by 
Dwight?’ contains formulas and curves 
for calculating the force between two 
identical conductors having parallel co- 
planar axes and parallel-sided rectangular 
cross sections. And papers by Hig- 
gins**?5 contain formulas for calculating 
the force between two identical con- 
ductors having parallel coplanar axes and 
parallel-sided full or hollow rectangular 
cross sections. But, despite extended 
and increasing use, there have not been 
published explicit formulas for calcu- 
lating the force between conductors (not 
necessarily identical) of parallel-sided full 
or hollow rectangular conductors ar- 
ranged other than just described; or for 
any arrangement of conductors of angle, 
channel, tee, or J-beam shape; or for any 
arrangement of composite conductors 
constructed of combinations of two or 
more of these six shapes. 

Such formulas are derived in this paper, 
it being assumed that the conductors are 
nonmagnetic, are of such length that end 
effects are negligible, are right cornered, 
and carry current distributed uniformly 
over their cross sections. 

Of these four assumptions, the first and 
second are commonly satisfied in prac- 
tice. The third and fourth assumptions, 
though not always true in practice (for 
example, structural shapes built up of 
strap conductor are usually right cornered, 
whereas structural shapes drawn or 
rolled in one piece usually have slightly 
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roundedcorners; again, skin and proximity 
effects are always present on a-c busses, 
though, as Beetz”* has discussed at length, 
at power frequencies and normal bus 
spacings the effect of these phenomena on 
the magnitudes of the electromagnetic 
forces is vanishingly small) introduce er- 
ror negligible with reference to the accu- 
racy required in calculating short-circuit 
forces and enable solution of an otherwise 
intractable problem. 


If these four postulates are granted, 
derivation of the desired formulas is not 
particularly difficult. First, through ap- 
plication of fundamental electromagnetic 
theory specific formulas are obtained for 
the components of the electromagnetic 
force exerted between two conductors, the 
cross sections of which are arbitrarily lo- 
cated parallel-sided rectangular areas. 
Then these formulas and the same electro- 
magnetic principles are conjoined to ob- 
tain general formulas for the components 
of the force exerted between two conduc- 
tors, the cross sections of which are arbi- 
trary configurations comprised of paral- 
lel-sided rectangular areas (section I), 
Next, the theory essential to calculation 
of the derivatives of the geometric mean 
distances occurring in these formulas is 
developed (section II). Finally, as the 
general formulas of section I are appli- 
cable to an inclusive category that em- 
braces conductors of structural shape, ex- 
plicit formulas for the components of the 
force exerted between conductors of speci- 
fied structural shape can be deduced 
from these general formulas as desired 
(section III). 


I. General Formulas for the 
Components of the Electro- 
magnetic Force 


Invoking well-known theory, the in- 
ductance L of a circuit comprised of two 
conductors with rectangular cross sec- 
tions S, and S; disposed as in Figure 1 is 


L=2 log (Dy2?/Dy1D22) 


=—(2/I) S> >> waws5:5; log Diz (1) 


t=1j=1 


wherein J is the magnitude of the circuit 
current; w, and wy are, respectively, the 
current densities in S,and S,, taken posi- 
tive for current in one direction, negative 
for current in the other direction (whence 
w;’ and w,’ are positive, ww, positive or 
negative depending on the relative direc- 
tion of the two currents in S,and S;); and 
Dy is the geometric mean distance of 5S; 
from S;. 

The energy in the magnetic field asso- 
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ciated with the circuit is W=LI?/2; 
whence equation 1 yields 


= yay ww, SiS; log Diy 


he Wi foo 


(2) 


As is well known, the rectangular com- 
ponents of the electromagnetic force ex- 
erted between the two conductors are 
given by 


fr=fp=0W/0D; fy=fr=OW/oP (3) 


Substituting from equation 2 in equation 
3 as indicated yields 


fo= ->>> ww ,S,S,O(log Dij)/OD (A) 


4=1j=1 


2 2 
fo=- JID) waesS,Spllog Dy)/2P (8) 


41 j=1 


If each of the two conductors is com- 
prised of several subconductors con- 
nected in parallel, one comprised of m 
subconductors numbered from 1 to m and 
the other of 2 subconductors numbered 
from m+1 to m+n, equation 23 of ref- 
erence 27 yields for the inductance of the 
circuit 

mtn mtn 


=-2/P) >>> 


i=1 j=1 


wiw4SpSy log Diy (6) 


As equation 6 is identical with equation 
1 except for the difference in the upper 
limits of the summations, we obtain from 
equations 4 and 5 by analogy 


mtn m+n 


fo =— Say 5, WW ,SpSy O(log Djj)/0D (7) 


i=1j=1 
mtn mtn 


eee De ny wywyS,~Sy O(log Dyj)/OP (8) 


t=1j51 2 


wherein fp and fp are the component 
forces on a conductor or a specified sub- 
conductor according as D and P are 
parameters locating one conductor with 
respect to the other or are parameters lo- 
cating the subconductor with respect to 
the other (m+-n—1) subconductors. 

If we have a double circuit comprised of 
p+q conductors completely im toto, one 
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i 
circuit of two conductors being com- 
prised of p subconductors numbered from 
1 to p and the other of g subconductors 
numbered from p+1 to p+q, the two 
circuits carrying currents J, and J, re- 
spectively, equation 26 of reference 27 
yields for the mutual inductance of the 


two circuits ey 


ptq ptq 


M= ~(a/tyta| Do D> wav sSS; log Diy— 


i=1j=1 


oe DP WW pSyS 4 log Dy= 


i=1 j=1 


pt+q pt+q 


ve ww S,S4 log Da | (9) 
t=pt+l j=ptl 

As the second term within the braces 
is a function only of the parameters de- 
fining the geometry and relative location 
of the cross sections of the conductors 
comprising the circuit carrying J,; as a 
similar statement is true for the third 
term; and as, therefore, both terms are 
independent of the parameters, say D/ 
and P’, used to locate the conductors of 
one circuit relative to the other, differen- 
tiation of the right-hand member of equa- 
tion 9 yields 


pt+q ptq 

for = -»> a WW S453 0(D4y)/0D' (10) 
i=1j=1 : 
ptq pt 

fror=—)) >, wiwyS:Sj (Diy) /2P’ (11) 
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wherein fp and fp are the component 
forces exerted on a bus, a conductor of 
the bus, or a subconductor of the bus, ac- 
cording as P’ and D’ are parameters used 
to locate the bus, a conductor of the bus, 
or a subconductor of the bus from the like 
elements of the other bus. If, then, to 
the component force on a specified con- 
ductor or subconductor obtained from 
equations 10 or 11 we add the correspond- 
ing value obtained from equations 7 or 8, 
which value is the force exerted on the 
conductor or subconductor by the other 
like elements of the same circuit, we ob- 
tain the total force on the specified con- 
ductor or subconductor. 

In an n-phase system comprised of m 
distinct conductors, one conductor, say 
a, can be considered as carrying current 
Iq (the currents are expressed as complex 


Figure 3 — 4: 
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numbers) and the remaining (m — 1) con- 
ductors can be considered as connected in 
parallel and carrying the return current. 
Accordingly, our problem is interpret- 
able as a single-phase circuit comprised 
of two conductors, one full, the other 
divided, whence we have from equations 
7 and 8 


fo=—Iq >, I; (log Dai)/2D (12) 


i=bd 


n 
fr=—Iq >, I; 2(log Dai)/OP 


i=bd 


(13) 


wherein P and D are parameters locating 
S, with respect to Sp, ..., Sp. 

If the individual conductors are di- 
vided, a composed of a’ subconductors 
numbered from 1 to a’, b of b’ subconduc- 
tors numbered from a’+1 to a’+b’, 
and correspondingly for the others, we 
have from equations 7 and 8 


a’ a’ : t 


Glas wit 
fo=->> >> wawyS,Sj (log Dy) /OD 


t=1 j=1 


(14) 


a’ a'+,. +n! 


a’+, . +n 
—fe=—)>. >> — wiwwsS,5; (log Dyy)/OP 


t=1j=1 


(15) 


where now fp and fp give the component 
forces on the entire conductor a or on any 
subconductor of a, say a’, according as 
D and P are parameters locating conduc- 
tor a with respect to the other »—1 con- 
ductors, or are parameters locating sub- 
conductor a’ with respect to the other 
a’+...-+ ’—1 subconductors. 

With regard to the physical quantities 
mentioned to this point, all units are in 
the absolute system: linear dimensions 
in centimeters, current J in abamperes; 
self inductance L and mutual indvctance 
M in abhenrys per centimeter o1 bus 
length; energy W in ergs per centimeter 
of bus length; force f in dynes per centi- 
meter of bus length. 

Reviewing the analysis of this section, 
we see that in each case treated the total 
force, f = (fp? + fp”), is determined in 
both magnitude and direction providing 
the derivatives indicated in the summa- 
tions are expressible as known functions of 
the dimensions of the conductors and bus. 
Accordingly, we turn now to development 
of formulas for calculating these deriva- 
tives. 


II. Calculation of the Derivatives , 
of the Geometric Mean Distances 


In earlier papers the writer?”:* has de- 
rived the geometric mean distance Dy, of 
a rectangular area S; from a second arbi- 
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trarily located. parallel-sided rectangular 
area So, dimensioned as in Figure 1, to be 


SiS2 log Dy»= — (25/12) S,S2— 
4 4 ~ 
(1/24) )> D> (-1)'9K(4;, By) (16) 
t=1j=l 
wherein 


K(Ay B;) = (A;{—647B/?+B,;') OG 
log (A2+B,?) +44 :B;(B;?—A;) X 
tan7! (B;/A;) —27A;B, (17) 
and 


A,=|D+R+r|; 42=|D+R|; As=|DI; 


Ay=|D+r| (18) 
B,=|P+S+s|; Bo=|P+5|; B=|P|; 
By=|P+s| (19) 


The parameter D in equation 18, and 
similarly P in equation 19, may be posi- 
tive, zero, or negative. Thus, if r=R, 
s=S, D=—yr, and P=—s, the two 
areas S, and S, are identical and super- 
imposed, and equation 16 yields the for- 
mula for the self geometric mean distance 
of a rectangular area. Other more de- 
tailed illustrations of application of 
equation 16 to the determination of the 
geometric mean distance between two 
variously located rectangular areas are 
contained in section V of reference 27 and 
in section III of this paper. 

Turning to calculation of the deriva- 
tives indicated in the summations of the 
preceding section, we have from equation 
16 that 


4 4 
D> DS (- 0K (Ay, B)/2AAA4/aD (20) 
i=l j=l 
From equation 17 


dK (Ay, B;)/24,=4A(A2—3By) X 
log (A,2+B,*) +4B,(B;?—3.4;%) X 


tan7! (B,/A;) +A,3—3A,B;?—27B;8 (21) 
From equation 18 
.dA;/dD=d|D+ constant|/dD=+1 (22) 


the plus or the minus sign to be chosen 
according as in a particular problem the 
specified value of D is such that the 
quantity within the bars is positive or is 
negative. Finally, substituting equa- 
tions 21 and 22 in equation 20 yields the 
desired formula 


S1S2 O(log Di2)/OD = — (1/24) X 


> 3-1)" 4442-382) X 


t=1j=1 
log (A;2+B,?)'/?+4B,(B;?—34 2) X 
tan~1(B,/A;) +A3—34,B/?— 4 
2rB,8\dA,/dD (23) 


Certain variants of equation 23 are of 
value. If dA,/dD is of the same sign 
for 1=1 to 4, then 


Higgins—Short-Circuit Forces 


4 4 
D> >> (4d {/aD 
t=1 j=1 


=2r >) >> (=1)'BdA,/dD=0 (24) 


j=1 j=1 
whence equation 23 reduces to 


SpSz O(log Diz) /OD = — (1/24) X 
D> O(n 144 (42 -3B 2) X 


t=1j=1 
log (A2+B,)'/2+4B,(By—3A ?) X 
tan! (B;/A;)—3A;Bj?]dA;/dD (25) 


Further, if dA;/dD=1 for i=1 to 4, 
then 


3 >> >> (-1)* AyBydAy/dD=0 (26) 


iml j=l 
whence, in turn, equation 25 reduces to 


SiS O(log D2) /OD 


eek : 
=+(1/24) >>) (-1) U4y By) (27) 
t=1 f=1 
wherein, for convenience of future refer- 
ence, 


U(A,, By) =44 (A? —3B7) log (AP + 


By?)'/24+-4B;(Bj?—3A ,?) tan—! (By/ Ay) (28) 


By virtue of the identity, K(A;, B,)= 
K(B,, A;) (to be obtained from equation 
17 by interchange of A, with B, and sub- 
sequent use of the trigonometric identity, 
tan-!  (A,/B,)4+tan™ (B,/A;)=7/2), 
corresponding expressions for .S,S,0X 
(log Dj.)/OP follow from those for 
S1S,0(log D,2)/OD through interchange of 
A, and B; and replacement of D by P. 
As this operation is easily effected, for 
economy of space we here set forth only 
the analog of équation 27: 


S15, d(log D12)/OP 


=—(1/24) > >) (-1)*4(VAi, By) (29) 


tel j=l 


wherein 


V(A4, By) =4B;(By—3A,?) log (A?+ 


B?)'/?+4A(A?—3B7) tan (A1/B;) (30) 


Equations 16 to 30 inclusive suffice for 
calculation of the derivatives occurring 
in the double summations defining fp and 
fr. Accordingly, inasmuch as for any 
given set of data the components fp and 
fp are completely determinable through 
use of the analysis developed to this point, 
it follows that this analysis comprises the 
general solution of the problem of calcu- 
lating the electromagnetic force, f= 
(fp?-+fp?)'/, exerted on a specified con- 
ductor or subconductor of a d-c single- 
phase or polyphase bus comprised of con- 
ductors the cross sections of which are ar- 
bitrary configurations of parallel-sided 
rectangular areas. 
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In general the double summation in- 
dicated in the right-hand member of each 
of equations 23, 25, and 27 is calculated by 
inserting the numerical values of the 
parameters A; and Bj (determined from 
equations 8 and 9 respectively), obtaining 
the indicated logarithms and are tangents 
from suitable tables, and performing the 
necessary arithmetic. If, however, it 
happens—and this case is the rule rather 
than the exception—that the bus and 
conductor geometry is such that equation 
27 is valid and, further, that therein the 
summation to be effected is of a form 
typified by 


Deva, B) = 


t=1j=1 
4 


do (-DIFW, 7, B) (31) 


j=1 
whereof, typically, 


F(D, r, s) =2U(D, s) — U(D +r, s) — 


U(D—r, s) (32) 


the U functions being those defined by 
equation 28, the numerical computa- 
tion can be effected more quickly and with 
less chance of numerical error through use 
of the rapidly converging Taylor’s series 
in which the right-hand member of equa- 
tion 32, considered as a function of D, 
can be expanded about the point D=r; 
that is, by 


F(D, r, s) =12r?(2s tan—! (s/D) —DX 
log (D?-+s?) +(20/12) —Dr?/6(D2+s%) — 
Dr*(D? —3s?)/90(D2+s2)3— 
Dr§(D4—10D?s?+-5s*) /420(D?+s?)5— ...] 
(33) 
The details of this expansion are given 
in the appendix. Substituting appro- 
priately from equation 33 in equation 31, 
noting that in the resulting expansion 


> >S-n20/12) =0 
(ig) b j=l 


simplifying, and then substituting in 
equation 27 we have 


S,S2 O(log Dy2)/0D = 


(—1/2) }\(-1)'G(D, r, B;) (34) 


j= 1 
wherein | 


G(D, r, B;) =Dr?[2n tan-! n— 
log(D?+-B;?) —m?/6(1-+n?) — 
m4(1 —3n?) /90(1+n?)3— 
m®(1—10m?n?+5n4) /420(1+n2)5—.. .] 
(35) 

and m=r/D, n=B,/D. 

Analogously, if equation 27 holds, we 
have from equation 28 


SS O(log D2) /OP = 
4 


~(1/2) ))(-1)'H(P, Ay, 8) (36) 


i=1 
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wherein 


HP Ay. Ss) = Ps?|2m tan) m= 
log (P?++-A;)?—2?/6(1+m?) — 
n4§(1—3m?)/90(1+m?)3— 
n§(1—10n2m?+5m')/420(1+m?)§— .. .] 

37) 
and now m=A,/P, n=s/P. 

Again, it often happens in practice that 
the right-hand member of equation 34 
reduces to, typically, 

4 
Yi(-1'G@, 1, B)) = —2G(D, r, s)+ 


v2 


2G(D, 7, 0) (38) 


If so, by virtue of equations 35 and 38, 
we have from equation 34 the very con- 
venient form 

SiS_ O(log Dy2)/OD =D M(D, 1, s) (39) 
where M(D, r, s) is defined by 


M(D, 1, s)=r?[2n tan-1 n— log(1-+n?) + 
mn*/6(1+n?)+ ...] (40) 


and m=r/D, n=s/D. 
Analogously, from equation 37 we have 


SS: O(log Dj2)/OP =P N(P, 1, s) (41) 
where \V(P, 7, s) is defined by 
N(P, 7, s) =s?(2m tan-! m— 

log(1-++-m?) +n?2m2/6(1+m?2)+ .:.] (42) 


and now m=r/P, n=s/P. 


III. Some Illustrative Examples 

Example 1 is advanced as corrobora- 
tive of the preceding analysis. Example 
2 is advanced as demonstrative of applica- 
tion of this analysis to calculation of the 
electromagnetic force exerted between 
two conductors of structural shape. 


EXAMPLE 1 


A single-phase bus is comprised of two 
identical strap conductors (Figure 2). 
To calculate the electromagnetic force per 
unit length: 


For this case: r=R; s=S; D=D; 
P=—s; S=S.=1rs; w= —uy=1/S,=1/rs. 
Then equations 18, 19, and 22 yield A,= 
D+2r; A,=A=D+r; A;=D; B,=B;=S; 
B,=B,=0; 0A;/OD=1, i=1, 2, 3, 4. 
From equation 4, noting that the self geo- 
metric mean distances, Dj, and Dy, are 
independent of the parameter D, 


2 2 
fo= —Y)> wawjS,S; (log Dyj)/2D 
tar 
=> —2w;weS,S2 O(log Dy») /0D 
= (2I?/r?s?) SiSz O(log D2) /OD (43) 


By virtue of equations 27, 31, 32, 34, and 
39 we obtain 


Si Sz d(log Dy2)/OD 


= — (1/24) >) (-1)'9U(A;, By) 


i=1j=1 
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= —(1/24) ) (—1)/[2U(D+r, B)— 
j=1 U(D+2r, B;)—U(D, B;)) 


= — (1/24) )(—1)/F(D +4, 1, Bi) 


j2 


=—(1/2) ))(-1'GW+r, 1, Bi) 
=G(D-+1,1, 5) GID +r, 100) 


=(D-+r)M(D-++r, 1, s) (44) 
wherein 
M(D-+r, 7, s)=r?[2n tan—! n— 

log (1+?) +-m?n?/6(1+-n?)+ ...] (45) 


and m=r/(D+r), n=s/(D+r). 
Finally, substituting from equation 44 in 
equation 43 we have 


Fp = (2I2/(D+r)][(D+r)?M(D-+r,1, s) /1?s?] 

dynes per centimeter of bus length 

(46) 

or in units more commonly used: current I 
in amperes; D, 1, s, in inches 


fo=(5.42/(D+r)][(D+r)?x 
M(D-+ +r, r, s)/r2s?]10—-7 pounds per foot of 
bus length (47) 


The dimensionless term in the braces, com- 
monly represented by the symbol kp, is 
termed the electromagnetic space factor for 
fo. 

By symmetry the component f,=0. 
Accordingly, the total force, f=fp, is given 
by equation 46 or 47. Allowing for the 
difference of notation, these formulas for 
fp agree with those obtained earlier by H. 
B. Dwight?* (who first ‘considered this 
problem) and by the writer.** 


EXAMPLE 2 


A single-phase bus is comprised of two 
identical channels placed back to back 
(Figure 3). 
netic force per unit length of bus: a 

Each of the two channels can be con- 
sidered as comprised of two component 


conductors: one of full rectangular’ cross — 


section wherein current exists in the same 
direction as in the channel, the other of 
smaller rectangular cross section having 
current in the opposite direction. Hence 
Si=Ss=rs;  Sg=S3=(r—t)(s—2t); m= 
— We = W3 = —wy=I/(Si—S2) =I/t(s—2r—2t). 

From equation 7, noting that the self 
geometric mean distances, Dy =D4, and 
D2. = D33, are independent of the parameter 
D, we obtain 


4 4 
fo=— D> wa, SiS; (log Dy;)/2D 
4= 1j=1 ‘ 
= [272 /t?(s —2r —2t)?] [S,2 0(log Dus) /OD + 
So? (log Dos) /OD —2,5;S2 d(log Dj3)/OD] 
(48) 
From equations 18, 19, and 22 we obtain 
for the three sets of (A;, B;) parameters 


Si, Sa: A,=D+2r; A,=D-++7; A3;=D 
By—B;—s>; B,=B,=0 7 
So, Ss: A,=D-+2r; Ap=As=D+r4t; 
by A;=D+2t 
B,=B;=s—2t; B.=B,=0 
Si Sri A,;=D-+2r; A,=D-+r-+t; 


As=D+t; As=D+r 
B, =B;=s—t; Bo=Bi=t 
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a 


To calculate the electromag- ~ 


& 


4 


The values of the first two derivatives in 
the right-hand member of equation 48 can 
be written down by analogy with the value 
found for the derivative in equation 43. 
Thus 


5S}? O(log D4) /0D =(D+r)M(D-++r, 7, s) 


(49) 
and 
vi 
So? O(log Dy3) /oD 
=(D+r+t)M(D+r-+t, r—t, s—2t) 
(50) 


Calculation of the third derivative is ef- 
fected in precisely the same fashion as in 
equation 44: 


SiSe O(log D,3)/0D 
= = (1/24) )) > (-1)' Uy, By) 


t=1j=1 


= —(1/24) ))(-1)((-— UD +27, B,) + 


7=1 ; 
U(D+r-+4t, B;) — U(D +t, B;)+ 
U(D +r, B;)] 


4 
== (1/24) }(-1)[-U(D+2r, Bi) — 
Pt 
U(D +t, B,) +2U(D+r+2-4, Bi) + 
U(D-+r+t, B;)+UD+R, B;)— 
2U(D+r+2-1, B;)] 


= —(1/2) 
<j 
2-, Bj) —G(D+r+2-\, t/2, B;)] 


=(D+r+2-'%)[M(D+r+2-'4, r—2-1t,s— 
t)—M(D+r+2-¥, 274,5—0) + 
M(D+r+2-'t,r—2- 14, t)+ 

M(D+r+2-4, 2-4, )] (51) 


eed) (GOD teat 
=1 


Finally, substitution of equations 49, 50 
and 51 in equation 48 yields the desired 
formula 


fpo= [212/t?(s —27r —2t)?]{ (D+r) M(D+ 
r,7,s)+(D+r+é) M(D+r+t, r—-t, s— 
2t) —(D+r+2-4)[(M(D+r+2-1t, r— 
2-14, s—t) —M(D+7r4+271t, 271, s— 
t)+ M(D+r+2-'t, r—2-4, t)+ 
M(D+r+271t, 2-14, t)]} dynes per 
centimeter of bus length (52) 


wherein, typically, //(D-+7, 7, s) is given by 
equation 45. 

As by symmetry fp=0, we have f=fp. 
Inasmuch as the term, electromagnetic 
space factor, has significance—at least in 
the sense hitherto employed—only if each 
of the cross sections of the two conductors 
possess two principal axes of symmetry, 
kp is not to be distinguished. Accordingly, 
equation 52 encompasses the complete 
solution of the problem. 
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Appendix 


Consider as a function of D alone 


F(D, r, s)=2U(D, s)—U(D+r, s)— 
U(D—r, s) 


can be expanded in a Taylor’s series about 
the point D=r. Accordingly, by Taylor’s 
theorem we have 


F(D, r, s) = —r02U(D, s)/oD?2— 
(74/2 -3!)04U(D, s)/oD4— 
(78/3 + 5!)O°U(D, s)/OD8— .. . 


wherein 


U(D, s)=4D(D?—3s?) log (D?+s?)'/2+ 
D(D?—3s?) tan~! (s/D) 
oU(D, s)/OD =6(D?—s?) log (D?+s?) — 
24Ds tan—! (s/D)+4(D?—s?) 
0?U(D, s)/0D?=12D log (D2+s?) — 
24s tan—! (s/D)+20D 
08U(D, s)/0D#?=12 log (D?+s?) —44 
04U(D, s)/0D4=24D(D?2+5?)-1 
o8U(D, s)/OD' = —24(D2—s?)(D2+5?)-2 
o&U(D, s)/0D§=48D(D?2—3s?)(D2+s?)—3 
o7U(D, s)/OD7= —144(D4—6D?s?2+s4) X 
(D?+s2)~4 
08 U(D,-s)/0D*8=576D(D4—10D2s2+5s4) X 
{ (D2+52)-5 


Substitution of the derivatives in the pre- 
ceding series yields 


F(D, r, s)=12r?[2s tan—1! (s/D) —DX 
log (D?-+s%) + (20/12) —Dr2/6(D2-+s2) — 
Dr4(D?2—8s?) /90(D2+s?)3— 
Dr®(D4—10D?s?+-5s*) /420(D2+5?)§— _.. ] 
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Distribution Factors and Pitch Factors of 


the Harmonics of a Fractional-Slot 
Winding 


M., M. LIWSCHITZ 


MEMBER AIEE 


Synopsis: The investigation of the frac- 
tional-slot windings with respect to their 
harmcnic (differential) leakage, to noise, 
and so forth, requires the knowledge of the 
distribution factors of their harmonics. 

Very valuable work on distribution and 
pitch factors of fractional-slot windings has 
been done by J. F. Calvert.! On the basis 
of charts he worked out distribution-factor 
tables covering the actual harmonics up to 
the 24th. Once the chart of the winding 
has been set up, a simple formula can be 
used for computing the distribution factors 
of the harmonics for any three-phase 
fractional-slot winding. 

In the following paper, simple formulas 
are derived for the distribution factors of 
the harmonics of fractional-slot windings 
which make the layout of charts unneces- 
sary. These formulas are similar to those 
of the integral-slot windings. In deriving 
them the usual method of attack, namely, 
the use of charts, had to be abandoned and 
the vector diagram of the different slots 
used instead. 


The Actual Harmonics of a 
Fractional-Slot Winding 


T has been shown in a previous paper? 
that 
B 


, 
(E41) 5 =K_ K integer excluding 0 (1a) 


and 


Ky, integer including 0 
(1b) 


are the criteria for the existence of the 
n'th harmonic in the magnetomotive 
force of a fractional-slot winding. (For 
symbols see nomenclature.) 

When the minus sign is used in the 
equation 1b, the harmonic travels with the 
rotation; when the plus sign is used, the 
harmonic travels opposite to the rotation. 

Since 2’ has to satisfy both equations 


Paper 42-100, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 19438. Manuscript submitted 
March 26, 1943; made available for printing 
May 28, 1943. 


M. M. LiwscuitTz is with The Polytechnic Institute 
of Brooklyn, Brooklyn, N. Y., and is also consulting 
engineer for Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa. 


664 TRANSACTIONS 


la and b, the actual harmonics produced 
by the winding will be different for dif- 
ferent values of 6 and p. We have to 
distinguish between the case when 6 is 
equal to an even number and the case 
when @ is equal to an odd number. It 
can be found easily that the actual har- 
monics of the three-phase windings are 
as follows: 


When 6= even number 


2 
nla wherep=1, 2,3, 4,5... (2) 
For the synchronous (main) wave n’=p 
and, therefore, y,= 8/2. The number of 
subharmonics is equal to (@—2)/2. 


When 8=odd number 
(3) 


nay where. y= 1; 3).0, 04. .% 
For the synchronous wave here y,= 6 and 
the number of subharmonics is (8—1)/2. 

The harmonics which are a multiple 
of three do not exist in the three-phase 
machine (except when zero-sequence 
currents flow in the winding). 


The Slot Star 


The use of the slot star instead of the 
generally used chart not only facilitates 
the layout of the fractional-slot winding 
but also makes it possible to derive 
simple formulas for the distribution factor 
and pitch factor of the harmonics of this 
winding. 

Figure 1 represents the slot star of a 
winding with an integral number of slots 
per pole per phase, namely g=2. The 
integral-slot windings can be considered 
as a special case of the fractional-slot 
winding having 6=1. Thus each pole 
represents a repeatable group (a unit) 
and only one pole has to be considered. 
The angle between two slots is 

1 Oe He 
Tans 
To two adjacent vectors correspond two 
adjacent slots. The vector 7, with which 
the next pole starts, is shifted 180 degrees 
with respect to the vector 1. As regards 
the synchronous (main) wave, it is taken 


Liwschitz—Distribution Factors 


care of by a proper connection between ’ 


the coil groups. 
We consider now a winding with 11/, 


slots per pole per phase, g=11/o. If we 
write in general 
N 
=— 4 
a7, (4) 


B poles represent a repeatable group (a ~ 


unit), each phase has NV slots in 6 poles, 


_and the total number of slots in 6 poles 


is equal to 3N. 

In our example two poles make a unit, 

each phase has three slots per unit, and 

the total number of slots per unit is 

equal to nine. The angle between two 

slots is as before. 
180 


as =— 
mq 


(5) 
and it is equal to 180/4.5=40 degrees. 


The angles which correspond to the nine 
slots of the unit are 


Slot 1 2 3 .4° 555.6 7 Somes 
Angle 0 40 80 120 160 200 240 280 320 360=0° 


To slot 10 corresponds the angle zero 
degrees; slot 10 is the beginning of the 
next repeatable ‘group. Slots 1 to 5 lie 
under the first pole, slots 6 to 9 lie under 
the second pole of the unit. Since the 
connections between the coil groups take 
into account a shifting of 180 degrees, 
the real angles between the slots, that is, 
the shifting of the slots with respect to 
each other in the magnetic field, are 


Sloty a 273 4 SOU 8 910 
Angle 0 40 80 120 160 20 60 100 140 180° 


and the slot star of the repeatable group is 
given by Figure 2.. Between vectors 1 
and 2, which correspond to slots 1 and 2, 
lies the vector which corresponds to slot 6; 
between vectors 2 and 3, which corre- 
spond to slots 2 and 38, lies the vector 
which corresponds to slot 7, and so on. 
The winding creeps in the magnetic 
field. In general, between two vectors 
which correspond to two adjacent slots 
lie (8—1) other vectors. We have to 
distinguish between .the angle between 


' ‘ 
SLOT 


Figure 1. Slot star of a winding with q=2 
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two slots as given by equation 5 and the 
angle between two adjacent vectors. 
This latter angle is the magnetic-field 
angle between the slots of the repeatable 
group; this angle determines the behav- 
. ior of the winding with respect to its mag- 
netomotive force and electromotive force, 
that is, its distribution factors and pitch 
Rcicis. 

The magnetic-field angle is 
: 180 

am = Nm (6) 
a;=a,, only for the winding with an 
integral number of slots per pole per 
phase, because for this winding 6=1 and 
N=q. For the fractional-slot windings 
am is always smaller than a;. It is 
= (7) 
am 

Apparently, the highest distribution 
factor for the synchronous wave will be 
obtained when the first three vectors of 
the slot star, Figure 2, are assigned to 
phase I, the following three vectors are 
assigned to phase II, and the last three 
vectors to phase III. Thus, in each 
repeatable group phase I will occupy slots 
1, 2, and 6; phase II, slots 3, 7, and 8; 
and phase III, slots 4, 5, and 9. 

We consider the sequence of the slots in 
the slot star, Figure 2. If we start with 
slot 1, the sequence of the slots follows the 
series 


Melo; L-2 <0; L--3 X68 . oo ee 


Since the total number of slots in the re- 
peatable group is equal to 3XN, this 
value (or a multiple of it) has to be sub- 
tracted from the terms of the series when 
they are larger than 3. 

In general, the series is 


1 1--d, 1--2d, 1-+-38d ...... 


where d is the difference between two 
slots which correspond to two adjacent 
vectors of the slot star. 

This difference d can be found from the 
following consideration.* If we denote 
by P the number of full pole pitches be- 
tween two slots which correspond to two 
adjacent vectors of the slot star (in our 
example P= 1), then there will be 


dX as = a +180P 


Inserting a, and a», from equations 5 and 
6 there will be 


_m,NP+1 
B 
For P the smallest integer for which d 


becomes an integer has to be inserted. 
P is equal to or larger than one. 


d (8) 
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The Distribution Factors of 
Three-Phase Windings 


The slot star Figure 2 relates to the 
synchronous wave, the length of which is 
equal to 27. With respect to this wave 
the winding behaves as if there are NV 
slots per pole per phase shifted with 
respect to each other by the magnetic- 
field angle am, which is equal to the angle 
between two adjacent vectors. Thus, the 
distribution factor of the synchronous 
wave is 


sin 30° 


(9) 


In order to determine the distribution 
factor of. the n’th harmonic, it is only 
necessary to determine the angle between 
two adjacent vectors of Figure 2 for this 
harmonic. The number of slots per pole 
per phase JV is the same for all harmonics. 

We consider first the wave with the 


length equal to 287. With respect to this 
wave the angle between two slots is, 

Os 
asp = B 


Since the winding behaves with respect to 
this wave as a normal integral-slot wind- 
ing the magnetic-field angle must be equal 
to the slot angle, that is, 


Os 
C8 OF Ss yn 


Figure 3 shows the slot star with respect 
to this wave. Adjacent vectors lie in 
adjacent slots. To two adjacent vectors 
of Figure 2 corresponds here the angle 
day. For example, to the two adjacent 
vectors 1 and 6 of Figure 2 corresponds 
here the angle 5Xa,=dam. Thus, for 
the harmonic the wave length of which is 
equal to 267 the angle between two adja- 
cent vectors of Figure 2 is equal to da». 
It is necessary to add to this angle 180 
degrees when P is an odd number, in 
order to take into account the opposite 
direction of the current. 

When we consider now the funda- 
mental wave (n’=1), the wave length of 
which is equal to 2p7, the angle between 
two adjacent vectors of Figure 2 for this 
wave will be damB/p or damB/p+180 
when P is an odd number. Therefore, 
the corresponding angles for the 7’th har- 
monics are 


B P 
mn! = meen, (when P is an even number) 


(10) 


Be epg shoe 180 (when P is an odd 
p number and 8 is even) 


Amn =N' (dam+ 180)° (when P is an odd 
number and 8 is odd) 
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1 
SLOT 
Figure 2. Slot star of a winding with q=1'/9 

with respect to the synchronous wave 


and the distribution factor of the n’th 
harmonic is 


sin N amy’ /2 


K, = 
an’ N sin Qnnif2 


(11) 
It can be shown that the numerator of 
equation 11 is equal to sin 30 degrees for 
all harmonics which are not a multiple 
of 3. We apply equations 2 and 3 to 
equation 10. We find: 


When 6=even number 
2 
nla pea oe Tian ¥s= 


and 


Omn! = 2deemy +180 (12) 


P is here always an odd number: since V 
is here an odd number, d can become an 
integer only when P is an odd number. 


When 8=odd number 
Wee 


nN Seay Va Veer eel olatactsies vy=6 


mn’ =ddpmy (when P is an even number) 


Amn =domy+180 (when P is an odd num- 
ber) (13) 


When £ is an even number, NV and P 
are odd numbers, d can be an odd as well 
as an even number, but d is not divisible 
by three. Thus, with NV = odd number 
and 


180 
3N 
sin N omg’ /2= sin N(dam+90) =cos dy X60° 


am = 


The product dy is not divisible by three, 
therefore 


sin Namn:/2= cos dv X60= cos 60°= sin 80° 


When £ is an odd number, N, P, and d 
can be even as well as odd numbers; but 
dis not divisible by three; further, dis an 
odd number when N or P is an even num- ~ 
ber, and d is an even number when N and 
P are odd numbers. We have to con- 
sider the cases where P is even and those 
where P is odd. 

When P is an even number, then 


sin Nay: /2= sin Ndap/2Xv= sin dv X30 
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{<= =~ 10 
SLOT 


Figure 3, Slot star of a winding with q=1'/¢ 
with respect to the wave whose length is equal 
to 2Br 
d and y are odd numbers, not divisible 


by three. Thus dy is an odd number 


not divisible by three and 
sin Namy:/2= sindy X30 = sin 80 degrees 

When P is an odd number and JN is an 
even number, then 
sin Nam /2= sin N(dam/2Xv+90) 

=sin Ndap/2Xv= sin dy X30 

and the result is the same as for P equal 
to an even number, 

When P is an odd number and N is an 
odd number, then d is an even number, 
and there will be 


sin Namn:/2= sin N(dam/2Xv+90) 


= sin (dv 804-90) = cos dy X30 
Since dv is an even number 
sin Nay /2= cos dy X30 = sin 380° 
Therefore, we can write for equation 11 


i sin 80° 
Kan’ ae 


14) 
N sin ap'/2 ( 


ay is given by equations 12 and 13, In- 
serting these equations and also equations 
Gand &, we find finally 
When 6 even number 


0.5 


1 
N cos ( uo») 
N 


When 6 = odd number 


Kan Me ( 15) 


: 0.6 é 
Kan = F (when /? is an even 
N sin (— 30») number) (16) 
N 
0.5 
Kane™ 


j (when P is an odd 
Aes ena number) (17) 
FON 


Rquations 15 to 17 
absolute values only, 


are valid for the 
Nquations 10 and 
11 yield also the right signs, 
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EXAMPLES 


Three-phase machine with 14 poles 
andg=11/7. Thus, V=11, 6=7. Equa- 
tion 8 yields d=19 with P=4. Since B 
is an odd number and P an even number, 
equation 16 has to be applied. Itis p=, 
and, therefore, n’=y (see equation 3). 

It is valid 


0.5 
Kan =— eet (058 for the funda- 
11 sin — 80 mental wave 
11 
0.5 
Kant Se -~=(0,0463 for the fifth 


19 ‘ 
11 sin — 380X5 harmonic 
11 


and so forth, 

Kight-pole machine with g= 11/4, N= 
11, 6=4, d=25 with P=. 

For 2p/8=2, n’=2v (see equation 2). 
Thus, 


0.5 
Kan = — 377 = 0.0625 for the second 
ene 60 harmonic 
11 
: 0.5 Bios : 
Kant =— SE = 0.0457 for the eighth 


11 cos e! 604 harmonic 
11 


and so forth. 


The Pitch Factors of Three-Phase 
Windings 


For the pitch factor of the synchronous 
wave 
3 WwW 
Kp(n' =p) = sin — 90 (18) 
T 
Denoting by Z the coil width in slot 


pitches, we can write for the synchronous 
wave 


5 
4 


: a : 
Kp(n' =p) = sin — 90= sin 90 


mq mgp 


i 


. ZB am 
sin -— 90= sin Z8— (18¢ 

ir mN # 2 Ose) 
Referring a, as in section 3 to the wave 
the length of which is equal to the total 
circumference of the armature (2p7), we 


find for.the pitch factor of the »’th— 


harmonic 


‘ dp one 
Kone = sin ZB - 


(19) 


Liwschits—Distribution Factors 


an’ is given by equations 12 and 13. As 
for the distribution factor, it must be dis- 
tinguished between the case when £ is an 
even number and the case when £ is an. 
odd number. Inserting in equation 19 
equations 12, 8, and 6 for 6 = even num- 
ber, and equations 13, 8, and 6 for B= 
odd number, we find in agreement with 
Calvert 


Kon = sin — —y (when 8=even number) 
cine (20) 
W 180 

Kn: = sin — —»v — (when 6=odd number) 

Nomenclature 


d—difference between two slots which corre- 
spond to two adjacent vectors of the slot 
star. 

Kanr—Adistribution factor of the m’th har- 
monic. 

Kpn—Pitch factor of the 2’th harmonic. 

m,—number of phases. 


n'—order of the harmonic with respect to a 


fundamental whose wave length is equal 
to the circumference of the armature. 
N—numerator of the fraction that fixes the 
number of slots per pole per phase. 
p—number of pole pairs. ' 
P—number of full pole pitches between two 
slots which correspond to two adjacent 
vectors of the slot star. 


N 
q= oe of slots per pole per phase. 


W—coil width. : 
Z—coil width in slot pitches. 


180 . 
a, =———angle between two slots. 
mq : 


180 
an mN —angle between two vectors of the 
m ; 


slot star. j 
8—denominator of the fraction that fixes the 


number of slots per pole per phase. 
7t—pole pitch (in the units of W). 
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Operation of Nonsalient-Pole-Type 


Generators Supplying a Rectifier Load 


M. D. ROSS 


MEMBER AIEE 


T has been recognized that the presence 
of harmonic currents in the supply 
circuit are a source of additional heating 


in the generators supplying a rectifier 


load, particularly where a six-phase recti- 
fier is the total load. Robert Pohl has 
presented papers on this subject, and from 
his work has concluded that an appre- 
ciable reduction in the rating of turbine 
generators is required when the rectifiers 
are connected for 6-phase and 12-phase 
operation. Experience in this country 
with turbine generators operating with 
rectifier loads indicated that the reduc- 
tion factors presented by Doctor Pohl 
were too large, so a test program was 
carried out to determine the practical 
limits of such loads. The test results 
and experience both indicate that for 12- 
phase operation and above, the effect on 
the supply system is very small and in 
most cases may be neglected. 

Any harmonic current flowing in the 
stator winding of a generator increases the 
temperature rise of the stator winding and 
surrounding parts. Also, these harmon- 
ics establish a magnetomotive force which 
results in currents flowing in the surface 
of the rotor, adding to the rotor heating. 
It can be shown that some harmonics 
rotate backward, and some harmonics 
rotate forward with respect to the funda- 
mental.* Because it rotates against the 
rotation of the rotor, the magnetomotive 
force set up by the fifth harmonic results 
Paper 43-114, recommended by the AIEE com- 
mittees on electrical machinery and electronics for 
presentation at the AIEE national technical meet- 
ing, Cleveland, Ohio, June 21-25, 1943. Manu- 


script submitted April 15, 1943; made available 
for printing May 24, 1943, 
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in a sixth harmonic on the surface of the 
rotor. Since the rotation of the seventh 
harmonic is in the same direction as that 
of the rotor, it also results in a sixth har- 
monie on the rotor surface. These two 
magnetomotive forces, rotating in oppo- 
site directions, result in a pulsating field 
on some axis of the rotor. Likewise, 
another pulsating field of 12 times normal 
frequency is set up by the action of the 
lith and 13th harmonics. The harmon- 
ics, up to the 25th, present in the stator 
and rotor are shown in Table I. 


Tests 


The temperature tests were made on a 
1,250-kva 2,300-volt three-phase, 60- 
cycle 3,600-rpm turbine generator sup- 
plying a 600-volt ignitron rectifier con- 
nected for double three-phase operation, 
as shown in Figure 2. Double three- 
phase is a form of six-phase operation. 
The regulation of the rectifier was ap- 
proximately ten per cent. That is, the 
impedance of the lines, transformer, and 
rectifier was of such a value that there 
was a drop in voltage equal to ten per 
cent of the normal voltage when full gen- 
erator load was applied. In addition, 
the lines were not supplied from what 
might be considered an infinite system, 
but instead, from a single generator. 
The subtransient reactance of this gen- 
erator was approximately 11 per cent. 
The importance of this fact and its effect 
on the magnitude of harmonic currents 
will be shown later. The generator was 
operated at approximately full kilovolt- 
amperes for four temperature runs, with 
the temperature of the stator winding 
being measured by detector, and the tem- 
perature of the rotor winding being meas- 
ured by the increase in resistance. Oscil- 
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lograms of the wave form were taken dur- 
ing each run, in order to obtain the mag- 
nitude of the harmonic currents to be 
used in subsequent calculations. After 
each test, the rotor was inspected to de- 
termine whether burning had occurred, 
either, between the wedges and the teeth, ° 
or at the joints between the retaining 
rings and the rotor body. There was, 
however, no evidence of burning on any 
of the runs, indicating that excessive 
heating did not occur under the loading 
conditions of the test. Table II shows 
the results of the tests. In order to ob- 
tain the additional temperature rise of the 
stator and rotor windings, preliminary 
temperature runs were made at zero load 
and full voltage; full kilovolt-amperes 
and 90 per cent power factor; and full 
kilovolt-amperes and zero per cent power 
factor. Using the results of these tests, 
it was possible to determine what the 
temperatures would have been if the har- 
monic currents had not been included in 
the load current. The additional tem- 
perature rise shown in the tables is the 
difference between the measured tempera- 
ture rise and the normal temperature rise 
for that particular load. 


Rotor Heating 


In order to calculate the heating of the 
rotor, the loss can be determined by the 
use of the negative-sequence resistance of 


Table I. 


Harmonics Present in Stator and 
Rotor 


Resultant 
Stator Rotor 
Harmonics Harmonics 


Gara ios Gann 125 
Order Phase Phase Phase Phase 
of Con- Con- Con- Con- 


Har- nec- nec- nec- nec-_ Rotation of 


monic tion tion tion tion Harmonics 
Disowgcahs | Cree Aton! aE ease ers Forward 
3 ‘ 
ny ays OaNapeaeoue Mes ata GiGrcwwatae Backward 
Y Oe ar, LAO a rena ae Oineoarre st 6 For ward 
9 
A ower ll apt Me ee 12 12.... Backward 
TS Scheie 13 SUS err 12 12... .Forward 
15 
NT eharess DO starate atecaracte SRT Nia akelnes Backward 
LO sah WD sete’ oneneranetert US ASsiaracuaad So Forward 
21 
Pe Verdc ys nese ante 24 24... . Backward 
OAT ee oct ZO bse (el SD aaa 24 24... .Forward 
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Table 1A. Generator Test Results—Temperature Runs 


Rectifier Connected for Double Three-Phase Operation 


Rotor Temperature 


Stator Temperature Rise Ambient 
Rise (Degrees Centigrade) Tem- 
Phase (Degrees Centigrade) - perature 
Delay Power - Addi- (Degrees 
(Degrees) Voltage Current Factor Total Additional Total tional Centigrade) 
Dye Abe Fa ZOOOI heh eee. AO Fie Oe Sa Rei £0, taditers Our 79.4 19.1 Preto nt-) 
2. , 89.3 40.8 Di Bites ee 86 22 12000 
SOMO Es els WG Oeia cain. Dirt , 90,1 yO bi aiaratrae Oe 
Ao or SVB yas ree Ciibiinio neo a RE) BA +288 


Table IIB. Generator Test Results—Per Cent 
Harmonic Currents in Supply Circuit 


Rectifier Connected for Double Three-Phase 
Operation 


Phase Delay (Degrees) 


Order of emai 
Harmonic 0 14.1 24.7 30.4 
1 99.0 ...99.5 ...98.26,..98.3 
a (0st mmeletOine OF 00a 1s 80 
Bah wanmahean 11.80...18.60...15.380,,.15,30 
Mihir ete Oe eee cae ROO un eT On 
Ordeal ate Oph eves 205i Os 4B ceme 2h05 
shag Se Sie i 2.41 £10. Buh nob OS 
13.. WitGare 2992.20 S10 an. -8 80 
sb ih Eero Fab te FOS eat eles oO dea tan Od 
LO ASOT eee IESO hone 
D8 aay alae 0,88... 4.17 1,59... 1.15 
Dba cain te 0.76.., 0.89... 0,86... 1.02 
the rotor. A description of the test 


method for obtaining this value is given 
in the appendix. 
the must be made, 
since the loss varies as the 1.8 power of 
the negative-sequence current for turbine 


A minor correction in 
value of resistance 


Figure 1. Oscillogram showing wave form in 
generator field and armature circuits 


Double three-phase ignitron operating with 

30.4 degrees phase delay. 1,250-kva turbo- 

generator, 2,300 volts, three phase, 60 cycles, 
3,600 rpm 
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generators.’ Since the fifth and seventh 
harmonics result in two sixth-harmonic 
waves rotating in opposite directions on 
the surface of the rotor, the current to be 
calculating the sixth-harmonic 
taken as the sum of the fifth 
and seventh harmonics. This figure of 
loss must be multiplied by three, for the 


used in 


loss can be 


three phases, and by two, because at 120 
cycles only one-half the rotor loss is 
Iy?R», the other half being supplied 
through the shaft. The sum of the har- 
monic currents gives the ‘maximum loss 
for the complete periphery of the rotor, 
but the actual loss is an average between 
the points of maximum and minimum 
loss. Thus, the maximum loss must be 
reduced by a factor, K,, in order to obtain 
the average loss. The factor K, may be 
obtained from Figure 5, once the ratio of 
the two harmonic currents is known. The 
derivation of the curve in Figure 5 
given in the appendix. 


is 


In obtaining the temperature rise, a 
factor, K,, of 0.11 watt per degree centi- 
grade per square inch of rotor surface, 
neglecting the surface of the retaining 
rings, was used for this particular pe- 
ripheral speed. An air velocity of one 
half the peripheral speed of the rotor was 


SO VERPTT C 
Cycles ~ 3600 
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/} 
assumed. Since the temperature rise 
was measured'on the rotor winding in- 
stead of the rotor surface, it was necessary 
to take into account the portion of the 
rotor winding which was affected by the 
additional loss on the rotor surface. The 
construction of the rotor for this machine 


was such that the ventilation of the por- 


tion of the coils beneath the retaining 
rings was very good, and it was assumed 
that all the extra heat in these sections of 
the winding was dissipated to the air 
passing over the end turns of the rotor 
winding, leaving only the slot portion of 
the winding to be affected by the addi- 
tional loss on the surface of the rotor. 
On this rotor, the slot portion of the wind- 
ing was 54 per cent of the mean turn, 
and this value was used for the winding 
ventilation factor, K,. This factor may 
vary widely, depending on the physical 
proportions of the rotor, as well as the 
amount of ventilation on the end turns 
of the rotor winding. 

The temperature rise of the rotor wind- 
ing caused by the harmonic currents may 
be calculated for the various even-num- 
bered harmonics from the following equa- 
tion, using the currents of order n—1 and 
n-+-1, where 1 is the order of the harmonic 
on the surface of the rotor, 


Temperature rise =2 38 xExS™ 


ZKaLn-1tTn4+1)*(Ra= ryt 
where 


Ky, = average loss factor 
Ky, =winding ventilation factor 
K,=heat-dissipation factor 
S=rotor surface (rXrotor diameter 
core length) 


Table III compares the calculated and 
test values for the four temperature runs. 
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Figure 2. Schematic diagram of test circuit 
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Table Ill. 
Rotor Winding 


Reduction Factors Applying to This Machine 
Connected to Double Three-Phase Ignitron 


. == 


Additional Temperature Rise of 


’ Additional Rise Load Reduction 


Phase (Degrees Centigrade) Factor 
Delay 
(De- sh Cal- Cal- 
grees) Test culated Test culated 
Ree et ch BOREL Goce L Osrovee re stent Wi sOGase tec dis O 
true ets ZO ere sis chi O arate: 0.995....0.95 
MiG sie Beh oi, eNOLLOX wire cs O92. i. OC8S 
BGA se ONO. GOS ceere ake ous OoOe=s 50) 80 


The reduction in load to maintain not 
more than 85 degrees centigrade rotor 
temperature rise was calculated for each 
load condition and is given in Table III 
as a reduction factor. To determine this 


value, the additional temperature rise of 


stator should be reduced according to the 
square root of the ratio of the normal loss 
to the loss with rectifier load as calculated 
by the use of the eddy factor alone, and 
neglecting any effect of core loss or rotor 
loss.! This method has been followed in 
the calculations for Table IV. These 
calculations have been made for the aver- 
age loss, using the average eddy factor 
and for the maximum loss in the top 
strand. The effective eddy factor, Ker, 
equals ZJ?K,/DJ, and the reduction, R, 
in load equals 1/K, (fundamental) /Ker. 
The reduction factors, R and R’, for the 
average and top strands, respectively, 
may be compared with the reduction fac- 
tors from the measured additional tem- 
perature rise by inspection of Table IV. 
The stator temperature rise on the nor- 
mal full-load test was 38 degrees centi- 


the rotor caused by the harmonic currents 
was varied as the square of the load cur- 
rent, and the rise caused by the field cur- 
rent was calculated from the saturation 
curves of the machine. The two com- 
ponents were added by trial until the 
proper figure was obtained. It should be 
noted that these reduction factors apply 
only to this particular machine, and they 
cannot be generalized to cover all ma- 
chines. 


Stator Heating 


The calculation of the heating of the 
stator winding is complicated further by 
the fact that the temperatures by detector 
are affected not only by the J?R loss as 
determined by the eddy factor, but also 
by the heating of the stator parts, and by 
the extra loss on the surface of the rotor. 
It has been suggested that the load on the 
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Figure 3 (above). 
1,250-kva turbine 
generator on test 


Figure 4 (right). 12- 
anode ignitron on 
i test 
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Table IV. Additional Temperature Rise of 
Stator Winding 


Reduction Factors Applying to This Machine 
Connected to Double Three-Phase Ignitron 


Additional Calculated 
Phase Rise From Reduction Reduction Factor 


Delay Test Factor 

(De- (Degrees From Aver- Top 

grees) Centigrade) Test age Strand 
eres oh Bri Grete ann 0.966....0.963....0.95 
LAS Al esas DEST e a ts 0.965....0.94 ....0.917 
Poe a ae Liga l ieee 0.9387... ..0.915).. 0.895 
SO.4 eat GO nari, 0:922, ...0.907.. ..0.887 


grade, which is considerably below the 
maximum value of 60 degrees centigrade 
rise. While this stator had considerable 
temperature margin, it was thought worth 
while fo prepare a series of load reduction 
factors based on maintaining the full- 
load temperature rise of 38 degrees centi- 
grade with various rectifier loads. It 
was assumed that the permissible load 
varied as the square root of the ratio of 
the temperature rise under normal load 
to the temperature rise with rectifier load. 
The reduction factors for this machine 
alone are given in Table IV. 


12-Phase Operation 


The foregoing tests and calculations 
were all on the basis of the rectifier oper- 
ating with a double three-phase connec- 
tion. If the connection had been 12 
phase, the magnitude of the 5th, 7th, 
17th, and 19th harmonics would have 
been reduced, with some improvement 
in power factor. In order to compare the 
performance with double 3-phase and 
12-phase connections, the calculations 
have been made, eliminating the 5th, 
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assuming the magnitudes of the others 
were unchanged. The calculated re- 
duction factor for the stator winding 
was 0.96 compared with 0.907 for the 
condition of 30.4 degrees phase delay. 
The calculated additional temperature 
rise for the rotor winding was approxi- 
mately six degrees for the 30.4-degree 
delay condition compared to 25.5 degrees 
for the double three-phase connection 
Considering the improvement in power 
factor and the lower temperature rise, 
the rotor heating for the assumed condi- 
tions will not affect the permissible load- 
ing. 


Conclusions 


From these tests and calculations, and 
from previous studies of rectifier opera- 
tion, the following conclusions may be 
drawn: 


1. A rectifier load is the source of harmonic 
currents in the supply system. These har- 
monic currents cause extra heating in the 
stator and rotor of a generator, and, in 
some cases, may require a reduction in rating 
of supplying generators. 

2. The order of the harmonic currents is 
affected by the number of phases of rectifier 
operation, and their magnitude is affected 
by the voltage reduction or phase delay, 
and the impedance of the complete sys- 
tem.®,.7_ The lowest-order harmonic cur- 
rent which exists in the supply circuit is 
P—1, where P is the number of phases of 
rectifiet operation. With a rectifier operat- 
ing with a 12-phase connection, the additional 
heating of the generator will be slight, and 
with a number of phases higher than 12, 


” (8) 


Figure 6. Generator connections for obtaining 
negative-sequence resistance 
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the additional heating will be negligible. 
The magnitude of the harmonic currents is 
reduced with a reduction in degrees ignitor 
delay and an increase in system impedance. 


3. For a given load, the rotor heating is 
more pronounced than the stator heating, 
but operation at a relatively high power 
factor will introduce some margin in the 
rotor heating. Under certain conditions of 
operation the stator heating becomes the 
limiting factor. 


4. It is not possible to state any definite 
rule for the reduction in rectifier load neces- 
sary in order to keep generator temperatures 
within recognized limits, because the extra 
heating is affected by the physical propor- 
tions of the machine, as well as the loading 
conditions. It is possible, however, to de- 
termine the magnitude of the harmonic cur- 
rents,®:§ once the loading conditions are 
known. The extra heating and any neces- 
sary reduction in load can be determined by 
the generator designer, using the methods 
outlined in this discussion. 


Appendix A ; 


Method of Obtaining Negative- 
Sequence Resistance 


The negative-sequence resistance may be 
determined by either one of two methods.*'8 

For Figure 6a, drive the generator at syn- 
chronous speed. 


RwdlP=Prew) 
2? 


where 


P=shaft input in watts 
Prew =friction and windage loss in watts 
I=phase current 


For Figure 6b, drive the generator at syn- 
chronous speed. 


P 
Power factor = —- = cos 0 
ERE 


E 
Zz = 3-5 
pw Esia 
38 I 
where 4 


P=power in watts 
E=line-to-line voltage 
I=phase current 


It should be noted that both of these 
methods require a sustained, single-phase 
short circuit, and care should be taken to 
see that the rotor is not overheated. 


Appendix B 


Since the fifth harmonic current rotates 
against the direction of rotation of the rotor, 
it generates a sixth harmonic current in the 
rotor surface. The seventh harmonic cur- 


~ rent rotates with the rotor, also generating 


a sixth harmonic current in the rotor surface, 
but the direction of rotation is opposite to 
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HARMONIC CURRENTS 


Figure 7. Resultant current distribution around 
rotor periphery 


’ 
5 
4 
. 
“A’ IS THE SMALLER OF TWO. | 
f 
. 
7 
5 


that caused by the fifth harmonie current. : 
Thus, there are two points of maximum loss _ i 


“and two points of minimum loss, with a i 


sinusoidal distribution between. This rela- 
tionship holds for any pair of harmonic cur- : 
rents which generate any particular fre- 
quency in the rotor surface. The distribu- 
tion is shown in Figure 7, where A is the 
smaller of the two harmonic currents and 
B is the larger. 

Let average loss around periphery equal L { 
and angle around periphery equal 0, then 


1 ae = a 
f= (B+A sin 6)?d0 
27 Jo 


1 6 sin 20\ ]?* 
=—| B’9—2ABcosé+A% —-— — 
Qn 2 4 lO 


A2 
= Bie 
a 


Figure 5 gives the ratio of the average loss 
to the maximum loss for any ratio of the two 
harmonic currents. 
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Synopsis: Increased production of steel 
alloy for the war effort has brought about a 
wider use of electric-arc furnaces, and with 
this improvements have been made in auto- 
matic regulation of electrode position. 

The Rototrol regulator described in this 
paper is of the rotating type which controls 
electrode position as determined by re- 
sponse to current in the electrode and volt- 
age between the electrode and the furnace 
shell. Features and performance of a typi- 
cal installation are illustrated. 


UTOMATIC adjustment of electrode 
position has always been used as a 
means of controlling the power input to 
steel-melting arc furnaces. This is neces- 
sary because the charge melts and flows 
away from the electrode so that the elec- 
trode must be lowered to maintain the arc. 
The scrap being melted frequently falls 
against the electrode, making withdrawal 
necessary to remove the short circuit. 
Furthermore, adjustment is necessary to 
allow for natural electrode consumption. 
In addition to this the are is a pure re- 
sistance load, and changing its length by 
adjustment of the electrode position gives 
a simple and satisfactory method of con- 


trolling the current. 


The early are-furnace regulator was a 
simple current-operated device. The 


electrode current in each phase was sup-. 


plied from a current transformer to the 
coil of the regulator element. The pull of 
this coil was then balanced against a 
spring, and the operation of the regulator 
contacts caused the hoist motor to run in 


either direction to raise or lower the 


electrode as the current varied from some 
predetermined value. Figure 1 shows a 
typical arc furnace for steel melting. The 
hoist motors as shown are connected 
through a wire cable and drum sheaye so 
as to lower and raise the electrode masts 
from which the electrodes are supported. 
This mechanical system is varied some- 
what with different designs of furnace, but 


the electrical problem is simply one of 
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automatic control, suitable for reversing 
and braking the electrode motor. 

Current regulation was generally un- 
satisfactory when precise control was 
necessary, chiefly because the restraining 
force of the spring had a constant value. 
The variations of the current in the cir- 
cuit are rapid at times, and the mechani- 
cal movement of the electrode is slow. 
Therefore, the position of the electrode 
responded not to instantaneous but to 
an average value of current variation. 
Furthermore, a three-phase system of 
currents in an electric furnace is complex. 
The furnace charge is a ground which con- 
nects through three continually shifting 
phase ares to the potential supplied by 
the transformer. It is clear that the 
currents in the regulator elements are not 
independent but rather are interdepend- 
ent; the value in any phase at a given 
time is determined by conditions in the 
other two phases, as well as by the length 
of the are in that particular phase. 

As is well known, the voltage drop 
across the are will increase as the current 
is decreased and vice versa. In practice 
this characteristic can be modified by 
inserting additional reactance in the cir- 
cuit. In fact, a sufficient value of re- 
actance must be present in the circuit to 
maintain stability, so that the combina- 


Figure 1. Represen- 
tative arc furnace for 
steel melting 
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tion of arc resistance and circuit imped- 
ance will have a positive impedance char- 
acteristic over the operating zone. These 
theoretical requirements of the arc-fur- 
nace circuit have been frequently. dis- 
cussed in other articles on the subject and 
are well known. It should not be for- 
gotten, however, that a considerable part 
of the circuit reactance in the case of the 
larger furnaces is in the secondary leads, 
and, therefore, such furnaces require no 
additional reactance for stable operation. 
It is readily understood that, when the 
varying pull of the coil or other regulating 
device which is proportional to current in 
the electrode, is matched against a re- 
straining force that is proportional to 
the voltage drop across the arc, the ut- 
most sensitivity to changes in arc length 
is obtained in the regulator. While this 
sensitivity may not be so important when 
the furnace is reducing the cold scrap to a 
molten bath, it is of great importance 
when this molten bath is being refined. 
The development of the art over a 
period of years showed that this principle 


_ of regulation was correct. It was natural 


that further development should look for 
improvements of the controlling scheme 
for the motor which for many years had 
been a constant-potential d-c, reversing 
control combined with dynamic braking. 

Quite independently of the arc-furnace 
industry, however, new methods of regu- 
lation had been introduced in other 
industrial applications where regulated 
control of motors to adjust for speed, 
tension, rate of acceleration, and so forth, 
were desired. These methods for the 
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Figure 2. Typical unit including Rototrol, 
a-c motor, and d-c generator 
most part were based on a different 


means of operating the motor in response 
to the regulating element, Instead of 
using a constant-potential control, ad- 
justable-voltage control of the motors was 
used and has been found very satisfac- 
tory. An independent source of d-c volt- 
age is required and is usually supplied by 
a motor generator set, If the exciter for 
this generator is supplied with suitable 
control fields, a complete regulating sys- 
tem is formed in which the regulating ele- 
ment is a part of the power supply for the 
electrode motors, 

The Rototrol regulator was first ap- 
plied to an automatic welding head in 
1928, 
to the 
and, 


A few years later it was applied 
City 
use 


Radio 
wide 
in many industrial applications, It is 
the heart of the adjustable-voltage planer 


large elevators in 


since then, has found 


drive and has been proved in service over 
a period of several years. 
include 


Other applica- 
tions paper-mill drives, electric 


shovels, mine sweepers, skip hoists, 
bomb spinners, and machine tools, some 
of which provide speed ranges as high as 
120 to 1, 

The rotating-type are-furnace regulator 
was thus a natural development prompted 
by the use of similar regulators in other 
applications, It has been favorably re- 
ceived chiefly because the direct tie be- 


tween the generator and the motor elimi- 


nates all contactors in the motor cir- 
cuits, 
Arc SUPPLY TRANSFORMER 


CIRCUIT 
—* BREAKER 


ROTOTROLS 


672 


TRANSACTIONS . 


qp q) 
As 
|, SAMA 


Cor rere | masa 


| te 


“he 

eee 

db db ‘ oe 

oe ee a, 

APPROX” her end. 
eames 51 A642) 


PLAN VIEW~TOP COVER REMOVED 


RECTOX UNITS MOUNTED 


STARTER ON BOTH SIDES 


78 


64 APPROXIMATELY 


i 
\ I-96 
HORSEPOWER 
ELECTRODE 
MOTOR 
7% AND 10 
ve 
NOTE: ‘A’ VARIES PER THICKNESS 
OF WALL 
uy 
“POTENTIAL 
INDICATING 
LIGHTS 
WATT- 
METER 
ADJUSTING 
ASTER 
RHEOSTAT alt 
STARTER BEE. Precis = 
PUSH >| | 
BUTTON ss INDIVIDUAL 
P 4 ELECTRODE 
MOTOR 
VOLTMETER 4 SWITCH 
SWITCH i Se CIRCUIT 
T BREAKER 
TAP CHANGER SWITCH 
SWITCH ( 
Y 
OVER- 
| | CURRENT 
URELAYS 


ii 
maa 
AREAS 
DL) 


NNN 
SEA 


—.—fi | FLOOR LINE 
TO BE SUPPLIED BY PURCHASER AS REQUIRED 


SIDE VIEW 


The Rototrol is essentially a small d-c 
machine similar in both construction and 
theory of operation to the standard d-c 
generator of like size. It is driven by a 
standard squirrel-cage induction motor as 
part of the motor generator set, Figure 2. 
The magnetic circuit is excited by a num- 
ber of field windings, and the machine 
functions entirely through the inter- 
action of these fields. The field coils con- 


D-c 
GENERATORS 
P| ‘ 
mice Figure 3. Elemen- 
ry di t+) - 
ra ae tary diagram of arc 
MOTORS furnace regulating 
system 
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FRONT VIEW 


Figure 4. Metal-enclosed Rototrol arc-furnace 


control and regulator unit 


stitute the input of the device, while the 
output is obtained from the armature cir- 
cuit. The principal field windings in- 
clude: 


1. <A control field which serves as a refer- 
ence against which the quantity to be 
regulated is compared. 


2. A control field which measures the 
quantity to be regulated. 


3. A self-energizing field connected either — 


in series or in shunt with the armature. — 


For a high degree of accuracy, the vari- 
ous control fields should have complete 
control over the regulating element with- 
out supplying any of the magnetomotive 
force necessary to generate power in its 
own output circuit. The self-energizing 
field circuit is designed so that its resist- 
ance line will be coincident with the air- 
gap line of the no-load saturation curve. 
This results in a high degree of amplifica- 
tion since an extremely small change of 
power in the control fields is ample to 
change the output over its full range! 
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bat) 


Figure 5. Oscillogram showing electrical 
performance of regulator during the melt-down 
period 


(a). Electrode current to Rototrol control 
field 

(6). Rototrol armature volts 

(c). A-c volts to Rototrol control field 

(d). Motor armature volts 

(e). Motor speed 

(Ff), Electrode position indicator 

(g). Motor armature current 

(h). Electrode current 


This output is applied to the field of the 
constant-speed direct-connected gener- 
ator, which supplies power to the elec- 
trede motors. 

The speed of response of the system 
comprising the are-furnace regulating 
element and the power-supplying gener- 
ator must be carefully co-ordinated with 
the acceleration characteristics of the 
electrode motor in order to obtain the 
maximum rate of acceleration permissible 
without exceeding the commutating abil- 
ity of the electrode motor. Acceleration 
of the electrode motor is influenced by 
the system inertia, the friction load, and 


the torque developed by the motor. For 


instance, a three-horsepower equipment 
with a system WR? at the motor shaft of 
1.5 pound-feet squared, a friction load of 
two-thirds full-load torque and a maxi- 
mum motor torque of 1.5 times rated will 
accelerate to rated speed in about one 
half of a second. 

The speed of response of the regulating 
element depends on the ratio of induct- 
ance to resistance for each field, the 
mutual induction between the fields, and 
the relative ratios of turns and time con- 
stants of the various fields. Itis particu- 
larly important that  time-constant 
and relative-turn ratio of the self-ener- 


‘gizing field be correctly proportioned. 


Assuming a three-field machine, the 
differential equation of load voltage e will 
20 ia 


— €=helg—Rytitksts 


5 diz diz di; 
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where 


ky, ko, Rs are machine constants with various 
field turns. 

1, ta, 43 are the respective field currents. 

rz is the self-energizing field resistance. 

L, is the self-energizing field inductance. 

No, Mis are the mutual inductances be- 
tween fields 2 and 3, and between fields 
land3. 


By combining this with the equations 
for other field voltages, the differential 
equation of voltage build-up in the output 
circuit can be obtained. Solution of 
equations of this type are of the forms: 


e= Ajem t+ Avemot+ A :emst +B 


where the A’s, m’s, and B are constants 
depending on L, R, and M. 

By proper proportion of the field cir- 
cuits, any reasonable speed of response 
as required for electrode control can be 
obtained. Optimum performance is ob- 
tained when the speed of response of the 
electrical system is co-ordinated with 
acceleration characteristics of the me- 
chanical system. 

Figure 3 shows an elementary diagram 
of the regulating system. The current 
control field of the regulating element is 
energized from a dry-type rectifier which 
is in turn connected to a current trans- 
former in the electrode circuit. The 
potential control field is energized in a 
similar manner from the voltage between 
each electrode and the shell of the fur- 
nace. In practice, when the breaker in 
closed voltage is applied to the potential 
control field which causes the generator 
voltage to build up in the direction to 
lower the electrodes. When the first 
electrode strikes the metal, the voltage 
drops to zero causing the motor to stop. 
When a second electrode strikes the metal, 
a current flows causing the current con- 
trol field to become energized which acts 
to raise the electrode thus establishing an 
arc. As the arc is lengthened, its voltage 
increases and the current decreases until 
a balance is established between the po- 
tential and current control fields. The 
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| 
Figure 6. Oscillogram showing electrical 


performance of regulator during the refining 
period 


(a). Electrode current to Rototrol control 
2 field 

(6). Rototrol armature volts 

(c). A-c volts to Rototrol control field 

(d). Motor armature volts 

(e). Motor speed 

(AM. Electrode position indicator 

(g). Motor armature current 

(h). Electrode current 


third electrode is controlled in a similar 
manner. 

As the charge melts and flows away, as 
the electrodes burn off, and as the scrap 
falls against the electrodes, the balance 
between the control fields is continually 
being disturbed. The Rototrol changes 
the generator voltage to position the 
electrodes to maintain the balance be- 
tween are voltage and current. This 
arrangement of the control field cir- 
cuits corresponds to the accepted 
principle of regulation used successfully 
for many years in the balanced-beam type 
of regulator. 

Provision is made for controlling the 
electrodes manually, either individually or 
in a group. This facilitates handling of 
the electrodes during charging, pouring, 
changing electrodes and so forth. 

The wide range of current adjustment 
required is obtained by means of a rheo- 
stat shunting the current transformer. 
This method is used, since it maintains 
the same sensitivity for all current set- 
tings. 

Figure 4 shows the arrangement of 
equipment in a single metal-enclosed unit. 
The front panel is arranged for setting 
into the wall of the furnace vault in the 
usual manner. Hinged side panels are 
used on the rear of the unit in order to 
provide maximum accessibility to the 
rotating equipment as well as to the panel 
mounted apparatus. A bolted rear plate 
is provided so that any one or all of the 
motor generator sets can be readily re- 
moved for inspection or maintenance. 
Enclosed machines with ball bearings are 
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A Method for Determining the Normal 
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Synopsis: _A method is presented for find- 
ing the zeros of the impedance or admittance 
function of a Foster reactance network. 
More generally, the method is one of finding 
the zeros of a rational function having alter- 
nate zeros and poles, all of which are simple, 
if the poles are known; or of finding the 
poles if the zeros are known. The method 
consists of writing the function as a sum of 
partial fractions and replacing all but two 
of the fractions, depending on the zero to 
be found, by a constant and solving the re- 
sulting quadratic equation. In this way an 
upper and lower bound of a zero may be 
found, and, if need be, the method may be 
applied repeatedly to give a pair of bounds 
which will be as close to the required zero as 
necessary. The method has particular value 
if the rational function is the impedance or 
admittance function of one of Foster’s re- 
actance networks, since these functions are 
obtained directly from the networks as sums 
of partial fractions of the form A,/( B,? —w*). 
Hence, the zeros may be obtained without 
reducing the function to the polynomial 
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coincide with the network nodes. 


form. The new method may not always be 
shorter in application than other known 
methods, but its advantage lies in the facil- 
ity with which an upper and lower bound of 
the required zero may be found and in the 
possibility of dealing with the partial-frac- 
tion form of the impedance or admittance 
function. 


Statement of the Problem 


HE two generalized networks of 

Figure 1 are Foster’s canonic forms, 
which are of particular importance be- 
cause either one is a possible representa- 
tion of any reactance network.! They 
are forms in which the normal modes of 
oscillation are placed in evidence: for 
Figure la they coincide with the network 
meshes,” and for Figure 1b, which is the 
dual’ of Figure la, the normal modes 
This 
means that if Figure la is excited by a 
voltage, or Figure 1b by a current, the 
response frequencies are merely those of 
the isolated sections. However, if the 
excitations of these networks are, re- 
spectively, current and voltage, they no 
longer have nodes or meshes which coin- 


= 


S 


cide with the normal modes. That is, 
the value of each natural frequency of 
oscillation depends on all the circuit con- 
stants of the network and cannot be 


determined from the properties of any — 


one section. The problem to be treated is 
that of finding the normal modes for 
these circuits when exposed to the latter, 
type of excitation. These solutions will 


also include the solutions for certain 


combinations of these networks, and also 
the dissipative case where all coils have 
the same R/L ratio and all capacitors 
have the same G/C ratio. The method 
will be illustrated in terms of the voltage 
excitation of Figure 1b, but with the ap- 
plication of the principles of duality® it 
applies also to the current excitation of 
Figure la. There are known methods 
for finding these normal modes, but under 
the special conditions of the circuits con- 
sidered here the method to be introduced 
will provide good approximations with 
a minimum of effort. 


Determination of the Normal Modes 


On a mesh basis none of the possible 
meshes of Figure lb satisfy the necessary 
conditions to make them coincide with 
the normal modes,” and if there are no 
such meshes the normal modes, regardless 
of the actual point of insertion of the dis- 
turbing voltage, are the values of p for 
which 


Z(p)=0 ~() 


used exclusively to eliminate periodic 
oiling, also to keep abrasive dust out of 
bearings. Individual motor generator 
sets having rugged construction and 
ample safety factors are employed. 
Should a failure of any unpredictable 
kind occur, the heat can be continued 
with two electrodes on automatic control 
and a spare set placed in service quickly. 

The equipment is made so far as pos- 
sible in one unit so that the various parts 
can be protected from dirt and physical 
damage. This also permits factory as- 
sembly and complete test, up to the opera- 
tion of the electrode motors. A mini- 
mum of external connections and erec- 
tion time is thus required. 

Figure 5 is an oscillogram showing 
typical operation of the furnace during 
the melt-down period. This demon- 
strates the high speed of the electrodes. 
Unsustained sudden variations in current 
cause no extra action or undue wear on 
the equipment, but sustained changes 
cause immediate response. It will be 
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noted that the electrode can be with- 
drawn at relatively high speed when a 
cave-in takes place. In case of abnormal 
unbalance between current and voltage in 
the arc, the equipment is able to perform 
its function with the minimum number 
of outages. 

The start of the film shows a loss of 
voltage and current. The motor comes to 
rest in about one half of a second and re- 
mains at rest until the are is re-estab- 
lished. In this case, the current was 
low and the Rototrol voltage immediately 
started rising in a direction to cause the 
electrode to be lowered. The motor 
started one seventh of a second after the 
change was initiated. This delay was due 
to the electrical and mechanical inertia of 
the system. The motor was accelerated 
rapidly to full speed, and, as the current 
approached the regulated value, the 
motor speed was diminished. At point 
5-A there was a marked rise in current 
and the electrode motor was decelerated 
to zero speed and accelerated to one-third 
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be 


speed in the raise direction. It should be 
appreciated that during the melt-down 
period, electrical conditions in the furnace 
change rapidly, necessitating more or 
less continual electrode adjustment. This 
film covers a period of about ten seconds. 

Figure 6 is an oscillogram showing the 
refining period. Here, relatively small 
changes in current take place, and con- 
sequently only small movement of elec- 


trodes is required. Because of the inertia — 


of the electrical system, sudden unsus- 
tained variations do not cause movement 
of the electrodes. 

Operating experience has shown that 
the Rototrol regulator combines the 
necessary degree of sensitivity, ampli- 
fication, speeds of response, and stability 
required for arc-furnace operation. ‘ This 
regulator is particularly successful during 
melt-down periods when cave-ins fre- 
quently occur because the high speed 
withdrawal of the electrodes prevents 
breaker tripping because of sustained 
overload, 4 
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where / is the usual generalized angular . which contains all the roots except the 


velocity and Z(p) is the impedance func- 
tion of the network.* 
For the network in question, 


‘ W An 
Z(p) =6( to+ ore 2) (2) 
where 
A,=1/Cy (a) 
By=1/-V Inbn (b) @) 


When there is a series capacitor, as shown 
in Figure 1b, it is a special case of the 
parallel combination for which the cor- 
responding B=0, and is therefore in- 
cluded in the summation. 

For the reactance network the values 
of p which satisfy equation 1 are pure 
imaginaries, and accordingly we are inter- 
ested only in purely imaginary values of 
Therefore, it is convenient to let 


p=jo (4) 


and 


N 
Z(p) =2 (ju) nol Lot 3 nts) (5) 
ae 
It follows from the separation property 
of zeros and poles! of equation 5 that there 
will be a root of equation 1 between any 
two adjacent values of B,. Let the 
values of B, be arranged as an increas- 
ing sequence, with increasing subscripts, 
and choose the subscripts on the roots 
so that 


Bi<an< Bo<in< ...< By-1<a< Be< 2. wy 
(6) 


Ail B’s will be different because it is 
assumed that Figure lb is reduced to its 
simplest form. The solution is obtained 
by solving 


Lo+$(w) =0 (7) 
where 
N 
An 
a=) =. (8) 
Tae aed 


(b) 


Figure 1. Foster's reactance networks 
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trivial root w=0 which occurs if B,;~0 
and which has been factored out. 

This is made clearer by the typical 
plot of $(w), as shown in Figure 2. The 
function closely resembles a- reactance 
function, since the latter is wh(w). The 
intersections of these curves with the 
horizontal line — Zp are the required roots. 
They are located symmetrically about the 
vertical axis, and therefore it is necessary 
to consider only the positive roots. 

There are two procedures to be fol- 
lowed,depending on whether 1SkSN—1 
or k=N. 


1S<kSN-1 


The root a, lies in the interval 


CASE 1. 


By<op< Byti (9) 


and with this knowledge we can separate 
out the two terms of ¢@) which have 
poles nearest to a, and approximate the 
remaining terms by a term which will be 


a constant. Equation 7 becomes 

A, A+ 

—— (hk, o) = WV (R 10 
Baath a OE = OM) 


which serves to define W(k, w), and where 
W is a constant. The solution of equa- 
tion 10 is 


1 
ys 
eae [F(k)+G(k)], Wx#0 
1<ksN-1 


bs Bur PArt BrtActs W=0 


AxtitAx 
where 
F(R) = W(By+i? + Bx?) — (Ag+ + Ar) 


and 


G(k) =V (Agsi+4y)?—2W (Byrr?— By2)2(A p41 — Ax) + W2(Bysi?—By2)? (d) 


The form of W(R, w) is shown in Figure 3, 
and it is seen from this that there may be 
an extraneous root outside of the interval 
B, to Byii. However, equation 11 is 
written in such a form as to always give 
a root within the required interval. In 


speaking of a root of equation 10 it will 


Figure 2. Plot of d(w) versus w to show the 
locations of the roots. Shown for N=4 
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always be understood that it is the root 
given by equation 11. It is evident from 
the form of (zk, w) that there will always 
be a root, regardless of the value of W. 
The problem is now one of finding suit- 
able values of W. To do this we- write 
equation 7 as 


| W(k, w) = S(k, «) (a) 
where 
(12) 
Sue Ae 
S(h; y= “2, ae) 
nk, k+1 


2 


S(k, w) is shown in Figure 38, and it is 
apparent that in the interval between 
B, and Byys, Y(k, w) is continuous and 
always* increasing, and that S(k, w) is 
continuous, always decreasing, and is 
bounded. Thus, if w, is any value, 
By Sw,» S By 41, and we define 


W=S(k, wp) (13) 


there will be a solution of equation 10 
which we will call w, and which will have 
the following properties: 


Wp> wi wy<or| 
if {wp=ax} then 4 w= ax (14) 
Ee ton\ | ae) 
(a) 
(b) 
} (11) 
(c) 


The properties of ¥(k, w) and S(k, w) also 
show that if B,ySw,'’<w,SByi1, and 
@,’ is the root corresponding to w,’, as 


given by equations 11 and 13, then 
By<ag<wg’< Br+1 (15) 


In view of these relations we will 
find it expedient to define 


Wi(k) = S(k, Br) (a) | 


Wo(k) = S(k, Butt) (b) 5 wo) 


and let the corresponding roots of equa- 
tion 10 be a, and w,, respectively. From 
relations 9, 14, and 15 it follows that 


Br< wp <wp< GR< By+1 (17) 


and we have determined upper and lower 
bounds of w, which are closer than B, 
and Bru. If this approximation is not 
sufficient, one may use «, and a in place 
of B, and By41, respectively, and de- 
termine’ two new roots, a,’ and wy,’ 
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This process may be repeated as many 
times as required. To be more specific, 
define 

(a) | 


Wi) (b)= Stk wx?) | 


Wi (by = Stk qe} 22 my 5 A 


and let & and w,“ be the roots of 
equation 10 using equations 18a and b, 
respectively, for W. Consider the casé 
s=1. From relations 15 and 17 it 
follows that a,’ <a, and w," >«,,and from 
relations 14 and 17 we obtain the rela- 


tions &,' >a, and w,’<o,. Hence, 


By< wy < wy! < wy < Gy! << Byti (19) 


It is obvious that this reasoning may be 
continued, leading to the pair of sequences 


by> Gog! Deeg! >... >A GO > ... Sox | 
orn ap < 1 <p SG, OS... <ey 
(20) 


Observe that relation 20 contains 
twice as many values as required to ob- 
tain a given approximation. For ex- 
ample, if 6, is found one can immediately 
find w,’, and then &,”, and so forth. Simi- 
larly, @, could be used as the starting 
point, and thus, either of the following 
pairs of sequences may be used: 


Ry >... Dap >a, > 

7 > Wp 
or <<... <M <qy tt < {| @ 

oe < Oy 
oe t (21) 
wy! >Gy!'> lie. age) >a, 0) > 

ee > wy (b 

TT 

. <wy J 


k=N 


This case requires special treatment 
because there is no pole of ¢(w) beyond 
B,, and wy is in the range 


CASE 2. 


By<wn< © (22) 


In contrast to the previous practice, it is 
not possible to keep two terms, having 
poles on opposite sides of wy, in their 
exact form and replace the remainder of 
¢(w) by an approximation. One could, 
therefore, keep only one term, Ay-+ 
(By’?—w*), as the exact term. However, 
since the solution can be given explicitly 
if two exact terms are used, a more ac- 
curate approximation will be obtained 
by also using the term A y_1/(By—.?—w?). 
One is lead to attempt to approximate 
the other terms by a constant, as was 
done in case 1. That is, we will seek a 
suitable value of W to make the solution 
of 
¥(N—1,w)=W(N) (23) 
approximate wy. wW(N—1, w) is shown 
in Figure 4 from which it is seen that for 
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equation 23 to have a solution it is neces- 
sary that W<0. Assuming this to be 
true the solution is 


1 
w =a GO W<0 (a) 


where 


F(N) = W(By?+By-12)— 


(Ant+tAyn-1) (b) } (24) 
and 
(4n+An 1)? 2W(By?— 
G(N)= By-1?)*(Anw—Awn-1)+ 


W?(By?—By-1")? (ce) 


This is written in such a way as to give 
the solution which is greater than By. 
The root given by equation 24 will hence- 
forth be spoken of as the root of equation 
23. Continuing, as for case 1, we write 
equation 7 as 


¥(N—1, w) =S(N—1, w) (25) 
and examine S(N—1, w) in the interval 
of w for which it may serve as a value of 
W. Forw>By, S(N—1, w) is continuous 
and always decreasing, with increasing 
w, and becomes less than zero at some 
point, w,, as indicated in Figure 4. This 
point may lie on either side of By. , If 
w, is the larger of w, and By, and if W is 
defined as 


W=S(N-1, ,) (26) 


where w,<a@,< ©, then there will be a 
solution of equation 23 for this value of 
W. Let this solution be w,. From the 
properties of ¥(N—1, w) and S(N—1, w) 
one may conclude that. 


@y> WN Wy <ONn 
if {a,=wn} then {o,=wy (27) 
<< WN Wy > WN 


and if w,Sw,/<w,S and w,’ is the root 
corresponding to w,’, as given by equa- 
tions 26 and 24, then 


Ws Wy<wy’< © 


(28) 


The procedure to be used in obtaining a 
solution depends on the position of w, 
relative to By. For the first case, as- 
sume S(N—1, By) <0, which is equiva- 
lent to the condition w,<By. This is 
similar to case 1 and accordingly we de- 
fine 


W.(N) =S(N~1, By) (a) 
WN) =S(N=1, 3) 32h re a) (29) 


The corresponding roots obtained by 
using equations 29a and ), respectively, 
will be Gy and wy, and in view of rela- 
tions 22, 27, and 28 they will satisfy the 
inequality o 


By<wn<wy<an (30) 
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ees, 
Closer approximations may be obtained, 
exactly as in case 1, by defining 


W,(N)=S[N—}, ov’ 


W,(N) =S[N=1, ay¢-9] 5? a (31) 


~ (b) 

and oy“) and wy) as the roots of equa- 
tion 23 using, respectively, equations 
3la and b for W. For s=1, in conse- 


quence of relations 28 and 30, we have’ 


ay’ <ay and wy’ >wy and from relations 
27 and 30, ay’ >wy and wy’ <wy. There- 
fore we may write the inequality 


By<wn<on'<wn<ay’<aN (32) 


and by extending this repeatedly there 
results the pair of sequences, 
&x>ay’>ay"’>... >ayS-Y >ay@> 
site COIN 
». <avOYVcayvO< 
. <n ] 


(33) 


from which either of the two following 
pairs may be selected for computation: 


@n>@yn’> 

Pit >oyGr2 Saye Ome - 

on! <oyile (a) 
...<en 8 ) coy GV< 


oan SON 
@n'>a@yl"'> 
ae Sona Son 
5. Sone) 
on<oy"< 
2. <aye™) can < 2. <ay 


With the introduction of the sequences 
346 there is some relaxing of the original 
condition, that W,/N)<0. To use these 
sequences it is necessary only to have 
Wi'(N) <0, which is equivalent to 
wy > Wy. 

If W,/(N)=0, an upper bound of ay 
may be found by another method which 
consists of obtaining a root of 


pg 
ns 
v(N—-1, a)=—Ly= >) 5 ae 


n=1 — ie 
It is easy to see that equation 35 has a 
root, by writing it as ’ 


& 


Ay-1' Ayn 
=—E 
Bae Bee 0 (a) 
where (36) 
N-1 


Aya'= >> Ap (b) 


Let this root be designated by a,y*, and 
observe that, if w> By,then 


N-2 
A 
a > ee SS 
By-1*—w? 


N—2 


A 
De Ba ate 


n=1 


n=1 


From this, and the fact that VN —1, w) 
is increasing with increasing w, it may be 
concluded that 
@nv*>wy 
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(35) 


(37). 


38) 


\ 


i 


_ resulting root wy*’, 


Se NT ee, 


Thus.6,*, an upper bound of wy, has been 
found by a method which is applicable 


_ in all cases. 


It is of interest to note, parenthetically, 
that if W,’(N) <0 then dy* and jy’ can 
both be found, and if there is much 
difference between them it may be worth 
the\extra computation required to know 
which is the closer to wy and therefore 
which one may be most profitably used 
as the basis for future computations of 
the sequences 34. It is possible to know 
which is the better approximation by 
computing &4,y* and then either also 
computing w,’ and comparing directly 
with oy*, or comparing S(V—1, wy) with 


N—2 
—In— > A,/(By-1*—ay*) 


n=l 


If the former is larger, then dy’>éy"*, 
and vice versa. 

To return to the case where W,/(N) =0, 
&y* having been found, it may be used to 
define 


W2*(N) =S(N—1, oy*) (39) 


If the root of equation 23, when W,*(N) is 
used, is wy*, it follows from relations 27 
and 38 that wy*<wy. Also, S(N—1, 
ay*) > S(N—1, ©) and therefore, from the 
increasing property of Y(N—1, ), 


_ @n<en*<wn (40) 


Although wy) <«, it is possible that w,*> 
@,, in which event w,* is a possible start- 
ing point for the sequences 34, as a re- 
placement for either By or wy. Whether 
this condition is fulfilled may be checked 
by observing if S(V—1, wy") is less than 
zero, this being the necessary and suffi- 
cient condition to make wy*>w,. 

If this attempt at finding an improved 
upper bound, by first seeking a lower 
bound which is greater than w,, is not 
successful, the following procedure may 
be used. Arbitrarily choose a value, 
wy*, such that 


wn*<wn*<an* (a) 
and (41) 
S(N—1, wy*)<0 ‘ (b) 


If wy* is less than wy, it may be used as 
By or wy in forming the sequences 34. 
To find whether this is true use S(N—1, 
wy*) as W in equation 23 and call the 
From relation 27, if 


wy*! >wy* (a) 
then (42) 
wn*<wn (b) 


NOVEMBER 1943, VOLUME 62 


Also, from relation 27, if 


wy*'<wy* (a) 
then 
‘on*'<on (b)} (43) 
and if 
S(N—1, wn*')<0 (c) 


w,*’ may be used as By or wy in relation 
34. Thus, there are two possibilities: 
if relation 42a is true the search for a 
lower bound is completed, and the same 
conclusion follows if relation 43a and 
care both true. However, if relation 43a 
is true but 48c is not true then another, 
smaller, value will have to be assumed for 


Carne 


Application to Other Circuits 


In Figure 5 two circuits are shown, to 
which this method of determining the 


Figure 3. Properties of the functions involved 
in finding all the roots except the largest 


normal modes is applicable. Consider 
Figure 5b, with a current excitation, a 
voltage excitation being no different than 
the previous problem and of no further 
interest. The normal modes will be the 
values of p which make 


Y(p)=0 ; (44) 


From the form of the circuit it is apparent 


that | 
/ 


Zalb)+Za(b) 
V(p) = 4 5 
"ZA DZa(6) oe 
and hence, if p; is a root of 
Z4(b)+Zp(p) =0 _ (46) 


it is also a root of equation 44 unless 
Za(br) =Z p(y) =0. The roots of equa- 
tion 46 can be found by the method 
which has been presented. Likewise, for 
Figure 5a the normal modesare the roots of 


V(b) + Va(p) =0 (47) 


and, as has been indicated, the formal 
solution of equation 47 is the same as the 
solution of equation 46. 
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All of these networks can be treated 
equally well if all coils have the same R/L 
ratio and all capacitors the same G/C 
ratio. The general case of this is treated 
by Guillemin® who shows that if 


@=R/2L and B=G/2C (48) 


then, for roots of Z(p) =0, we obtain 


Pr= — (a+ B) + jox (a) 
where (49) 
or= Vg (a—8)? em) 


and where g,; is the value that p, would 
have if there were no dissipation. 


Application to Other Rational 
Functions 


An impedance or admittance function 
of a reactance network is a special ra- 
tional function which has everywhere a 
positive slope and, consequently, alter- 
nating poles and zeros all of which are 
simple. The poles come in pairs located 
symmetrically about the point #=0, and 
the residue at one of the poles is the nega- 
tive of the residue at its mate. This 
makes it possible, for such a function, to 
combine the terms representing the two 
poles of a pair into one term and only 
treat the function for w>0. The fact 
that the zeros come in pairs, located 
symmetrically about the point w=0, is 
indicated by equations 10 and 24 be- 
cause there the zeros are given in terms 
of w?. In the general case of a rational 
function having alternate poles and zeros, 
all of which are simple, the same pro- 
cedure may be used to find upper and 
lower bounds of the zeros, but without 
the possibility of combining terms. If 
the poles and residues are known the 
approximate zero will be a solution of an 
equation of the form 


ee WS (50) 


where W is defined in similarity with 
equations 12 and 13 but where the sum- 
mation must be over all the poles except 
B, and B,,;. Equation 50 is a quadratic 
in w, and its solution is given by equations 
11, but with w? replaced by w. The 
treatment for the greatest and smallest 
zeros will be similar to that given under 
case 2, with the aforementioned modifica- 
tions. 

It should be pointed out that it is 
necessary to know only the locations of 
the poles since the residues may be found 
by explicit methods.® Also, if the loca- 
tions of the zeros of a function are known, 
the poles may be found by applying the 
method to the reciprocal of the function. 
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Bn- BN 


Figure 4. Properties of the functions involved 
in finding the largest root 


Therefore, this method may be used to 
find the zeros or poles, provided that the 
poles or zeros, respectively, are known. 


Conclusions 


In finding the zeros of a rational func- 
tion by the method presented, one finds 
a sequence of approximate values, each 
approximate value being obtained from 
the previous one. The work involved in 
finding an approximate value is about the 
same as in substituting a trial value in 
the original function, because the evalua- 
tion of W requires the substitution of the 
previous approximate value in all but 
two of the partial fraction terms which 
constitute the function. Therefore, prob- 
ably the greatest advantage of the new 
method is in the possibility of obtaining, 
with only two sets of computations, a pair 
of reasonably close approximate values 
between which the exact zero is known to 
be located. In many cases the sequences 
will converge so rapidly that only two 
terms need be computed, even for good 
accuracy. If it is necessary to compute 
more terms of the sequences to improve 
the accuracy, this method may have less 
advantage over the trial method, espe- 
cially if the initial trials should be close to 
the zeros to be found. However, the new 
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Figure 5. Combina- 
tions of the reactance 
networks to which 
the method is ap- 
plicable 


O° 


method does not depend on initial chance 
assumptions, and it is probable that it 
will at least yield a solution as quickly, on 
the average, as the trial method, and per- 
haps much more quickly. There may be 
some doubt in the reader’s mind as to 
whether these comments apply to the 
extréme zeros because of the possible 
lengthened procedure in this case, which 
may even require a trial substitution. 
However, the result of the substitution 
of this trial value is used directly to find 
a closer approximation, and also, since 
a lower and upper bound may always be 
found by explicit means, the range of 
choice of the trial value is restricted to 
the interval between these bounds. This 
possible increased difficulty in finding 
these zeros is not without its counterpart 
in the trial method, because the range of 
choice of trial values extends to infinity, 
and hence the probability of a good choice 
is more remote than for the other more 
restricted zeros. ; 

Of course, the trial method is not the 
only alternative for finding the zeros of 
a rational function. They may be ob- 
tained by converting the function to the 
polynomial form and using a method 
which is applicable to a polynomial, 
such as Horner’s or Graffe’s method, 
or a method suggested by Higgins.’ 
However, if the rational function is the 
impedance or admittance function for the 
circuits considered here, it will auto- 
matically come in the partial-fraction 
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(b) 


form, and, if there is a large number of 
terms in the partial-fraction expression, 
there may be considerable work required 
to reduce it to the polynomial form. In 
this case the new method may be prefer- 
able, depending on how many of the 
total number of roots are to be found. 
This is because the reduction to the poly- 
nomial form need be carried out only 
once, and the work required to find V 
zeros is therefore less than N times the 
work required to find the first zero; 
whereas in the partial-fraction method 
the work required to find each zero is 
approximately the same. Hence, the 
smaller the number of zeros to be found 
the greater will be the advantage of the 
partial-fraction method. 
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Load Pickup by a Group of lenitron 


Rectifiers 


L. W. MORTON 


\i ASSOCIATE AIEE 


Synopsis: One of the advantages of the ap- 
plication of mercury-arc rectifiers to large 
electrochemical loads, such as aluminum 
cell lines, is that, if all the rectifiers are 
excited simultaneously, they will pick up 
and share the load together. This elimi- 
nates need for large d-c cell-line circuit 
breakers. 

The conventional method of starting 
simultaneously several ignitron mercury-arc 
rectifiers, widely used in large electrochemi- 
cal plants, has been to energize the indi- 
vidual ignitor firing circuits from a master 
starting switch. Differences in closing time 
of the control contactors were reflected in 
proportional irregularity of load pickup be-— 
tween the ignitron rectifiers. 

Recent tests, described in this paper, 
show that the grids usually employed in the 
ignitrons for anode shielding can be used 
as an alternative method to energize cell 
lines. If all the grids are biased negatively, 
they will prevent current flowing from the 
rectifiers while the firing circuits are all 
energized and the switches closed in the 
power circuits. Then, by operating one 
switch or a plurality of accurately timed 
switches, all grids can be made positive at 
the same instant with the result that all 
the rectifiers pick up load at the same in- 
stant and share it equally. 


A ANY of the phenomena of the be- 
havior of large rectifier installa- 
tions, during the instant of applying or 
dropping electrochemical loads, have 
been little understood or investigated by 
engineers. Certain field tests were made 
in large aluminum reduction plants, the 
results of which add to the engineering 
knowledge relating to this subject. Tech- 
nical advance in the ever-expanding 
electrochemical field, even though it in- 
volves simply a better understanding of 
the operation of the electrical apparatus 
in the plant, is important to the engineer. 
An analysis of the problem and a report 
of the field tests are contained in this 
paper. 
Among the big five electrochemicals, 
aluminum, magnesium, chlorine, copper, 
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and zinc, some of the pioneering work 
and operating experience in connection 
with aluminum plants stands out because 
of the tremendous increase in tonnage of 
aluminum which industry has  de- 
manded, particularly for the airplane 
program. The electrical apparatus re- 
quired in the reduction of alumina to pure 
aluminum in the electrolytic cell lines is, 
however, typical in a great many respects 
of what is required for the other electro- 
chemicals, ‘ 


Arrangement of Ignitron Rectifiers 


For purposes of this paper, it is neces- 
sary to review briefly the heavy electrical 
equipment involved in a typical large 
rectifier installation, such as is used for 
the reduction of aluminum.'~* Figure 1 
shows a typical one-line power diagram 
for an aluminum installation. Conver- 
sion apparatus for one cell line, for in- 
stance, is rated 38,700 kw, 645 volts, 
60,000 amperes direct current. The in- 
dividual electrolytic cells are all con- 
nected in series, and each carries the 
full cell-line current, which under normal 
conditions may range as high as 50,000 to 
55,000 amperes. Since it is impractical 
to build a power rectifier in a single unit of 
such large capacity, the conversion ap- 
paratus must be broken up into several 
units. So far, in the United States it has 
been found impractical to build rectifier 
transformers in the 600-volt d-c output 
level larger than 10,000 amperes direct 
current. Likewise, the largest single 
rectifier assembly in the 600-volt d-c level 
is approximately 5,000 to 6,000 amperes 
direct current. For these reasons, the 
typical 60,000-ampere rectifier installa- 
tion is, therefore, arranged as shown in 
Figure 1 with six separate transformers, 
each feeding two ignitron-rectifier as- 
semblies. 

The fact that single large rectifier in- 
stallations of this sort must be broken up 
into several units, however, has its ad- 
vantages. Since there usually is provided 
a small amount of extra rectifier and 
transformer capacity, the scheme is flexible 
from the maintenance standpoint. For 
instance, it is usually possible to maintain 
full current input and, consequently, full 


Morton, Bohn—Load Pickup by Ignitron Rectifiers 


production when one unit consisting of 
a transformer and two rectifier assem- 
blies are out of service for maintenance. 
For the latter reason, and in order to 
provide: protection from faults and arc- 
back, power circuit breakers and isolating 
disconnect switches always are provided. 

Earlier large electrochemical cell lines, 
which were placed in operation before the 
successful development of mercury-are 
rectifiers, were fed from several motor— 
generators or synchronous converters.>~? 
Since the largest ratings in rotating con- 
version apparatus compare with the 
present maximum ratings of single as- 
semblies of power-rectifier equipment, 
earlier arrangements for connecting the 
several units to the main d-c bus were 
very Similar to current practice. 


Problem of Energizing Cell Line 


The method used for energizing large 
electrolytic cell lines from a battery of 
several generators or rotary converters 
has a bearing on the subject of this paper. 
It was first necessary to bring the genera- 
tors or converters up to speed. Next, 
their d-c output voltages were equalized. 
Since it always has been impossible to 
build high accuracy in the closing time of 
d-c air circuit breakers, it was necessary to 
connect all the separate converting units 
to the main d-c substation bus before the 
cell-line load was connected to the bus. 
This requirement existed because the 
first machine, whose d-c breaker closed, 
tended to pick up the complete cell-line 
load. Since the cell-line load is many 
times the individual rating of the conver- 
sion units, its d-c air circuit breaker would 
immediately trip on overload. The d-c 
circuit breakers on the rest of the ma- 
chines also would clear instantly as they 


Table | 

Time After Maximum 
Master Starting Difference 

Switch Was in Pickup 


Closed Before Time Between 


the First First and Last 

. Test Rectifier Rectifier 
Location Numbers Started Starting 
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Plant: A ns: 8 haa cats 31/3 cycles..... 13/3 cycles 
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Plant Gren s Ith ns 6-* cycles..453 13/; cycles 


In the interval between making plant A test 2 and 
plant A test 3, the contactor gap spacings on all 
12 ignitor-firing-circuit contactors were readjusted 
to determine the effects of different contactor 
closing time on the performance of the various 
rectifiers. This resulted in changing three factors. 
First, the time was shortened for picking up the 
first rectifier, Second, the maximum difference in 
pickup time between first and last rectifier to start 
was decreased. Finally, the identity of the first 
rectifier to pick up load was changed. 
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closed in succession. For these reasons 
the method has never been employed. 

As an alternative method, a main d-c 
circuit breaker, capable of closing in on 
and carrying the full-load line current, 
was always employed with rotating con- 
verting equipment. This latter breaker 
was closed only after all the individual 
units had been connected to the station 
bus and the full capacity required to 
carry the load continuously was available. 

Obviously, the elimination of this ex- 
pensive circuit breaker designed to carry 
and rupture these large and highly in- 
ductive loads is desirable. 


tactors in their supply lines are closed and 
suitable a-c voltage is applied. Advan- 
tage has been taken of this performance of 
the ignitor firing circuits for starting all 
the rectifiers in a substation at once in 
order to pick up the large cell-line current. 

Where as many as 12 ignitron rectifiers 
feed a common d-c bus, a master a-c ex- 
citation circuit has been used. This has 
consisted of a 12-pole relay or the equiva- 
lent. Each of the 12 poles is connected to 
the closing coil of a three-pole contactor 
in the a-c supply circuit to the firing 
equipment of each of the rectifiers. A 
single-pole master control switch located 
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ALUMINUM CELL LINE #2 


Figure 1. Typical one-line power diagram for 
cell lines, Aluminum Company of America 


One of the advantages of mercury-arc 
rectifiers over rotating equipment is their 
ability to pick up electronically such 
large loads after all the power switching 
has been completed. There are two 
general ways of accomplishing this: 


1. By controlling the arc in the rectifier 
with grids. 


2. By controlling it with ignitors. 


Load Application by Ignitor Control 


A widely used method of energizing 
large cell-line loads supplied by ignitron 
rectifiers has been to close the a-c and d-c 
power circuit breakers before exciting the 
ignitors in the cathode mercury. This 
means that no current flows from the 
rectifier, even though all the power cir- 
cuits are closed, because the ignitors have 
not caused cathode spots. Magnetic- 
impulse firing circuits are used widely in 
stich electrochemical service.*® Most 
magnetic-impulse firing circuits commer- 
cially available start generating impulse 
voltages almost instantly after the con- 
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in the coil circuit of the 12-pole relays 
can, therefore, be closed to pick up all of 
the 12 separate a-c contactors in the sup- 
ply circuits to the firing equipments. 

The procedure, therefore, in picking up 
ignitron-fed cell-line loads after outages 
has been rather simple. First, the master 
excitation switch is opened; which re- 
leases all the a-c contactors in the indi- 
vidual firing-circuit supplies. Under this 
condition, none of the ignitors in any of 
the rectifiers can create cathode spots to 
cause current to flow. Next, all of the 
a-c and d-c power circuit breakers and 
switches are closed. So far no current 
flows. The final step then is to close the 
master a-c excitation circuit energizing 
all of the separate ignitor firing circuits. 


Limitations of This Widely Used 
Starting Method 


The master a-c excitation method of 
picking up large electrochemical loads fed 
from ignitron rectifiers has been used for 
years. As operating experience was 
gained, it appeared, however, that there 
were certain limitations. Outages have 
occurred occasionally because of loss of 
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main a-c supply voltage. Sometimes, 
when the cell lines were re-energized, one 
or more of the cathode breakers would trip 
out from overcurrent. There appeared to 
be two possible causes for this action: 


1. Standard commercial a-c contactors 
(three-pole) were used in the supply circuits 
to the individual ignitor firing equipments. 
While the pickup time of these contactors 
for most applications is satisfactorily uni- 
form, it was realized that some disparity 
must exist between the various contactors 
in closing action. Since cell lines have in- 
ductance, it had been anticipated by the 
application engineers first dealing with the 
problem that the rate of rise of the cell-line 
current would be low enough to permit such 
inequalities in contactor closing time as 
might appear. Whether this assumption 
was correct now seemed open to some doubt 
until tests could be made to substantiate 
it under field conditions. 


2. Resistance characteristics of ignitor 
firing points are different when the ignitors 
and liquid mercury in the cathode pools are 
cold from what they are during operation 
when the ignitors and mercury are hot. It 
appeared possible that when the ignitors 
were cold, such as is the case after a pro- 
longed shutdown, there might be some delay 
in creating cathode spots in the ignitron 
rectifiers after the ignitor firing circuits 
were energized, until the ignitors warmed 
up and their resistance characteristics im- 
proved. 


Grid Starting Method 


A careful study of the performance of 
the rectifiers and ignitor firing circuits, 
was, of course, indicated under the cir- 
cumstances. It was obvious that satis- 
factory data could be obtained only under 
actual field conditions. In anticipation 
that one or the other, or both, of the 
foregoing limitations would prove true, 
an alternative method for starting large 
ignitron installations feeding electro- 
chemical loads was designed. 


Use of Anode Baffle for Grid 
Control 


All large pumped ignitron rectifiers 
employ a device which in principle is 
somewhat analogous to the grid in a 
multianode-type rectifier, but which usu- 
ally has been called an anode baffle or) 
shield when used in ignitrons. Figure 2 
shows the cross section of a single-anode 
ignitron assembly. Please note the struc- 
ture surrounding the anode which is called 
the deionizing anode baffle. This baffle, 
which is constructed of graphite “and in- 
sulated from the metal vacuum-tight 
envelope, is energized through the grid 
seal. Its function in the ignitron-type 
rectifier has been to shield the main 
anode, thereby preventing or minimizing 


ELECTRICAL ENGINEERING 


. 


Lan 


ee 


ee 


~ 


the occurrence of arc-backs. The fact 
that it was available, however, suggested 
that it might be used as another means of 
controlling the arc. 

Factory tests were made to determine 
whether, with the right negative-bias 
voltage supplied to these grids, as they 
should be called when used for such pur- 
poses, sufficient control could be obtained 
to prevent current flowing from the anodes 
even though the ignitors were energized 
and firing. These tests indicated that 
there was enough grid action in the pres- 
ent-type ignitron-insulated anode baffle to 
prevent current flowing, when the baffles 
were biased negative with respect to the 
cathode by 300 volts, under expected 


-conditions of operating temperature and 


positive main-anode voltages likely to 
be encountered in this field of application. 
Satisfactory blocking control could be 
obtained at this negative-bias level with 
as many as 500 ohms in series with the 
biasing circuit. This meant that a practi- 
cal scheme for grid blocking the main arc 
in the rectifier could be developed. 

Therefore, a cell-line starting circuit 
based on grid-blocking action in ignitron 
rectifiers was built. Figure 3 shows the 
schematic arrangement of a typical grid- 
bias starting circuit. 


Procedure for Energizing Cell Line 
by Grid Blocking 


A procedure for re-energizing a large 
ignitron rectifier installation after an 
outage using the Figure 3 circuit is as 
follows: 


1. The 350-volt d-c bias rectifier is ener- 
gized by closing the fused knife switch and 
contactor A in its supply circuit. In normal 
operation, the station operator energizes it 
by closing switch C; which is located on his 
master operating panel. 


/ 

2. When operator’s switch C, is closed, all 
31S relays close their contacts, and all the 
31SX relays open their contacts. This ac- 
tion then applies negative 350-volt d-c bias 
between the cathodes of all the rectifiers 
and the grids. It is now impossible for 
any of the rectifiers to carry current so 
long as this negative bias is maintained. 


8. All power circuit breakers and discon- 
nect switches are next closed connecting the 
rectifiers to both a-c supply voltage and the 
main d-c station bus. 


4. The operator’s master a-c excitation 
switch is then closed, which energizes all 
the individual firing circuits and causes all 
the ignitors to start firing. However, no 
current flows from the rectifiers, because 
the negative bias is maintaining a blocking 
action. 


5. Finally, the short-circuiting switch D 
is closed, instantly removing the negative 
bias from all the grids in all the ignitron 
rectifiers. There remains the 110-volt posi- 
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tive a-c excitation from the baffle trans- 
formers, which had been canceled up to 
this time by the 350-volt negative bias. All 
12 ignitron rectifiers, therefore, are per- 
mitted to carry current at the same instant. 


6. Operator’s switches C, and C2, can now 
be opened. This de-energizes the 350-volt 
negative-biasing circuit, disconnecting it 
completely from the main power circuits. 
It also operates all relays 31S and 31SX, 
transferring the neutrals of the baffle trans- 
formers from the master biasing circuit 
back to the cathode terminals of the recti- 
fiers. 


Field Tests 


In order to make a thorough study of 
the problem, it was decided to make ex- 
tensive tests in the field. Aluminum 
Company of America operates several 
reduction plants. Three western plants, 
all employing rectifiers, were selected. 
These plants will be designated as plants 
A, B, and C, for purposes of reference. 
Initial tests were made on one manu- 
facturer’s rectifiers at plant A. Con- 
firming tests were made on rectifiers of 
other manufacture and type at plants 
B and C to make them fully comprehen- 
sive in nature. 


Oscillographic-Test Arrangement 


The field tests were conducted by 
means of oscillographs to obtain the re- 
quired information. Since there are 12 
rectifiers connected to each of the main 
60,000-ampere d-c busses for each cell 
line, it was necessary to use three os- 
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cillographs in order to have available 
enough vibrators to record the behavior 
of the cathode currents in all 12 rectifiers. 
By using three oscillographs, 20 vibrators 
were available. 

The three oscillographs were placed on 
a single operator’s table. One vibrator 
in each oscillograph was connected to a 
common timing wave, so that the instant 
of starting the 12 rectifiers would be com- 
monly indicated on the three oscillograms 
taken for each test. Then four super- 
sensitive vibrators of oscillograph 1 were 
connected through shunt leads to the am- 
meter shunts in the cathode lines of 
rectifiers 14, 1B, 2A, and 2B. Oscillo- 
graph 2 had four supersensitive vibrators 
connected to the four ammeter shunts in 
cathode lines of 3A, 3B, 4A, and 4B, and 
likewise oscillograph 3 was connected 
with ammeter shunts in cathode lines of 
5A, 5B, 6A, and 6B. In each instance, 
main cell-line current was recorded on 
one of the films. 

Control of the starting operation for all 
12 rectifiers was transferred from the 
operator’s main panel in the substation to 
control switches on the oscillographer’s 
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Schematic diagram of starting circuit for large 


rectifier installation using grid blocking 
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Typical oscillogram starting cell line by master a-c excitation 


On this test the oscillograms for the cathode currents of the other eight rectifiers showed the 
following results: 
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table. All 12 rectifiers would be first 
taken out of service simultaneously by 
the station operator. Then, after switch- 
ing changes were completed quickly, the 
oscillographer, who controlled the single 
final starting operation, gave an audible 
signal, whereupon all three oscillographie 
instruments were started. The oscillog- 
rapher, who gave the signal for starting 
the three oscillographic instruments, 
operated the master starting circuit for 
the 12 rectifiers a fraction of a second after 
giving the signal, This test setup and 
procedure worked remarkably well, The 
instruments were synchronized go ac- 
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curately by their operators that the start- 
ing transients occurred on the oscillo- 
graphic film for all tests less than 30 cycles 
after the starting signal, At the three 
plants a total of 13 such tests was made, 


Results of Starting Tests Using 
Ignitor Control 


Five tests were made at plant A, two at 
plant B, and one at plant C to record the 
behavior of the 12 separate rectifiers using 
the master a-c ignitor-excitation method, 
Figure 4 is typical of the oscillographic 
results of these tests. The number of 
cathode-current records shown in Figure 4 
is limited to only 4 of the 12 rectifiers, 
This was necessary, because an illustra- 
tion showing the behavior of all 12 recti- 
fiers would be excessively large for pub- 
lication. However, these four records 
typify the results. 

The results of several of the starting 
tests using the master a-c ignitor-excita- 
tion method to demonstrate the effects or 
disparity in starting time of the individual 
rectifier units are given in Table I. 

A special test was made at plant B, 
using the master a-c ignitor-excitation 
method to determine what effect cold ig- 
nitors and cathode mereury would have 
on starting. The volt-amperes output 
characteristic of the firing circuit used on 
these rectifiers was lower than on the 
rectifiers where the other starting tests 
with master a-c excitation were made, 
This volt-ampere characteristic was, how- 
ever, sufficiently high to give satisfactory 
operation of the ignitors under con- 
tinuous normal operating conditions after 
the ignitors and cathode mercury were 
warm. Results of this special test were 
that some of the rectifiers delayed as long 
as 20 to 30 cycles before the ignitors be- 
gan to fire, Needless to say, with the 
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various individual rectifiers trying to 
pick up a cell line at various intervals 
over such a long period as 20 cycles, each 
of them tripped out on d-c overcurrent 
in turn as they started, and the rectifiers 
failed to energize the cell line. 


Results of Starting Tests Using 
Grid Method 


There were five cell-line starting tests 
made using the Figure 3 grid-blocking 
methods, two at plant A and three at 
plant B. The results of the tests are 
typically illustrated by Figure 5. For 
the same reasons as explained for Figure 
4, only 4 records of cathode current are 
shown instead of 12. 

During the tests with the grid blocking, 
the power circuits were all energized and 
the ignitors caused to fire for a short 
interval prior to the time when the nega- 
tive grid bias was removed to pick up the 
cell-line load. There was no failure of 
blocking action at any time. 


Conclusions 


Based on the results of the various tests 
described, the following conclusions were 
reached: 


1. While the cell-line current requires five 
to six cycles to reach its steady-state value, 
its initial rate of rise, while slow referred to 
the total load, is relatively high referred to 
the rating of a single rectifier. For this 
reason, unless all the rectifiers start carrying 
current at the same instant, when a cell 
line is energized, the first rectifiers to carry 
current accumulate load so rapidly that over- 
load can exist in a cycle or less. The three- 
pole contactors used for the supplies to the 
individual ignitor-firing circuits were of a 
standard industrial-control type. A dis- 
parity as high as 2!/, cycles existed in the 
closing times of these contactors, as proved 
by the various starting tests. In view of the 
high rate of rise of cell-line current, if the 
conventional master a-c ignitor-excitation 
method of cell-line starting is to be used 
successfully (excluding effects of cold igni- 
tor points and cold mercury), only contactors 
having a maximum difference in closing time 
not greater than one-half cycle should be 
used. 


2. It was proved that the resistance char- 
acteristics of cold ignitors may be such that 
they require substantially higher volt-am- 
peres to cause them to ignite cathode spots, 
when cold, after a service outage, than under 
normal operating conditions. Therefore, to 
insure satisfactory cell-line starting with 
ignitron rectifiers, the volt-ampere charac- 
teristics of the firing circuit must match 
these extra requirements if the master a-c 
excitation method is to be employed. 


3. The new starting method for large recti- 
fier installations employing the grid-blocking 
action available in ignitron rectifiers was 
demonstrated to be practical. The equip- 
ment used for making the starting tests by 
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the new grid-blocking method was semi- 
permanently connected in one of the igni- 
tron-rectifier cell-line installations at plant 
B. At least six emergency outages have 
occurred subsequent to the tests described 
in the paper. In each instance the new grid- 
starting method was employed for re- 
energizing the cell line. All reports show 
that the scheme was completely successful 
in all cases. It is, therefore, believed that 
the grid-blocking method offers a better 
solution for starting large Ignitron installa- 
tions of this sort. This conclusion may be 
reached, because the new method overcomes 
the difficulty with cold ignitors by permit- 
ting the station operators to run them for a 
sufficient period to warm them up and re- 
store easy ignition characteristics; and it 
also eliminates the problem of obtaining 
control contactors having precision closing 
time, the outcome of which, at best, may be 
doubtful. 


Addendum 


During the tests, in addition to solving 
the problems outlined in the paper, 
several other interesting and valuable 
data were obtained. The effect of cell- 
line inductance in the operation of large 
electrochemical plants often has been 
speculated upon by engineers dealing with 
the problem. Records were obtained of 
the cell-line-current rate of rise and are 
shown in Figure 4 and Figure 5. 

Cell-line inductance as measured by 


the starting transients in cell-line current, 
shown in Figure 4 and Figure 5, has been 
recognized as a factor affecting the per- 
formance of main cell-line breakers in the 
older installations using rotating appara- 
tus for conversion purposes, and also the 
cathode breakers, which are used to trip 
the cell-line currents when shutting down 
installations employing mercury-are rec- 
tifiers. While it is well known that large 
air circuit breakers trip with more uni- 
form opening time than they close, never- 
theless, the contacts are bound to start 
parting on some of the cathode breakers 
earlier than others during planned shut- 
downs. 

Large electrochemical rectifier installa- 
tions are shut down by operating a master 
switclt which gives simultaneous tripping 
impulses to all the cathode breakers. 
When the faster cathode breakers start 
parting contacts, there is a rapid ex- 
tinction of current from their associated 
rectifiers. The remaining rectifiers, whose 
cathode breakers are slower to open, 
therefore, accumulate the portion of the 
load dropped by the earlier rectifiers. 

Two important effects, therefore, com- 
bine to impose substantially higher in- 
terrupting duty on the slower cathode 
breakers. First, overcurrent exists on 
one or more of the rectifiers. The magni- 
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Figure 6. Typical 
oscillogram showing 
cathode current in 
all 12 rectifiers feed- 
ing one cell line and 
total cell-line cur- 
rent when cell line 
is de-energized by 
tripping cathode 
breakers by master 
tripping switch 
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The Quadrature Synchronous Reactance 


of Salient-Pole Synchronous Machines 


R. V. SHEPHERD 


MEMBER AIEE 


Synopsis: Advances in the theory of syn- 
chronous machines have created a number 
of reactance constants, and improvements in 
theory have led to continual refinements in 
methods of calculation and test. This 
paper presents an improvement in the cal- 
culation of the quadrature synchronous re- 
actance, compares calculated with test re- 
sults, and discusses four methods of test, 
one of which is an improvement in simplicity 
and ease of accomplishment over methods 
of test presented previously. 


HE wide application of synchronous 

machines to many methods of power 
generation and utilization has caused the 
development and refinement of syn- 
chronous-machine theory as a tool to 
enable the accurate prediction of the be- 
havior of these machines. This theory 
has created a number of characteristic 
constants, or coefficients, in terms of 
which the operation of the synchronous 
machine is defined. Papers dealing with 
one or more of these constants have ap- 
peared in the pages of the technical press 
from time to time, each paper broadening 
the general concepts or presenting meth- 
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ods of calculation or test which more 
sharply define particular constants.* 

Past attention to individual reactance 
constants has been devoted chiefly to the 
armature leakage reactance’ », to the 
direct-axis quantities? xg, xg’, xg”, and to 
the negative- and zero-sequence react- 
ances?® x. and x,. Less attention has 
been paid to the quadrature synchronous 
reactance!” x, either in the development 
of its full theory or in the presentation 
of test data. The situation is a natural 
one, as this reactance is not of major 
importance in either the short-circuit or 
starting characteristics of machines, and 
it is these characteristics which have re- 
ceived the most attention. Further, both 
the classic slip test® for x, and reluctance 
power test! present difficulties in their 
execution which have discouraged the 
accumulation of data. 

The quadrature synchronous reactance 
is of prime importance in determining the 
steady-state torque-angle characteristic 
which in turn evaluates the spring con- 
stant P, Accurate knowledge of either 
or both of these things is necessary when 


combining synchronous machines with 


mechanical drives having pulsating shaft 
torques such as are found in Diesel or 
gasoline engines and reciprocating com- 
pressors. The present tremendous in- 
crease in the use of Diesel and gasoline 
engines therefore makes an analysis of 
Xq particularly pertinent. 


* See ‘‘References.’’ 


i 
This paper presents refinements in the 


theory and calculation of x, and advances 
two new methods of test for this quantity. 
It also presents a discussion of the two 
previously published test methods and 
compares the results which have been ob- 
tained by calculation and by the four test 
methods. 


General Theory, Methods, 
and Test Results 


The quadrature synchronous reactance 
x, of salient-pole synchronous machines 
can be thought of as being made up of 
two major parts. One of the parts of this 
quantity is armature leakage reactance 
x, the theory of: which has been fully 
presented previously. The second part 
of this quantity is the reactance of arma- 
ture reaction. This second quantity 
Xaq exists as a result of the generation of 
fundamental air-gap flux when armature 
current flows and the subsequent genera- 
tion by that flux of a component of 
armature voltage which opposes an in- 
crease in the armature current. The 
magnitude of the flux and therefore the 
back voltage depend in part upon the 
permeance of the air gap opposite the 
armature magnetomotive-force wave. 

In synchronous machines there are two 
axes of air-gap symmetry, the direct and 
quadrature axes, and hence two values 
of gap permeance. Each of these has 
been determined accurately over the range 
of variables encountered in modern ma- 
chine design for unslotted air gaps, but the 
effect of slots in either or both the arma- 
ture and field surfaces, while it has been 
recognized, has not been presented pre- 
viously in the technical press. Usually 
the reactance of armature reaction con- 
stitutes the major part of x,, and to pre- 
determine this quantity accurately, its 
major component must be predetermined 


tude of this current may reach as high as 
600 per cent of the full-load current rating 
of an individual rectifier. Second, the 
high inductance of the cell-line load tends 
to maintain current through the breakers. 

The opportunity was seized, during the 
tests described in the paper, to make 
some records of the behavior of current 
supplied by the various rectifiers to the 
d-c bus during cell-line shutdown. The 
results of these tests are shown in a 
typical fashion by Figure 6. 

Rectifier cathode-current traces in 
Figures 4, 5, and 6 indicate a high 360- 
cycle d-c current ripple. Actually, this 
ripple is substantially lower. It was 
necessary to use standard d-c shunts 
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instead of oscillograph shunts. With 
standard shunts the effect of shunt in- 
ductance, as well as the effect of fields 


-on shunt leads, is responsible for this 


apparently large ripple. This must be 
taken into account in analyzing the 
oscillograms. 
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accurately. In Appendix B a method of 
calculating the quadrature reactance of 
armature reaction is presented. This 
method is based on obtaining the un- 

slotted quadrature-axis air-gap permeance 
‘in the conventional manner and then 
applying to it selected fringing coefficients 
to, account for the slots in the magnetic 
surfaces. After a value for the reactance 
of armature reaction has been obtained, 
the armature leakage reactance is added 
to it to obtain «,. The results obtained 
by calculation are substantiated, as shown 
in Table I, by several different methods of 
test. 


Unlike the method used for calculating 
%,, the test for it must measure the entire 
quantity, both the armature leakage re- 
actance and the reactance of armature 
reaction, as it is impossible in test to 
separate Xq into its analytical components 
and measure each individually. This 
restriction places on all test methods the 
necessity of measuring terminal condi- 
tions at an instant when these condi- 
tions can be used to evaluate x,. This 
instant always occurs just prior to a state 
of instability, and consequently accurate 
measurements are not easily made. 


In the first method of test, the slip test 
of Appendix C, an oscillograph is used to 
record the terminal voltage and armature 
current as the rotor is forced to slip past 
the axis of armature magnetomotive 
force. Unfortunately, the very slip which 
makes the test possible introduces its own 
errors. If the slip is large, over 11/2 per 
cent, currents are often induced in the 
usually present amortisseur windings, and 
the armature current is influenced by 
them, so that it may no longer reflect the 
true rotor permeance. While smaller 
values of slip can be obtained, they re- 
quire accurate control of the terminal 
voltage and ability to adjust it, usually 
over the range from 20 per cent to 30 per 
_ cent of normal voltage. This control and 
adjustment is seldom available anywhere 
except on the manufacturer’s premises, 
and it is not always easy to obtain it 
there for every machine. 

The reluctance-torque method, de- 
scribed in Appendix D, is based on the 
determination of the maximum power the 
machine will carry when operating as a 
reluctance motor. The motor, with field 
open-circuited, can be pulled out of step 
either by increasing the shaft load with 
terminal voltage held constant or by 
reducing the terminal voltage with the 
shaft load held constant. Since the 
measurements are always made at the 
moment of instability, it is important 
in both of the preceding methods that 
the shaft load contain no torque pulsa- 
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tions. If the adjustable-shaft-load 
method is used, it is important that the 
load be capable of fine adjustment, so that 
the approach to the point of instability 
can be made accurately. If the test is 
taken at no load, the line voltage is re- 
duced until the machine falls out of step 
because of the friction and windage load. 
This requires the same type of terminal 
voltage control necessary in the slip test 
and hence presents the same difficulties. 
In addition, it also requires accurate 
measurement of the friction and windage 
load. 

The negative-excitation test, described 


same method of test as in the negative- 
excitation method of Appendix E. In 
this case it is not necessary to measure 
shaft power, other than to be sure that it 
is small, as line voltage and current read- 
ings are sufficient. Because the line cur- 
rent is large in size and easy to measure, 
the test is simpler in its technique than 
previous methods. Further, a variable 
line voltage is not required, because, like 
the negative-excitation test, results can 
be obtained at rated voltage. The value 
of x, is simply the ratio of voltage and 
maximum stable current. 

Thus, in the course of developing vari- 


Table 1. Quadrature Synchronous Reactance xq by Calculation and Test 
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Xq 
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in Appendix E, is based on the determina- 
tion of the amount of field excitation re- 
quired to overcome the reluctance torque 
of the machine. ‘The test is taken with 
the machine operating as a synchronous 
motor with a free shaft and at rated line 
voltage, thus eliminating the necessity 
for a variable voltage supply. It is 
important in this test that the shaft load 
be free of torque harmonics and of as small 
a magnitude as it is possible to obtain. 
As this small load determines the point of 
instability, it is important that it be 
known to calculate x,. 

The fourth and most satisfactory test 
method, the maximum-lagging-current 
test, described in Appendix F, uses the 


’ 


ous methods of test, the objections have 
one by one been removed. The necessity 
of having an oscillograph was first re- 
moved, then the requirement of a con- 
trolled low-voltage source, and finally 
the low power readings. The results ob- 
tained by the various methods of test are 
shown in Table I. It was not possible 
to test each machine included in the 
table by every test method, and the 
blanks indicate lack of test data on the 
particular machine. The agreement is, 
in general, excellent. No attempt has 
been made to establish divergences be- 
tween test and calculation or between 
test methods. These are apparent from 
a study of the table itself. 
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Conclusions 


The paper has presented improvements 
in the method of calculating x, which 
enable the accurate prediction of this 
quantity. It has reviewed two well- 
known test methods and presented two 
new ones, one of which, the maximum- 
lagging-current test, has great advantages 
in simplicity of technique and ease of 
accomplishment. These advantages 
should lead to a wide acceptance of the 
maximum lagging-current test as a rec- 
ognized test procedure. 


Appendix A. Nomenclature 


Electrical quantities, voltage, current, 
power, reactance, and resistance, are in the 
unit system and are represented by symbols 
which .have already been generally recog- 
nized. Other quantities are, when neces- 
sary, defined adjacent to their initial use in 
the text, and all definitions are consolidated 
in this appendix. 


A=square wave value of armature-re- 
action ampere turns per pole 


maximum ordinate of fundamental 
flux-density wave 


A= 


maximum ordinate of actual 


flux-density wave _ 


in the air gap of a synchronous ma- 
chine when excited only from the 
rotor (saturation is neglected) 


maximum ordinate of fundamental 


4 flux-density wave 


“maximum ordinate of actual flux- 
density wave that would be produced 
by thesame magnetomotiveforceact- 
ing on a uniform gap equal to gmin 


in the air gap of a synchronous ma- 
chine when excited by sine wave of 
armature magnetomotive force in 
the quadrature axis (saturation is 
neglected) 
Cory = total fringing coefficient applied to 
2’ raz to obtain g yas 
Coyaq = total fringing coefficient applied to 
2" 7qq to obtain gygq 
é€=per unit armature terminal voltage 
E=particular value of per unit arma- 
ture terminal voltage 
€4=per unit direct-axis field excitation, 
neglecting saturation 
Eq=particular value of per unit direct- 
axis field excitation, neglecting 
saturation 
F'~ field ampere turns in the air gap re- 
quired to produce normal voltage in 
the armature on open circuit 
min =iron-to-iron air gap at the pole 
center when opposite an armature 
tooth 
2’ sag= apparent air gap seen by the maxi- 
mum ordinate of the fundamental 
direct-axis field flux-density wave, 
neglecting fringing phenomena 
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2yag=air gap seen by the maximum ordi- 
nate of the fundamental-direct-axis 
field flux-density wave including 
fringing phenomena 

=apparent air gap seen by the maxi- 
mum ordinate of the fundamental 
quadrature-axis armature flux-den- 

neglecting fringing 


/ 
£ faa 


sity wave, 
phenomena 


2yqa=air gap seen by the maximum 


ordinate of the fundamental quad- 


rature-axis armature flux-density 
wave, including fringing phenomena 
I,=particular value of per unit line 


current 
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Figure 1. Ratio of the maximum amplitudes of 

the fundamental component and the actual flux- 

density waves in the air gap of a synchronous 
machine excited only from the rotor 


Maximum value of actual flux-density wave = 
unity 
Maximum value of fundamental flux-density 
wave, A, =AXB 


GAP COEFFICIENT 
& 
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Figure 2. Aiir-gap fringing coefficient for the 

flux around a tooth of finite width and a slot 

of infinite depth as obtained by elliptic func- 
tion analysis 


Use the magnetic gap in place of the actual gap 
when the two differ 


P=per unit value of shaft power (unit™ 
power is numerically equal to base ~ 
kilovolt-amperes) 

P,=particular value of per unit shaft 
power i 

P,=synchronizing coefficient deter- 
mined by dividing the shaft power 
in kilowatts by the corresponding 
angular displacement in electrical } 
radians of the rotor from its zero 
shaft power position Soph 

Q=per unit value of reactive power 
(Unit reactive power is base kilo- 
volt-amperes) 

Q, = particular value of per unit reactive 
power 

Yq=per unit armature resistance 

x, = per unit armature leakage reactance 

Xq=per unit direct-axis synchronous 
reactance 

X%g=per unit quadrature-axis synchro- 
nous reactance 

Xaqg=Per unit quadrature-axis reactance 
of armature reaction 

x=per unit external reactance 

6=load angle in electrical degrees 
T, T,2=quantities defined in equations 20, 
22 and 25, respectively 


a Appendix B. The Calculation 


of x, 


The quadrature-axis synchronous react- 
ance x, is defined as the ratio of the funda- 
mental component of reactive armature volt- 
age, due to the fundamental quadrature-axis 
component of armature current to this com- 
ponent of current under steady-state condi- 
tions and at rated frequency. Usually the 
reactance is taken as the value correspond- 
ing to rated armature current. 

Alger’? divided this quantity into two 
parts, the reactance of armature reaction 
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Figure 3. Fundamental of the air-gap flux- 
density wave when a salient-pole synchronous 


machine is excited by only a sine-wave arma- — 


ture magnetomotive force whose axis is in 
quadrature with the pole center 


Maximum value of armature magnetomotive 
force =unity. Fundamental Aj, =AXB 
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Figure 4. Appearance of oscillogram, slip 
test for xq 


In practice slip must be the minimum possible 
and only a small fraction of that illustrated 


_ per unit applied armature voltage 


x 5 

z per unit armature current 

where both values are read from the quadra- 
ture-axis position 


Xqq, and the armature leakage reactance 2, 
and produced methods for the calculation of 
x). Wieseman,® by means of curves derived 
from flux plots, evaluated coefficients A; 
and A, which, for smooth air gaps, made 
possible the determination of the ratio of 
fundamental air-gap flux due to field 
magnetomotive force, Linville* showed how 
to use these coefficients to calculate gg. 
Both Wieseman’s presentation and Lin- 
ville’s employment of it were, as noted, 
based on smooth gaps. Kilgore? pointed out 
that an ‘“‘effective’ gap, not the actual 
measured gap at the pole center, must be 
used when slotted surfaces are considered, 
but a method of obtaining that effective 
gap and the employment of the result has 
not been presented. This, a step needed for 
the accurate calculation of x, is presented 
here. 

The problem can be approached most 
clearly by first considering the phenomena 
existing in the direct-axis air gap when the 
machine is excited only by the field winding. 
Next, the effect of quadrature excitation 
from the armature will be introduced, and 
finally the two effects will be considered 
jointly to produce an equation for xq. 

Assume, for the moment, that sufficient 
field excitation is applied to a smooth air 
gap to produce an actual flux-density wave 
whose maximum ordinate, at the pole center, 
isunity. Then from Figure 1, the amplitude 
of the maximum ordinate of the fundamental 
of that wave is A;. The air gap seen by the 
maximum ordinate of the actual flux- 
density wave is the iron-to-iron gap at the 
pole center gmin. Since both theactual and 
fundamental flux-density waves are created 
by the same magnetomotive force, their dif- 
ferent amplitudes indicate that the magnetic 
gaps seen by the actual and fundamental 
components are different. Since the ratio 
of the amplitude of the flux-density waves 
is A;, and the gap seen by the maximum 
ordinate of the actual wave is gmin, then 
the gap seen by the maximum ordinate of 
the fundamental wave is 


,__ &min 1 
SC aare (1) 
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Figure 5. Per unit armature current versus 
excitation at constant terminal voltage 


Carter has derived the relationship be- 
tween the magnetic gaps of two parallel 
smooth surfaces and one smooth and one 
slotted surface. His fringing coefficients, 
which also can be thought of as “equivalent 
gap ratios” are well known. Figure 2 shows 
this coefficient for stator slots over a range 
of parameters encountered in synchronous 
machines. Similar characteristics can be 
obtained for stator air ducts, rotor slots, 
and other discontinuities in the magnetic 
surfaces. When these fringing coefficients 
are applied to the fundamental gap, g’say, 
the relationship between the measured iron- 
to-iron minimum gap and the magnetic 
minimum. gap for the fundamental compo- 
nent of the actual flux wave can be approxi- 
mated closely. 

To use this approximation, the actual 
iron-to-iron minimum gap, gmin, is the start- 
ing point. g’say, the effective smooth gap 
for the direct-axis fundamental flux-density 
wave due to rotor excitation, is next found 
from equation 1. Then using g's, the 
fringing coefficient for the armature slots is 
found from Figure 2, and similarly, fringing 
coefficients for other magnetic discontinui- 
ties in the air gap are obtained. If the prod- 
uct of the several fringing coefficients for 
this condition is Coray, then the magnetic 
gap seen by the fundamental component 
of the direct-axis field-excited flux-density 
wave is 


grar=9par 8" paz 


le £min 

"aA i (2) 

Figure 3 shows the ratio between the 
maximum per unit amplitudes of the funda- 
mental component of the flux-density 
wave and the fundamental magnetomotive- 
force wave in the quadrature axis when the 
machine is excited only by a sine wave of 
armature magnetomotive force in the 
quadrature axis. If this identical unit 
magnetomotive-force wave that is applied 
to the complex smooth gap configuration 
of Figure 3 were applied to a constant- 
length smooth gap equal to gmin, then the 
fundamental component of the flux-density 
wave would be unity. Therefore, the ratio 
Aq is not only a ratio between a magneto- 
motive-force wave and a flux-density wave, 


2,00 0.01 002 003 Q04 005 006 
Figure 6. Plot of equation 22 


but may also be thought of as the ratio be- 
tween the fundamental component of quad- 
rature-axis armature flux and unit funda- 
mental armature flux, both of which are 
created by unit fundamental armature 
magnetomotive force. Hence, like A, it 
also is an inverse ratio of magnetic gap 
and the gap seen by the maximum ordinate 
of the fundamental quadrature-axis arma- 
ture flux is 


ee (3) 


pn 
§ soa = 4 
< qi 


If similar approximations are applied to 
2'~a as were applied to g'sar to get the 
appropriate fringing coefficients, the mag- 
netic gap seen by the fundamental com- 
ponent of quadrature axis armature flux is 


5 , 
Sfaa = Corea & yaa 


£min 
= Corea ae (4) 


Under the assumption of smooth air-gap 
surfaces and with the application of identical 
fringing coefficients to all methods of excita- 
tion, the relationships determining gq 
have been shown to be4 


=a (5) 


When the fringing coefficients are recognized 
to be different and dependent upon the 
method of excitation, as set forth here, this 
equation becomes 


_44 Ag Cosas 


ie (6) 
ae As Cina 
Also there is the relationship 
Xqg=X1+Xaq (7) 
Therefore 
4 A Aq Caray 

=x,+-——- 8 

Xq tr FA; eee ( ) 


Appendix C. The Slip Test For x, 


The slip test for x7 has already been pre- 
sented adequately in the technical press,® 
and so only a brief description is necessary. 
The machine to be tested is either coupled 
to a second machine or run with a free shaft 
and positive-sequence voltage applied to the 
terminals. The field winding is open-cir- 
cuited. The terminal voltage or shaft torque 
is then adjusted so that the reluctance 
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torque of the machine is overcome, causing 
the field to slip past the armature magneto- 
motive-force wave at a low value of slip. 
An oscillographic record of the armature 
current, terminal voltage, and induced 
field voltage, is then taken. Figure 4 illus- 
trates the appearance of such an oscillo- 
gram. 

The quadrature synchronous reactance 
equals the minimum ratio of the per unit 
armature voltage and current read from the 
oscillogram. The correct values of armature 
voltage and_current are obtained at those 
instances when the induced field voltage is 
at a positive or negative maximum. 

The slip method of measurement, using 
an oscillograph, has the advantage of 
measuring most clearly those quantities on 
which the definition of x, is based and of 
providing a permanent record of the quanti- 
ties read. It also has disadvantages. Since 
the terminal voltage applied must usually 
be approximately 20 per cent to 30 per cent 
of the rated voltage and must be adjusted 
accurately, a controllable low-voltage power 
supply is required. It is important that 
the slip be very small; otherwise in ma- 
chines having amortisseur windings, cur- 
rents will be induced in these windings, and 
the reactances read from the oscillogram 
will be low. Even under the most strictly 
controlled conditions the instantaneous slip 
of the rotor is usually a minimum when the 
stator magnetomotive force is passing 
through the quadrature axis, and hence a 
difference between the accuracies of xg and 
Ng, as read by the oscillogram, is inherent 
in the method. 

For these reasons the slip method is gen- 
erally limited to testing in the manufac- 
turer’s plant and is not broadly suitable for 
field work. 


Appendix D. Reluctance Torque 
Test For x, 


Kingsley! first suggested the reluctance- 
torque test for x, Neglecting losses, the 
power-angle equation of an ideal synchro- 
nous machine connected to an infinite bus 
is given by"? 


Cg €2(%a—2Xp) 


P= 


sin 6+ 
Xa oXgX¢ 


sin 26 (9) 
If the machine is operated as a reluctance 
motor, ¢g=0, and maximum synchronous 
power will occur when sin 26=1.0 (that is, 
6=45 degrees). Any change tending to 
increase 6 will cause loss of synchronism. 
By lowering the terminal voltage or in- 
creasing the shaft load, the machine may be 
made to pull out of synchronism. Knowing 
xq from other tests, and determining E and 
P, at the point at which loss of synchronism 
occurs, %, can be found from the relation 


Ex 


Xq = F*42P,x, ( 10) 


It can be shown that the effect of armature 
resistance is approximately taken into ac- 
count by the equation 


_ EX xat+2rq) 


* a4 Px, eb) 
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If P; is only the friction and windage of 
the machine, the drop-out voltage will be 
low (15 per cent to 25 per cent of normal), 
saturation will not be present, and core losses 
will be small. 

Errors in the measurement of the power, 
and particularly the pull-out voltage, are 
possible as the machine is unstable as this 
condition is approached. The magnitude of 
error in determining x, can be found from 
the following equation, which is derived from 
equation 10: 


dXxXq a de dP 
=(1 2 
XG Xq 6 ee 


Reactance external to the test machine 
causes pull-out at some angle less than 45 
degrees, and the calculated value of x, is 
too high. 

If x is the external reactance, the load 
angle at pull-out is found to be 


(12) 


$=arc tan 2 (va¥*) (13) 
eel Caiaes) 
The value of x, is then given by 
E(xq sin 26+2r,) (14) 


i amie ree E 
E? sin 26+2Pixq 


If the effects of armature resistance and 
external reactance are neglected, the error 
is given, very closely, by the relation 


Ax x 
Ae( 1) (1—sin 28) 


Xq Xq 


(15) 


The reluctance-torque test for x, has one 
advantage over the slip test, namely, that 
satisfactory readings are possible without 
the use of an oscillograph. It has many of 
the disadvantages of the slip test. Again a 
controllable low-voltage source is usually 
required, and tests are generally possible 
only on the manufacturer’s premises. In 
addition, shaft power must be known ac- 
curately. 


Appendix E. Negative-Excitation 
Test for x, 


The negative-excitation test for x, derives 
its name from the reversed polarity which 
is imposed on the field winding when the 
instruments are read and the necessity of 
recording this value. The machine to be 
tested is run as a synchronous motor, with 
a free shaft and with constant applied rated 
terminal voltage. The field current is 
initially adjusted to its value at the low 
point in the V-curve characteristic. It is 
then decreased to zero, causing an increase 
in line current, and, after reaching zero 
field current, the polarity of the applied exci- 
tation is reversed and fiéld current increased 
in the negative direction, causing a continu- 
ing increase in the armature current. See 
Figure 5. By applying small increments in 
field current as the maximum stable nega- 
tive field current is approached, the highest 
per unit value Zg of field current that can be 
obtained is found. Per unit shaft power, P,, 
at this point is also determined. If the per 
unit direct-axis synchronous reactance Xq is 
known from other tests, x, can then be 
found from the two readings taken. 

Neglecting losses and applying negative 
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Figure 8. Plot of equation 31 


excitation, the power-angle equation 9 
becomes 
e( —e e(xXqg—Xq) . 
i= o( = ea) sin 5 ota Ha) sin 26 (16) 
Xa 2XqXq 


When the machine is operating at its maxi- 
mum stable point, there is 


dP 
—=() 17 
F (17) 
and 
2 ey, 
red cos 6 af (a —*4) cos 26 (18) 
Xa XqgXq 
from which 
1.0+V 1+2r? 
é=are cos ———__——— (19) 
2r 
where 
BA * 
= (@ 10) (20) 
ea Xq ; 


Combining and simplifying equations 16, 
19 and 20 there results 


pay (21) 
xq 

where- 

en LY 104217 -3.0)8 


= 22) 
32(0/1.0 + 2F2—1.0) oe 


- 
Equation 22 is plotted in Figure 6. 
If test values of P(P=P1), egleg=Eq), 
e(e=E), and xg are substituted in equation 
21, there is ; : ‘ 
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and the quantity Tf can be evaluated by test. 
Figure 6 can then be used to evaluate I, 
and from equation 20 


(23) 


Test errors may occur in the determina- 
tion of Eg and P;. It can be shown that, if 
such errors do occur, the effect on xg can 
be evaluated from the relationship 


dxq Xq dP, dEq 
i Os —-+(1.0 —Q)— }(24 
: (10 “*\(0 aa VE, |” 
where 


_V1.0+2r?-3.0 
V/1.0+2F?+1.0 


The error function © is plotted against T 
in Figure 7 for the range of T usually en- 
countered. A study of this reveals that the 
value of x, so determined is more affected 


(25) 


by a test error in Hg than by a corresponding 


one in P). 

The negative-excitation test for x,, has 
an important advantage over both the slip 
and reluctance-torque methods of test in 
that a controllable low-line-voltage source 
is not required. Tests can be made on the 
user’s premises where rated line voltage is 
frequently the only source of power, but, as 
in the reluctance-torque test, shaft power 
must be known, and this introduces the 
problem of measuring it. 


Appendix F. Maximum-Lagging- 
Current Test for x, 


The maximum-lagging-current test for xg 
is made in exactly the same manner as the 
negative-excitation test discussed in Appen- 
dix E. With the machine operating with a 
free shaft and with constant terminal volt- 
age applied, the maximum stable per unit 
line current 4, corresponding to the maxi- 
mum stable negative excitation Eg, is 
found. x, can then be found from these 
line-voltage and line-current values. 

Neglecting losses and applying negative 
excitation as in Appendix E, the magnitude 
of negative excitation at the maximum 
stable operating point is, by solving equa- 
tion 18, found to be 


e(Xqg—%Xq) cos 26 
=e 26 
a Xq cos 6 ee) 


Figure 9. Terminal char- 
acteristics during a negative- 
excitation slip cycle 


The general reactive-power-angle equation 
of a synchronous machine connected to an 
infinite bus is 


eq e2 ee. 
Q=— cos 6—— cos? 6—— sin? 6 
Xa Xaq Xq 


(27) 


When negative excitation, as given in 
equation 26, is applied to equation 27, the 
maximum stable reactive power is 


e 5 
Q= Ree E -(1 -*) sin? | 
ey Xa 


In an ideal machine operating at no load 
with no losses, the load angle 5 and the 
active power P are both zero when maxi- 
mum reactive power is reached. 

For these conditions 


(28) 


FP 
Q= El= -—— (29) 
Xq 
and in magnitude 
= (30) 
ao 
a7 


In an actual machine, power must be de- 
veloped to overcome friction and windage, 
and the load angle at the maximum stable 
point cannot be zero. However, neglecting 
armature losses, it can be shown as follows 
that for the usual range of machine constants 
and friction and windage losses, these ef- 
fects produce negligible errors in equation 
30. 

If equation 26 is substituted in equation 9, 
the power P; with negative excitation and at 
the maximum stable point is 


_ EX¢a=%) 


| Xa%q 


Figure 8 is a plot of equation 31 showing 
the relationship between 6 and P,xq/H? over 
a range of machine constants. It can be 
seen from Figure 8 that at normal voltage 
and with usual values of xg and Pi, 6 may 
be as large as 20 degrees but probably will 
not exceed 15 degrees. If 5=20 degrees, and 
Xq/Xq=0.6, equation 28 gives a value for 
Q; which is 95.7 per cent of the maximum 
possible value given by equation 29. Hence, 
%q, as determined by equation 30, would be 


1 sin? 6 tan 6 (31) 


approximately five per cent high. The in- . 


clusion of armature losses will decrease this 
figure slightly. It is felt that this figure of 
five per cent is a reasonable maximum varia- 
tion between x, determined by this method 
and the correct value and that in most 
cases the error will be less than five per 
cent. Table I justifies this conclusion. 
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The terminal characteristics during a 
typical negative-excitation slip cycle have 
been recorded on oscillograms. Figure 9 
shows the envelopes of the terminal voltage 
and armature current and a trace of the 
field current during one of these cycles. 
Previous to time ¢=0, the machine was 
operating at the maximum-stable-armature- 
current point of Figure 5. At t=0 the field 
voltage was slightly increased, and the ma- 
chine became unstable and started to slip. 
As the slip increased, the armature current 
increased, reaching a maximum unstable 
value at t=11 seconds. As the unstable 
region was passed, the armature current 
fell until at t=16 seconds it was operating 
stably on the positive excitation side of the 
V curve of Figure 5. This phenomenon 
of rise and fall in current, when passing 
through the slip cycle, is readily apparent on 
test meters. The maximum stable current, 
not the maximum current during slipping, 
is used to determine yz. 

The maximum-lagging-current test for x, 
has a great advantage over all other test 
methods in that the instruments required 
are perfectly standard and widely available. 
The test is made at rated voltage, and shaft 
power is not required to calculate the results. 
It is by far the simplest of the methods 
presented. 
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Practical Calculation of Electrical Transients 


on Power Systems 


R. D. EVANS 


FELLOW AIEE 


Synopsis: Solution of many power-circuit 
problems depends upon the magnitude, dura- 
tion, and frequency of occurrence of tran- 
sient voltages and currents produced by cir- 
cuit changes. Circuit-opening or recovery- 
voltage transients are fundamental in the 
operation of interrupting devices and may be 
important from the standpoint of the dielec- 
tric strength of circuit elements. Circuit- 
closing transients may be important from 
the standpoint of inrush currents and oc- 
casionally from the standpoint of overvolt- 
ages. Both types of transients may be in- 
creased greatly if restriking and repetitive 
interruptions take place. 

Transient voltages and currents resulting 
from circuit changes can be calculated by 
the classical method with the aid of dif- 
ferential equations or by the Heaviside 
method, particularly with the aid of the 
expansion theorem, Transients on compli- 
cated power systems are most conveniently 
determined by the miniature-system method 
introduced by Evans and Monteith and de- 
scribed in their 1937 AIEE paper.‘ Ana- 
lytical methods are useful for simple prob- 
lems and are essential for those beyond the 
range of the a-c network calculator or when 
it is not available. Analytical methods are 
also necessary for determining the proper 
form of the equivalent networks for the 
representation of power systems on the a-c 
network calculator. .This circumstance 
provided the occasion for the particular in- 
vestigation for which the present paper is a 
partial report, 

This paper is devoted to the practical 
calculation of power-system transients and 
presents concepts, methods, and approxi- 
mations selected with that objective in view. 
The paper describes a method of calculation 
particularly adapted for engineering work. 

The scope of the present paper is limited 
to networks consisting of constant induct- 
ance and constant capacitance elements 
without loss. Consideration of such net- 
works facilitates the presentation of the sub- 
ject, and gives an adequate view of the 
phenomena involved. The presentation is 
from the standpoint of the electrical engineer 
who is accustomed to making steady-state 
calculations but who has not given the 
special study to the transient problem re- 
quired by the mathematical approach gener- 
ally used. 
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HE classical method of determining 

the transients produced by the appli- 
cation of voltage or current to a network 
is carried out by setting up a set of linear 
differential equations. The general solu- 
tion of the set of equations for the case of 
a suddenly applied voltage may be written 
as follows: 


1(t) =A,(t) +A) sin wt+ Ag sin wet... 
Ay, Sin wnt 


(1) 


In this equation, a, wW2 ... @, are the 
modes of oscillation of the network (24 X 
natural frequencies); Ay, Az... A, are 
the constants that define the amplitudes 
of the corresponding modes; and A,(f) 
is the term that defines the steady-state 
current and the nonoscillatory compo- 
nents of the transient current. The in- 
tegration constants A, A, can be 
determined from the boundary conditions 
in the usual manner. A corresponding 
equation may be written for. the voltages 
produced by the application of current 
to a network. 

The general solution of the transient 
problems in networks is readily accom- 
plished in a formal manner, but consider- 
able work remains before the numerical 
answers are obtained. Determination of 
the modes of oscillation, although re- 
quired by all methods (at least for princi- 
pal terms), involves considerable labor 
when the equations are of a high degree. 
Determination of the integration con- 
stants, while straightforward from a 
mathematical point of view, frequently 
offers considerable difficulty to engineers 
not accustomed to transient calculations. 
Because of the limitations of the classical 
method, the analytical work presented 
in this paper has been based on the Heavi- 
side expansion theorem. Before taking 
up the method of analysis described in 
this paper, it is desirable to discuss in 
some detail the general properties of no- 
loss networks. 


Properties of Networks 


The reactance and susceptance charac- 
teristics of networks are fundamental to 
the method of analysis described in this 
paper and so will be discussed first. The 
reactance properties are used when the 
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1 
or 


method is employed in solving circuit- // 


closing problems, whereas the susceptance 
properties are ‘used in circuit-opening 
problems. Accordingly, the discussion of 
networks is arranged in two parts, one for 
circuit-closing and the other for circuit- 
opening problems. 


All no-loss two-terminal networks con- 
sisting of fixed circuit elements are of four 
types, depending only on the reactances 
at zero and at infinite frequencies. The 
principal characteristics of these four 
types of networks are given in Table I. 
The network can be typed readily by con- 
sidering the character of the paths be- 
tween the driving-point terminals as 
shown in the table. For example, type I 
networks have no paths between ter- 
minals containing inductance or capaci- 
tance alone, that is, all paths contain both 
elements. Represeritative networks of 
the four types are-illustrated in the table. 
Angular velocity-reactance curves corre- 
sponding to the representative networks 
are also given in Table I. These curves 
are obtained by calculating the steady- 
state reactance as a function of angular 
velocity in the usual manner. 


The network-reactance curves are dis- 
continuous functions that start from nega- 
tive infinity and increase to zero or to 
positive infinity or that start at zero and 
increase to positive infinity. In other 
words, all reactance curves have positive 
slopes? throughout their continuous por- 
tions. The infinite-reactance points or 
points of discontinuity are termed 
“poles,” and the zero-reactance points 
are termed ‘‘zeros.’”” These definitions 
are in accordance with accepted termi- 
nology and are used in the subsequent dis- 
cussion of network characteristics. The 
“zeros” and “‘poles’’ at zero and at infinite 
frequencies are called ‘“‘external zeros”’ 
and “external poles” and the remaining 
ones are called “internal zeros” and “in- 
ternal poles.” As can be seen readily 
from the reactance curves of Table I, the 
external zeros and poles also define the 
network type; for example, the type I 
network has poles at zero and at infinite 
frequencies. The number of internal 
zeros that a network has is equal to the 
number of modes of oscillation; this num- 
ber is also equal to the maximum number 
of meshes containing both independent 
inductive and capacitive elements. 


Basic equivalent networks in a form 
convenient for circuit-closing transients 
are also included in Table I for each net- 
work type, In the basic networks there 
is one branch containing both LZ and C 


for each internal zero; in addition, there © 


are other branches containing only LZ or 
only, C as required to correspond to the . 
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external zeros. A branch containing L 
alone is required when the network has a 
zero at zero frequency and a branch con- 
taining C alone is required when the net- 
work has a zero at infinite frequency. 
Thus a network of type IV, having zeros 
at zero and at infinite frequencies, re- 
quires one branch with L alone and one 
‘branch with C alone. 

All no-loss two-terminal networks can 
also be classified according to the network 
susceptance at zero and infinite frequen- 
cies, as shown in Table II. The repre- 
sentative networks in Table II are identi- 
cal to the corresponding types in Table I. 
The angular velocity-susceptance curves 
are included in the table for each network 
type. Basic equivalent networks of the 
form convenient for circuit-opening tran- 
sients are also included in Table II. 


Method of Zeros and Slopes 


As the method of analysis to be de- 
scribed depends upon the zeros and slopes 
of the reactance (or susceptance) curves 
for the networks, it is referred to as the 
method of ‘zeros and slopes.’’ The 
method is described under two headings: 


(a). Unit voltage applied. 
(6). Unit current applied. 


The method will be extended for the 
application of a-c voltages and currents 
in a later section. 


(a). Unir VoLTacGe APPLIED 


The response of a network to a suddenly 
applied unit voltage is given by the Heavi- 
side expansion theorem as follows: 


Kean poxt 


i(t) =i(t) + Do pa) TEES (2) 


In this form of the expansion theorem, 
the function 7,(¢) defines the steady-state 
network solution and that part of the 
transient solution determined by the ex- 
‘ternal zeros. The term Z’(f) is the first 
derivative of Z(p) with respect to p, 
where Z(p) is the impedance function of 
the network as viewed from the driving 
point. The summation indicates that 
there are as many terms in the transient 
solution (neglecting the 7,(¢) term) as 
there are roots of the equation Z(p)=0. 
The quantity p, is a general expression 
for the roots of Z(p) =0. 

It is shown in the appendix that when 
restricted to no-loss networks, equation 2 
can be written in the following approxi- 
mate form: ; 


* i(t) =1,(t) +A, sin ot +A, sin wot+ " 
... tA, sin w,t (3) 
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Table |. Classification of Networks for Circuit-Closing Transients 
Paths 
X at X at 
Type w= o 0 C Alone L Alone 
AN GScvcrever-taiane tntarets\ a a None 
NONE, a asa .At least one 
At least one .... ..None 


At least one.... .. At least one 


Typical 
Networks 


Typical Basic 
Reactance Equivalent 
Curves Networks 


where 
2 2 2 
A,= c+ Ags Riel A 
: Axi AX meer, 2 
(8) aa! os — On 
Ao, Awe Aen, 


The i,(¢) term defines the steady-state 
current and the components of the tran- 
sient current corresponding to the external 
zeros. This term is given in Table III 


’ for each type of network. The term t/L, 


defines a current starting at zero and in- 
creasing directly with time to an infinite 


t 
value at t= oo, The term [<| de- 
t=0 


oO 
fines a current having an infinite magni- 


tude at t=0 and equal to zero thereafter, 
such as instantly to bring the charge on 
the capacitance to the applied voltage. 
The quantity L, is defined as the equiva- 
lent inductance between driving-point 
terminals with all capacitances open- 
circuited, and C, is the equivalent capaci- 
tance with all inductances open-circuited. 

In equation 3, a, We, ... @, are the 
values of angular velocity corresponding 
to zero reactance between the driving- 


AX AX AX 
point terminals, nd, Sarai 
Aw, Aw, AQ, 


the slopes of the angular velocity-react- 
ance curve at the corresponding values of 
angular velocity. This relation shows 
that the response of a no-loss network can 
be determined from the steady-state re- 


are 


actance characteristics of the network. ’ 
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An approximate solution can, therefore, 
be obtained by calculating the angular 
velocity-reactance curve and then deter- 
mining the slopes of the curve at or near 
the zeros. This procedure is illustrated 
in Figure 1 for a relatively simple circuit. 
It should be noted that it is not necessary 
to obtain the complete curve but only 
those parts in the vicinity of the zeros. 
The number of points that must be calcu- 
lated will depend upon the accuracy de- 
sired and on the ability of the operator to 
estimate the zeros. The accuracy of the 
solution will depend entirely on the accu- 
racy with which the zeros and slopes are 
evaluated. 


(b). Unir CurrENT APPLIED 


The problem of calculating the tran- 
sient voltage following the opening of a 
circuit can be analyzed in terms of the 
original current and a suddenly applied 
equal and opposite current.* The super- 
position of these two currents reduces the 
total current to zero, which is equivalent 
to opening the circuit. Thus, the first 
step is to calculate the network response 
to unit current. 

The response of a network to a suddenly 
applied unit current can also be written in 
a form similar to equation 3. 


e(t)=e,(t)+Ag sin peice sin wyt-+ 
+A Sin wnt (4) 


* Page 306 of reference L. 


TRANSACTIONS 691 


Table Il. Classification of Networks for Circuit-Opening Transients 
———————EEE_Ee <2 
Paths 
B at B at = as AST er 

Type Om oO o=0 C Alone L Alone 
Ly riricg. see otc eee Oe icin. ol wae are sera OF hare aes NOME! iirc ny Gaia None 

Tle cares ee Des UsTel pr ne Oey aif NODE Gaerne tar eee At least one 
1) Re SaaS Aa Sere eee ce Dive cictehoaltanrae At leagt. ONCi ss oaa nce oir. None 

IV, 5 aaa led Be rin Cea Tea DES Pov dung Werte At least ONG: . 56. cccrnes At least one 

‘ Typical Basic 
Typical Susceptance Equivalent 
Networks Curves Networks 


r ee T USO +B) | 
| 
Iv - = : ° i 
LI 1 
i \ 
bs -6 I 
where 
2 2 2 

A ; Ay= oe An = 
a AB , b AB s m AB 
w yo 
£ Awa > hwy i Awm, 


The ¢,(t) term defines the steady-state 
voltage and the components of the tran- 
sient voltage corresponding to the ex 
This term is given in Table 
The term 


ternal zeros, 
III for each type of network, 
1/C, defines a voltage starting at zero and 
inereasing directly with time to an infinite 


thy 
value at f= o, The term | i de- 
blero 


fines a voltage having an infinite magni- 
tude at t= (0 and equal to zero thereafter, 
The quantity C, is the equivalent capacti- 


Table Ill 
Network 
Type | in(t) eo(t) 
ya Sie Mk ae Olean aie [2] ab t 
t jt—=0 Cy 


La=Vquivalent L Aeterminad with all C's shore: 
clreulted 
Lo=Vquivalent L determined with all C’a open- 
clreuited 
Cos Waquivalent C determined with all L's open- 
clrenited 
Cy= Vquivalent C determined with all L's short- 
elreuited 
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tance between driving-point terminals 
with all inductances short-circuited, and 
L, is the equivalent inductance with all 
capacitances short-circuited. , 

In equation (4), wg, Wp, ... @, are the 
values of angular velocity resulting in 
zero susceptance between driving-point 


AB AB AB 
terminals, and ——, —— oo 
Aw, Awy, AW yy, 


ined of the angular velocity-susceptance 
curve at the corresponding points, The 
response of a no-loss network to unit 
current can, therefore, be obtained in a 
manner similar to that illustrated for the 
response to unit voltage. However, in 
this case the steady-state susceptance 
characteristics of the network are used 
instead of the reactance characteristics. 


are the 


Equivalent Networks 


livery network can be reduced to an 
equivalent network** of either the shunt 
or series forms, illustrated in Figure 2. 
The basic equivalent network of the shunt 
form is advantageous for cirquit-closing 
transients because of the lack of coupling 
between branches for this type of circuit 
change, Similarly, the basic equivalent 
network of the series form is advantageous 
for circuit-opening transients. These 
equivalent networks are helpful in visual- 
izing the properties of networks and in in- 
lerpreting the equations of transient re- 
sponse, Furthermore, the replacement 
of a given complicated network by the 
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simplest equivalent network of a given 
form is advantageous under many cir- 
cumstances for calculation by analytical 
or a-c network calculator methods. 


(a). Crrcurr-CLosInG TRANSIENTS 


The basic equivalent network in the 
shunt form of Table I can be derived from 
the network response to unit voltage as 
given by equation 3. For convenience 
this equation has been rewritten with the 
i,(t) term expanded as given in Table IIT: 


a Ws 
i(t) -$ +9] 44 sin wt+ 


Aosinawet... An Sin wnt (5a) 
1% + in wit+ 
sin 
doa E Vso xX i 
Oy 
Aw) 
2 2 
aes sin wot x sin w,t (5b) 
18>), Hipemeates Wn 
Aas Aen, 


The basic equivalent network of the 
shunt form is illustrated in Figure 2a. 
Bach branch of this equivalent network 
corresponds to one term of the network 
solution given by equation 5. The L, 
and C, branches correspond, respectively, 
to an equivalent inductance or an equiva- 
lent capacitance in parallel with the driv- 
ing-point terminals, as defined in Table 
III. As the response of a simple series 


LC circuit to unit voltage is \° sin wh, 


1 


where w=—>==, equation 5 can be 
A/LE 


written in the following form: 


ih Fhe Ge Cc 
ee Es = t 
a(t) al P |.+¥2 sin wt+ 
e 
\ sil ot (6) 


where 


1 1 1 
Coe ND Tat Mo Waly ae oO Ae 


By equating the coefficients of equa- 


tions 5a and 6, the remaining circuit ele- 
ments of the equivalent network can bg 
determined as follows: 


A A 
Q=—; Q+ , Ch 
Gy Wo 
1 1 
Df reed Op p 
; wy Ay . wAg 


+X 


I Figure 1. Angular velocity- 
a || reactance curve for illustrating ry L 
|| method of zeros and slopes ‘ 
H | | re 7 
| | NETWORK-A NETWORK-8 
/ _ 
| nk 
| 
| 
| 


| 
| Ax 
PE= 
: ; SLOPE Awe 
Nae are 08, 
if 
|| Exl.o G Cp 
~X \I 


(a) SHUNT FORM 


i) Lb 


Cag Cp 
(b) SERIES FORM 


By equating the coefficients of equa- 
tions 5b and 6, the circuit elements of the 
equivalent network can be stated directly 
in terms of the zeros and slopes: 


SPS ee 
hee, AX Tie ax: 
Cia, Wo 
Aa, Aws 
Ve 
Van7 ax 
Awn 
1 uF 
oO) = 5 @o= 
MEN E.C,. VEC, i 
1 
oy 
2 ‘ NI Tos Ce 
1 AX 1 AX 1 AX 
Clo co ==: ab te 
Oy 2 Awe 2 Aw, 
1 al 1 
is Sea 
: on2Dy’ w2?L,” . On? Ln 
(8) 


These relations show that the circuit 
elements of the equivalent network can 
be determined directly from the angular 
velocity-reactance curves. This is 
graphically illustrated in Figure 3 for a 
simple two-mesh network. The react- 
ance curves are shown for the original 
network and for each branch of the 
equivalent network. As the two net- 
works are equivalent the reactance of net- 
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Lm 
oS Figure 2 (left). Basic 
equivalent networks 
Cm in the shunt and 


series forms 


work A is equal to the reactance of net- 
work B, which, of course, is equal to the 
parallel of the reactances of the individual 
branches. Each zero for the reactance of 
the total network occurs at the zero for a 
component branch and the corresponding 
slopes at these zeros are identical. This 
results from the fact that at the zero for 


Figure 3. Angular veloc- 

ity-reactance curves for 

illustrating the method of 

determining the equiva- 
lent network 


—_— — Reactance curves 
for network A 
Reactance curves 
for component branches of 
equivalent network B 


the corresponding zero and slope, This 
same reasoning can be extended to any 


number of branches. 


(b). 

The basic equivalent network in the 
series form of Table II can readily be de- 
rived from equation 4 for the response to 
unit current applied. For convenience 
this equation has been rewritten with the 
e,(t) term expanded as given in Table IIT: 


t Ls ; 
e(t) =— oF ‘| + Ag sin wal + 
C; Gel ie 


CircurIt-OPENING TRANSIENTS 


A» sim opt... +A Sin wmt (9a) 
one branch the reactance of the other ; ; - ii nb 
branch becomes negligibly high in com- = [2] +- Sa sin wal + 
parison with the branch under considera- Cy Lt emo ®—— 
tion. Thus, for each internal zero of the neh 
, > ees : 5) by 
angular velocity-reactance curve there is Set eae sin cpt > (9b) 
an equivalent shunt branch containing L AB B 

‘ . Wy = w 
and C, the values of which are defined by ® Aw, Waren 
Table IV. Unit Voltage Applied 
(1) (2) (3) (4) (5) (6) (7) (8) (9) x 
@ wL2 1/aCs (2) +(3) 1/(4) wCi (5)+(6) 1/(7) oli (8) +(9) 
; wLOS4 15 410% acetone 
2,701. ..2,701... —3,702.3...—1,001.3... 9.987...27.01,. .86.997;..—270.29.,.270.1... —0.19 
2,702. . .2,702...—3,700.9... —998.9...10.011...27.02...87.031.., —270.04,..270.2... +0.16 
3,701. ..3,701...—2,701.9...° —999.1...10.009...37.01...27.001:,.—370.35.,.870.1...—0.25 
3,702. . 3,702, .. —2,701.2..,—1,000.8... 9.992...37.02...27.028.., —369.98...370.2...+0.22 
wi = 2,701 w2 =3,701 t=O ly Le 

Awi=1.0 Aw: =1.0 

AX =0.19 +0,16 =0.35 AX =0.47 jm 

AX AX 

——=0/35 > = 0,47 

Aoi Aw BxliOnis? Cc, Co 
— _=0.00212 —2. =0,00115 

AX AX 
Wie Oa s——-* 

Awi Aw. L,=0.1H Le=lOH 
i(t) =0.00212 sin 2,7014+-0.00115 sin 3,701¢ C)=1.OAF C2=0.1 ALF 
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Table V. Unit Voltage PpPlied 


= <== — 


AX 
3) x Aw 
3,013) creeenns sitar —0.17 
301455 seni SEO 203 ark lars seers 0.20 
33100 i canoe +4,073 
BS; 20026 ieee +1,969 
338,179 te eee ee —191 
33,180) bee aa Sth eee Meret ccty fan 1 252 
i(t) =0.00°?° <n 3,014 +0.00000024 sin 33,179% 
tz0 Ly Loe 
| e. i(t) | | 
seer vas 
Ly=0.1H L2=0.01H 
C,= |LOUF Ca=O.1 stF 


The basic equivalent network of the series 
form is illustrated in Figure 2b. Each 
branch of this equivalent network corre- 
sponds to one term of the network solu- 
tion given by equation 9. The L, and C, 
branches correspond to an equivalent 
inductance or an equivalent capacitance 
in series with the driving point, as defined 
in Table III. As the response of a simple 
parallel LC circuit to unit current is equal 


ia 1 
to @/— sin wt, where w = —5—, equation 
\" NEC oS 


9 can be written in the following form: 


(t) {4 +2 in wet+ 
e(t) =— crag = 
a apes C, SIN wg 
ie ee 

\" sin wf... C, sin wmt (10) 
where 

1 1 1 
oq= 5 Oy = Sj Om = 

WV Lal A) Ta Nj TaC,, 


By equating the coefficients of equa- 
tions 9a and 10, the remaining circuit ele- 


ments of the equivalent network can be 
determined as follows: 


(11) 


By equating coefficients of equations 9d 
and 10, the circuit elements of equivalent 
networks can be stated directly in terms 
of the zeros and slopes: 


Fi Se Weems 
G nae AB’ Cyt B AB 
a 6 
Aw, Aw, 
Lae 2 
ea = AB 
Wm ~ 
Aw 
1 1 
= - w= — 
A BO PP) Tl, 
1 
Om = 
A SG 
1 AB 1 AB 1 AB 
Coe 3 as i. Cues 
2 Aw, 2 Awy 2 Awyn, 
L. 1 Sie ee! 
rAd OY OR Ree tee J 
(12) 


In the preceding discussion the basic 


’ equivalent networks have been derived 


from network-response equations based 
on the Heaviside expansion theorem. 
By postulating that every network can be 


Table VI. Alternating Current Applied 
(1) (2) (3) (4) (5) (6) (7) B 
wo wLr 1/wC2 (2) + (3) 1/(4) wC1 1/wli (5) + (6) + (7) 
210 F4t cee ae, Oss or x10 
ZMOL sm TOL, went Oy FOF OO. =a OU Ones. 9 O87 Fe ai a damien —olter Ono naoee —0.026 
2,702. .'. .2,702....—3,700.96.... —998)'962 J... LLOUOME 2272027530 — oe O0Gne as +0.021 
By(OLieg witd, Ol oie TOL OT) ae 99903... —~LO:009=.. (870126 wy. — 272 0108-245 —0.018 
9,702) «18,702 0, «5 —2)701 248... 1,000.80,.... —9.992....87.02....—27.012..... +0.016 
OU caetiate 377... . — 26,500 -» — 26,100 0.383 Bo Dia kiloae te == LOO ae Sahat —261 
a =2,701 wb =3,701 
B 
=0.047x10-* 4B _o 034x104 
Oa Ll; Lo 
Aqg=157 Apy=159 ' 
100 
Fault current = - cos 3771 e(t) 
537.7 100 COS 377+ C Ce 
=2.65 cos (s771-") oe | 
I(t) =2.65 cos (3171-7) py baat bane 
2 C)21.0MF ° Co O.1ME 


2.65 
—j0.0261 
e(t) =102 cos 377t—59 cos 2,701t—44 cos 3,7014 


Steady-state component of e(t) = 


cos (s77-2) = 102 cos 377 
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reduced to one of the basic {oe of 


We 


equivalent circuits, it is possible to derive _ 


the network response equations 3 and 4 
without the use of the expansion theorem. 
Thus, the equivalent circuits provide not 
only a means of visualizing the network 


response but also the basis for an alterna-_ 


tive derivation of the response equations. 


Alternating Voltages and Currents 
Applied 


The response of a network to alternat- 
ing voltages or currents can be obtained 
from the response to unit voltage or cur- 
rent by superposition, or from the basic 
equivalent networks. The equations re- 
lating the alternating and unit-function 
responses have been derived and are in- 
cluded here for reference. 


(a). 
Let 


i(t) -i+|% is + Ax sin on 


be the network response to unit voltage. 
The response of the network to the sudden 
application of the voltage E(t)=E cos 
(w,t+) is then defined by the following 
equation: 


ALTERNATING VOLTAGE APPLIED 


U(t) = z in (wot +9) = 
u(t) = ree at +o on 


ze sin (wgt+¢)+ 


(= cos *) } ; 
t i=0. 


sin oft 


Wo . 2 
— sin ¢ cos aa 
OK I 


(13) 


Each of the bracketed terms in the pre- 
ceding equation is the a-c solution corre- 
sponding to one term in the unit voltage 
response equation or for one branch of the 


OG i 


equivalent network. The first term in — 


each bracket is a component of the steady- 


state response of the network, whereas 


the second term is in each case a transient | 
response. In many cases less work is in- 


volved in determining the steady-state aby 
response directly frem the network react-_ 


ance atw=w,. If this reactance is equal — 
to X(jw,), then the steady-state response 
is equal to Z 


Me) Cos (wet+¢) 


< 
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e 


ciniashetbislagen desess oho ACE Te 


le nese, 


aa 


aoe ee ee ee ee 8 Ee 
acs oat ai . 
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(b).. ALTERNATING CURRENT APPLIED 
Let 


e(t)= 1g +|*"| ey A, sin oe 

Cs ftt=0 7 
be the response for unit current applied. 
The network response to the current 
I(t) =I cos (wt+¢) is then defined by the 
following relations: 


eats J hee 
e(t) | sin (wel-+¢) Tae, sin o|+ 


IL, 
| - BPD, sin (+0) 4( Pies os) } 
rey 


W90,A k 


k=n : 
Ld, figgmedr RR 


k=n 


Tk Die Soe (cos sin wt + 


Gout —w 
Wo . 
— sin ¢ Cos a; 
Oe 


(14) 


Each of the bracketed terms in the 
preceding equation is the a-c solution 
corresponding to one term of the response 
equation for unit current applied, or for 
one branch of the equivalent network. 
The first term in each bracket is the 
steady-state response, and the second 
term is the transient response. The 
steady-state response can also be obtained 
from the network admittance for w=a,. 
If this admittance is represented by 
B(jw,), the steady-state response is equal 
to 


B(joxo) cos (wot +¢) 


One special case of the foregoing solu- 
tion is of general interest, the case where 
the applied current is equal to J sin w= I 
cos (w t— 1/2): 


E I 
j=] — ow, 
ae | Wo Cy sk te |e 


| tant, cos wa |+ 
; k=n + (15) 


WyWprA 
Tyee COS wot — 
eo (eon? —o ) 


=n 
KAR k 
ry COS wrt 


ice 1 («,? — cop?) Wp") 
Illustrative Examples 


The method of analysis just described 
is illustrated in Table IV for a relatively 
simple circuit. The problem in this case 
is to find an analytical expression for the 
current in the inductance LZ; when unit 
voltage is suddenly applied to the driving- 
point terminals. The zeros are first 
located approximately by rough slide-rule 
calculations, preferably using a plot of 


the reactance curve as a guide. The re- 
actance of the circuit, as viewed from the 
driving point, is calculated by combining 
the reactance of the individual branches 
as illustrated in the table. It should be 
noted that it is not necessary to obtain 
the complete reactance curve but only 
those parts of the curve in the vicinity of 
zero reactance. Only two points near 
each zero are included in the illustration, 
these points having been arrived at after 
other preliminary points were obtained. 
The reactance curves need not be plotted 
except as a guide; all necessary informa- 
tion is included in the tabulated data. In 
this example Aw was taken as one radian 
per second in order to obtain an accurate 
evaluation of AX/Aw. The angular 
velocity increment to use in any par- 
ticular case depends upon the network 
characteristics and upon the accuracy 
desired. It should be stressed that the 
reactance calculations should be carried 
out to a high degree of accuracy if a 
high degree of accuracy is desired in the 
final network response. However, if 
practical engineering accuracy is sufficient 
then less accuracy is required in calcu- 
lating the reactances. 

After the zeros and slopes are obtained 
the response is calculated by substituting 
these values in equation 3. As the net- 
work considered in this example is of 
type I, z,(z) is equal to zero and so the com- 
plete response is as given at the bottom 
of Table IV. 

The accuracy of the method can readily 
be checked by noting the initial condi- 
tions. At #=0, the voltage across C, is 
zero, so the applied unit voltage must be 


ee uld 


ditt 
consumed across /,, that is, Ly 


be equal to unity at /=0. For Table IV, 
the check gives 
ditt 
1 ~0.1(2,701 0.002124 
3,701 X0.00115) =0.998 at t=0 


which is accurate to within 0.2 of one per 
cent, | 

In \the general case the calculated re- 
sponses for networks of types I and II are 


di(t) 


checked by noting that L,— ne “=1.0 a 


t=0, assuming unit voltage applied, where 
L, is the equivalent inductance between 
the driving-point terminals with all ca- 
pacitances short-circuited. 

In special cases some difficulty may be 
experienced in locating the zeros. For 
example, the reactance of the network in 
Table V was calculated at w= 33,100 and 
33,200 and the resulting reactances were 
both positive and decreasing in magni- 
tude. These results incorrectly may be 
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assumed to indicate that a zero would be 
present at some higher angular velocity, 
whereas the zero is actually between these 
values of angular velocity. When such 
cases are encountered much time is 
usually required to locate the zero. 
However, when the zeros are hard to 
locate, the slope of the reactance curve is 
large and as a result the transient current 
corresponding to the zero may be an un- 
important component of the network re- 
sponse. In Table V the second compo- 
nent of current is only 0.00723 per cent of 
the first component and so is insignificant. 
This situation could have been predicted 
by checking the first component of current 
with the initial conditions. Neglecting 
the second term, 


Ls 
; =0.1(0.00332) (3,014) =1.0 at t=0 


which satisfies the boundary conditions. 
It is very helpful to make these checks for 
each component as soon as it is obtained, 
in order to obtain not only a check on the 
integrity of the calculation but also a con- 
tinuous indication of the relative impor- 
tance of the remaining terms of the solu- 
tion. 

The problem of calculating the tran- 
sient voltage following the sudden opening 
of a switch can be treated in terms of a 
suddenly applied current. Considering 
the network in Table VI, the current flow- 
ing in the closed switch is equal to +2.65 
sin 377#. The current in the switch can 
be reduced to zero, which is equivalent to 
opening the switch, by inserting a current 
+2.65 sin 377¢ in a direction opposite to 
the initial current. In making the calcu- 
lations with the method of zeros and 
slopes, the response to unit current is first 
obtained, as illustrated in Table VI, by 
determining the zeros and slopes of the 
susceptance curves. The response to the 
current +2.65 sin 377¢ is then found by 
using the relations given in part } of the 
preceding section. The steady-state 
component of the recovery voltage was 
found by first calculating the network 
susceptance at w=377. 


Extensions of the Method 


In the paper the calculating procedure 
has been illustrated only for the zeros and 
slopes derived from the constants of the 
networks. However, it is possible and 
sometimes convenient to form the ana- 
lytical expression for the impedance (or 
admittance) function and its derivative 
and to use the first or both of these to 
determine the zeros and slopes. The 
method of analysis and calculating pro- 
cedure have been discussed only for prob- 
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lems involving driving-point functions. 
However, they are also applicable to prob- 
lems involving transfer functions, for 
example, the determination of current in 
a particular branch of a network resulting 
from the application of potential to the 
driving-point terminals. The procedure 
is the same except that for the latter case 
the zeros and slopes are obtained from the 
transfer function instead of the driving- 
point function. Angular velocity-react- 
ance (or susceptance) curves, derived 
from measurements on a miniature-sys- 
tem setup or even from an actual system 
instead of from calculated data as de- 
scribed in the paper, can be used for the 
determination of zeros and slopes. 


Appendix 


The response of a network to a suddenly 
applied unit voltage is given by the Heavi- 
side expansion theorem as follows: 


k =2n 


L(t) =19(t) + 1 
MOS ae oS 


In this form of the expansion theorem the 
function 7,(¢t) defines the steady-state net- 
work solution and that part of the transient 
solution determined by the external zeros. 
Referring to the second term, Z(p) is the 
impedance function of the network as 
viewed from the driving point and Z’(p) is 
the first derivative of the impedance func- 
tion with respect to p. The summation 
indicates that there are as many terms in 
the transient solution (neglecting the i,(t) 
term) as there are roots of the equation 
Z(p)=0. The quantity p;, is a general 
expression for the roots of Z(p) = 

In a no-loss network the roots of Z(p) = 
are pure imaginaries appearing in conjugate 
pairs and so can be represented by p= +jw. 
It should also be noted that in no-loss net- 
work Z’(jux) =Z'(—jux). Substituting 
these relations into the expansion theorem 
reduces equation 1 to 

k=n elon’ 

a(t) =i,(t SS 
AMOS Lil’ Gay) 

k=n elon! 

fj IOKZ"(jux) 


This form of the theorem can then be con- 
verted to the trigonometric form, remember- 
ing that 


4! _ p-Jot 
i —— = sin ut, 
k=n 
a(t) =i,(t)+ ») ———— sin w,t 3 
: er ‘Gay (3) 


Inano-loss network Z(jw) is recognized as 
the alternating-current reactance of the net- 
work as measured at the driving point, and 
We=W},W2....n are the angular velocities 
that give zero reactance. The term 
Z'(jw) is, therefore, the slope of the re- 
actance curve plotted as a function of ju, 
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The Cause and Control of Some Types 


of Switching Surges 


T. W. SCHROEDER 


ASSOCIATE AIEE 


MONG the several causes other than 
lightning which can result in power- 
system overvoltages, switching surges 
rank high in importance. In the past the 
magnitudes of switching surges have been 
considered on a statistical basis, but the 
need for frequent switching operations 
naturally led to their study and to analy- 
ses of their causes and magnitudes. 
Switching surges are transient over- 
voltages caused by closing or opening a 
circuit and can vary in magnitude and 
duration over wide ranges. As con- 
trasted with lightning surges which are 


~ generally impulsive and unidirectional in 


character, switching surges are oscillatory 
in nature, of frequency anywhere from 
very high to fundamental or subharmonic 
frequency, and of duration from a small 
portion of a cycle to a relatively long time 
which may be governed by the time be- 
tween the opening or closing of successive 
phases on a three-phase system. Where 
steepness of voltage wave front is a con- 
sideration, it should be recognized that 
surges caused by switching on certain 
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circuits may have wave fronts steeper than 
the ordinary lightning surge. 

Switching in circuits supplying un- 
grounded transformer banks can result 
in high voltages during the switching 
period if the interval between closing or 
opening the first and last phase in a three- 
phase system is long enough for the inter- 
mediate steady-state voltage conditions 
to be attained. This condition may ob- 
tain .during single-phase switching on a 
three-phase system, or when one or two 
conductors are open by virtue of con- 
ductor breaks or blown fuses. The volt- 
ages obtained under these conditions have 
been studied and reported! for a wide 
range of constants. The principal con- 
stants which apply are the transformer 
magnetizing reactance, the system capaci- 
tance between the switch and the trans- 
former, and the degree of transformer 
saturation. This paper in general, will, 
consider over-voltages other than these, 
which occur even with reasonably simul- 
taneous action of the switches in the three 
poles. Primary consideration will be given 
to transient voltages caused by normal 
rather than fault switching operations. 


Conclusions Drawn 


Some of the conclusions which may be 
drawn from the analyses and discussion 
are as follows: 


’ 


1. When a switch on an unfaulted power 
system is being closed, transient voltages as 


and Z’(jw,) is the slope at w=a,. It be- 
comes apparent, therefore, that the con- 
stants of integration, or the coefficients of the 
series of sine functions, depend only on the 
angular velocities resulting in zero reactance, 
and on the slope of the reactance curve aE 
these corresponding velocities. 

In making numerical computations, equa- 
tion 3 is more useful in its approximate form, 


k=n 


i()=i()+), 


are es 


sin wyt (4) 
= 


or with alternative notation, 


i(t) =%9(t) +A, sin ayt+Ao sin wot + opiate 
An sin wrt (5) 
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sata, AKG * AX / Lee 
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high as nearly twice normal line-to-neutral 
voltage may be obtained. This assumes that 
closing of the three poles of the switch is 
reasonably simultaneous, as would be true 
of the ordinary circuit breaker. 


2. Transformer windings can be very ef- 
fective in discharging the stored energy of a 
capacitive circuit being opened and thus 
reduce the possibility and magnitude of re- 
sttiking overvoltages. 

If the breaker is connected to the line, 
cable, or capacitor bank through a delta-— 
wye-grounded transformer bank as shown 
in Figure 3B, the overvoltage under restrik- 
ing conditions will be limited to less than 
twice normal line-to-ground voltage if the 
transformer has a kilovolt-ampere rating 
equal to or greater than the charging kilo- 
volt-amperes of the capacitive circuit. 
Simultaneous clearing of the three phases is 
not required for this statement to hold true. 

Where switching is done at line voltage, 
transformer windings switched with the line, 
as shown in Figure 3A, are also effective if 
the ratio of the capacitive reactance being 
switched to the transformer magnetizing 
reactance, both on a line-to-neutral basis 
(this may be considered the ratio of trans- 
former magnetizing kilovolt-amperes to 
capacitance kilovolt-amperes), falls between 
the approximate limits of 0.0012 and 0.02 
or 0.45 and o. In the region between 0.02 
and 0.45, reasonably simultaneous opening 
of the three phases is essential to keeping 
the switching surge voltages low. 


3. The prevention of overvoltages of harm- 
ful magnitudes, which may occur in certain 
limited fields on account of the forcing of 
the current zero by the circuit breaker on 
interrupting, may be accomplished by the 
use of shunt capacitors. The minimum ca- 
pacitor kilovolt-ampere value for satisfac- 
tory performance depends upon the charac- 
teristics of the circuit, and the breaker, and 
the allowable overvoltage magnitude. 

It is not intended to convey the impression 
that in every case of switching capacitive 
circuits or of switching magnetizing cur- 
rents, special means need be used to prevent 
serious switching surge overvoltage. Al- 
though restriking may occur while opening 
capacitive circuits, such restriking will not 
necessarily produce overvoltages serious 
from the standpoint of circuit and apparatus 
insulation, particularly where adequate 
lightning-arrester protection is employed. 
This also is true of overvoltages produced 
by off-zero magnetizing-current interrup- 
tion. 


Switch-Closing Overvoltages 


When an unenergized circuit is sud- 
denly connected to an energized one, a 
voltage oscillation of twice (neglecting 
damping caused by losses) the voltage 


difference between them at the instant — 


before closing occurs immediately follow- 
ing the closing operation. The reason 
for this is the presence of system capaci- 
tance, and it may be illustrated by Fig- 
ure 1A which shows a one-line diagram 
of a system, a switch, and a capacitor. 
Assuming that the switch is closed at the 
peak of the generated voltage wave, a, 
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SOURCE i CAPACITOR 
CAPACITANCE REPRESENTING VOLTAGE AT VOLTAGE AFTER 
LINE OR CABLE P 


CAPACITANCE OR 


A. Equivalent circuit of system, switch, and a 


capacitance 


Figure 1. 


in figure 1B, the voltage at point 1 instan- 
taneously drops to a value given by * 


_ EG 
C+ C2 


and an oscillation of voltage of amplitude 
E—E, then takes place about the funda- 
mental voltages as shown, rapidly decay- 
ing, in general, because of losses and 
other system damping such as loads. 
The oscillation frequency is determined 
by the system inductance and total 
capacitance, 

In the limit, if C, is reduced to zero, 
E, becomes zero, the oscillation amplitude 
becomes £, and the total voltage on the 
capacitor reaches 2H, if the switch is 
closed at the voltage peak and damping is 
neglected. 

It has been shown? that, if the capaci- 
tance being switched, C., in Figure 1A, is 
replaced by a line of distributed induct- 
ance and capacitance, a similar voltage 
oscillation will appear all along the line. 
In the case of the line, however, the os- 
cillation will appear at various points 
along the line at successive intervals of 
time and will require a time to reach the 
far end, depending primarily on the line 
length and its inductance and capacitance 
per unit of length. The frequency of the 
oscillation is also governed by these quan- 
tities. 


t 


Switch-Opening Overvoltages— 
Interrupter Restriking 


Switch-opening transients are gener- 
ally negligible if the interrupter opens the 


GROUNDED NEUTRAL 
CAPACITOR BANK 


Illustrating switch-closing transient 


TIMES NORMAL VOLTAGE 


B. Voltage transient on closing switch of 
Figure 1A at normal voltage crest 


circuit at or very near current zero and 
does not restrike. Restriking takes place 
in any interrupter if the voltage across its 
contacts following an interruption re- 
covers more rapidly than the dielectric 
strength of the insulating medium. When 
a fault.on a solidly grounded system hav- 
ing small capacitance is being cleared by 
an interrupter, it may restrike several 
times following an attempted clearing at 
a current zero, until the contacts have 
gotten sufficiently far apart that they 
can withstand the recovery voltage tran- 
sient of less than twice normal crest line- 
to-ground voltage, which will occur at 
each attempted clearing. This restriking 
is normal and expected and is not harmful 
either to the breaker or the system. (On 
a reactance-grounded system, restriking 
when clearing unbalanced faults can re- 
sult in severe overvoltages if the ratios of 
zero-to-positive-sequence inductive re- 
actance are high.®) 

However, under certain conditions, 
overvoltages of a serious nature may occur 
as a result of delayed restriking when 
opening the normally low balanced charg- 
ing current of capacitance circuits, nota- 
bly transmission lines and large banks of 
capacitors. The results of recent studies 
on capacitor‘ and  transmission-line® 
switching, in which this phenomenon has 
been analyzed, have been reported. For 
the sake of completeness, a brief discus- 
sion of the mechanism by which these 
overvoltages are obtained follows. — 

Referring to Figure 2A which represents 


plo es em ahs 
eae ee 
3 
mee z= GAPACITOR VOLTAGE CASE I 
op ered aoe ioe Silke 
' 
. G 0 ft Lil 
A. Equivalent circuit of sys- = Sia aeeae 
tem, switch, and a capacitance S 0 B W POINT 
o | A CLEAR 
3 B  RESTRIKE 
= 2 C CLEAR (SOLIO) 


CLOSED (DOTTED) 
O RESTRIKE 


B. Voltage transient resulting from a restrike of switch in 
Figure 2A 180 electrical degrees after interruption at normal 


Figure 2. Illustrating transient 

voltage resulting from restriking 

when opening a capacitive 
circuit 
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current zero (voltage crest) 


Case |—Without resistor across switch 
Case ||—With resistor across switch, final interruption by 


opening switch S’ of Figure 2A 
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A. Three-phase cable circuit with saturable delta winding switched 


together 


one phase of a system of inductance L 
supplying a capacitance load, C, let 
switch S be opened, At a current zero 
(voltage crest point A of Figure 2B), the 
current will be interrupted, leaving a full 
charge on the capacitor. The voltage 
across the interrupter contacts will grow 
from zero to twice normal in 180 electrical 
degrees, as shown by the difference of the 
stored capacitor charge and the system 
normal frequency voltage. If restriking 
occurs during this period, a voltage os- 
cillation will result of magnitude equal 
to the switch voltage, about the funda- 
mental, resulting in a total voltage of 
nearly three times normal (neglecting 
damping) if the restrike occurs when the 
switch volts are a maximum, as shown at 
point B. The oscillation will be at natural 
frequency, and at its first peak (point C), 
If conditions 


the are current will be zero. 
within the interrupter are conducive to 


Figure 3. Miniature-system (transient-analy- 
zer) connection diagrams 


the are’s remaining extinguished at this 
point, the switch voltage will grow from 
twice to four times normal in the next 
180 degrees, and a restrike at point D 
would result in a voltage of nearly five 
times normal. If the are does not go out 
at C, the natural frequency voltage will 
gradually decay as shown by the dashed 
curve, 

It should be remembered that whether 
the interrupter will restrike under this 
switching condition depends upon the 
magnitude of the capacitance current 
being interrupted and the interrupter 
characteristics. Tests’ have established 
the amount of. capacitance, in terms of 
kilovolt-amperes, that certain breakers in 
the voltage class 15 kv and below may 
interrupt with reasonable assurance 


B. Opening pole 
a-a’ of Figure 3A 
only: 
105-14 — Voltage 
a-a’ 
105-15 — Voltage 
a’ to ground 


A. Opening all poles of Figure 3A, ideal clearing: 


105-16—Voltage a-a’ 

106-11—Voltage b-b’ 
106-2—Voltage c-c’ 
106-3—Voltage a’ to ground 
106-4—Voltage b’ to ground 
106-5—Voltage c’ to ground 
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Figure 4, 


All calibrations in times normal line-to- 


neutral voltage 


C. Same as B, phase c 
faulted: 

106-15—Voltage a-a’ 

106-16—Voltage a’ to 
ground 


Transient-analyzer oscillograms 
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LINE OR CABLE 


B. Three-phase cable circuit with delta-wye-grounded transformer be- 
tween switch and cable 


against delayed restriking. Perhaps fu- 
ture tests will be desirable at higher volt- 
ages. 

A study of Figure 2B indicates that 
whatever may be done to reduce the 
charge stored on the capacitor or line 
after the first clearing will help very 
materially, not only to prevent restriking 
when switching capacitive circuits, but 
also to reduce greatly the magnitude of 
the overvoltage obtaining if restriking 
does occur. The following paragraphs in 
this section will be devoted to discussing 
the various means which may be em- 
ployed to bring about a reduction in the 
capacitor or line voltage within the half- 
cycle following the first interruption of 
the circuit. 


Ll. Resistor SWITCHING 


If, when the switch S of Figure 2A is 
opened, a relatively high resistance is 


D. Opening pole a-a’ of 
Figure 3B: r 
100-9 —Volts a-a’ 
100-10—Volts a’ to 
ground 
100-11—Volts) C= to 
ground 
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inserted in the circuit by this action, as 
would be the case if the interrupter were 
shunted by a resistor as shown by the 
dotted lines, the capacitance is afforded a 
discharge path through sufficient re- 
sistance to permit considerable decay of 
its voltage as shown in Figure 2B, case 
II (dotted curve). This scheme not only 
reduces the possible overvoltages but 
also affords a relatively easy subsequent 
interruption of the circuit by switch S’, 
because, since the resistor ohms are rela- 
tively high, the current will be nearly in 
phase with the voltage, the current will 
be small, and at current zero the circuit 
voltage will be near zero, 

Reference 5 describes tests and analy- 
ses of an oil circuit breaker provided with 
such a resistor for reducing the over- 
voltage hazard when interrupting a long 
high-voltage line, and reference 2 simi- 
larly indicates performance of a breaker 
provided with resistors to assist in switch- 
ing a large 13.8-kv capacitor bank. Ref- 
erence 5 shows that it is possible to ob- 
tain a practical value of contact shunting 
resistance which will provide a very satis- 
factory means of solving the capacitance 
switching problem. It should not be in- 
ferred, however, that all existing breakers 
for switching long high-voltage lines need 
be provided with resistors. 


2. DISCHARGE THROUGH TRANSFORMER 
WINDINGS 


In the case where, after the switch is 
opened, the- capacitor or line is left with 
a transformer bank in shunt with it, the 
windings provide a discharge path for 
the energy stored in the capacitance. 
The effectiveness of the windings depends 
upon their size and whether ‘they are 
delta—or grounded-wye—connected to 
the line. 

(a). Delta or Ungrounded-Wye Wind- 
mgs. Refer to Figure 3A. This shows 
the connection diagram of a miniature- 
system representation of a cable having a 
total equivalent shunt capacitive re- 


actance per phase of X, ohms with the 


delta winding of an unloaded transformer 
connected to it. The transformer has a 
magnetizing reactance per phase of X,, on 
a line-to-neutral basis. As the first pole 
of the interrupter a-a’ opens, the cable 
capacitance begins to discharge through 
the transformer, thus reducing the voltage 
across the switch initially, over the case 
of the cable or line alone. If the remain- 
ing poles of the interrupter subsequently 
clear ‘‘ideally’—each at its nearest 
available current zero, the switch voltage 
(across a-a’) will never reach twice nor- 
mal, and the tendency of the interrupter 
to restrike should be markedly reduced. 
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Figure 5. Summary of maximum switch 

voltages and time for switch voltage to reach 

twice normal line-to-neutral voltage when 

opening switch a-a’ of Figure 3A for various 
values of X./Xm 


Oscillograms 105-16 through 106-5 of 
Figure 4 show switch and cable voltages 
for the case of ideal clearing for a ratio 
of X,/Xm = 0.052. Ifthe interval of time 
between successive pole clearings is too 
large, however, the switch and cable 
voltages may, depending upon the ratio 
X,/Xm, become much larger than twice 
normal, because of series resonance be- 
tween the capacitance of the unopened 
conductors and the saturable transformer 
reactance. These are the overvoltages 
mentioned previously and reported in 
reference 1. The time required for the 
switch voltage to reach twice normal 
again depends on the ratio X,/X,, and is 
summarized for the first pole to clear in 
curve form, Figure 5, together with the 
steady-state values that the switch volt- 
age will attain for various values of the 
ratios. Oscillogram 105-14 shows the 
voltage across the first pole (a-a’) open- 
ing with the others remaining closed for a 
ratio of X,/X,=0.052.  Oscillogram 
105-15 gives the voltage of point a’ 
to ground for this condition of interrup- 
tion. It will be noted that it required 
about one cycle for voltage a-a’ to reach 
twice normal line-to-neutral value, and, 
if reasonably simultaneous clearing of the 
other poles ‘had occurred, pole a would 
have had a comparatively low voltage 
across it while opening. On the basis that 


zl 


similar results were obtained on the other 


poles, it was considered adequate to use 
the transient resulting from the first pole 
to open as a general criterion of the effec- 
tiveness of a delta winding to prevent the 
switch voltage from reaching at least 
twice normal in a short time. Also, only 
a general indication of results was neces- 
sary, since in general long times between 
successive pole openings cannot be 
tolerated. 

It was interesting to note that, if a 
ground fault on one of the cable or capaci- 
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tor phases as shown by F in figure 3A 
was being cleared, the transient voltages 
resulting from clearing the first of the 
unfaulted poles are somewhat reduced 
from the case of no fault. The reason for 
this is that a discharge path for the capact- 
tance in addition to the delta winding 
exists by virtue of the fault. Oscillogram 
106-15 shows the switch voltage (a-a’) 
for X,/X,=0.052 for the condition of 
phase a being cleared, with a fault on 
phase c, and 106-16 shows the voltage of 
a’ to ground for this condition. 

The data in Figure 5 is for the condition 
of equal positive- and zero-sequence capaci- 
tances. To show the effect of a ratio of 
positive-to-zero-sequence capacitance of 
3/2 (approximately the value for an over- 
head line), tests were made on the minia- 
ture system which indicated the effect 
to be one of moving the curves of Figure 
5 slightly to the right. 

(b). Grounded-Wye Wandings. If 
the line or grounded-neutral capacitor is 
left with a grounded winding instead of 
an ungrounded one, it will be somewhat 
more effective than an ungrounded one, 
because it is capable of discharging both 
zero- and positive-sequence capacitance. 
A special case where a _ delta—wye- 
grounded transformer is interposed be- 
tween the interrupter and line with the 
line or capacitor connected to the wye- 
grounded winding was investigated. Fig- 
ure 3B shows the miniature-system con- 
nections. The case of a transformer large 
enough to carry the line-charging or 
capacitor kilovolt-amperes being inter- 
rupted alone resulted in voltages of less 
than twice normal from line to ground 
even with a restrike applied at a time 
when the switch voltage following first 
clearing was a maximum. Oscillograms 
100-9 to -11 show miniature-system volt- 
ages for this case. This indicates the 
benefits to be gained by ‘“‘low-side switch- 
ing”’ of lines, cables, or capacitors. 


SWITCH-OPENING OVERVOLTAGES— 
INTERRUPTION OFF CURRENT ZERO 


Another means by which an overvolt- 
age may be obtained on opening a circuit 
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is the studden stoppage of current flow 
before a normal-frequency current zero 
has arrived. Under this condition, the 
voltage obtainable is controlled by the 
circuit inductance and the rate of change 
of current caused by the interrupter thus 
forcing current zero. Overvoltages of 
this nature have been encountered in the 
process of interrupting transformer mag- 
netizing currents which are small in 
magnitude, compared to the normal load 
current ofboth the transformer and the 
breaker. In particular, this problem has 
been encountered in connection with arc- 
furnace transformers which, because they 
are switched at no load frequently, are 
more apt to be subjected to this type of 
switching surge than other transformers, 
other things being equal. 

Here again the tendency for the over- 
voltage to occur is dependent upon the 
characteristics of the interrupter at the 
magnitude of current to be switched. 
For a particular value of current a given 
interrupter might break the circuit at 
current peak (worst case), at or near zero, 
or anywhere in between. 

Lightning arresters can be and have 
been used to protect transformers from 
this type of overvoltage, but it should be 
recognized that, if the interrupter cuts off 
at too high a current, the energy (LI?) 
stored in the transformer may be greater 
than the arrester can dissipate without 
damage to itself. 

An obvious means of preventing the 
possibility of this type of switching-surge 
overvoltage is to supply the magnetizing 
kilovolt-amperes of the transformer by 
means of capacitors, and switching the 
two together. The only no-load current 
to be switched if complete compensation 
is provided is loss current, which will be 
very small. It is not particularly im- 
portant in this method whether either 
the transformer winding or the capacitor 
neutral is grounded. 

Analysis (see appendix) and miniature- 
system tests indicate that it is not neces- 
sary to supply entirely the transformer 
magnetizing kilovolt-amperes in order to 
limit the transient voltage to acceptable 
values. In the appendix it is shown that 
for the circuit of Figure 6, representing a 
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transformer winding protected by a ca- 
pacitor, assuming interruption at current 
crest (worst case) gives a voltage oscilla- 
tion across the transformer—capacitor 
combination whose equation is 


— = AEE eae 
z Xm Xm | 


where 


E=normal line-to-neutral voltage 
X,=capacitor line-to-neutral ohms per 
phase at fundamental frequency 
Xm=transformer magnetizing line-to-neu- 
tral ohms per phase at fundamental 
frequency and normal voltage 


The expression +/ X,/X,, may be written 


transformer magnetizing 
kilovolt-amperes ; 
eS a cepts 
capacitor kilovolt-amperes 
the crest value of the voltage oscillation 
following interruption and the order of 
its natural frequency. Thus a capaci- 
tor kilovolt-ampere of 25 per cent of 
the transformer magnetizing kilovolt- 
amperes will limit the overvoltage under 
the worst condition of interruption, at 
current crest, to twice normal, and the 
oscillation will be at second harmonic 
frequency. 

Although this analysis is made on the 
basis of an equivalent single-phase circuit 
with saturation of the transformer neg- 
lected, miniature-system tests on a three- 
phase setup including saturation indicates 
that the results obtained apply practi- 
cally whether the transformer and/or the 
protective capacitors are grounded or un- 
grounded. 


Appendix—Magnetizing-Current 
Interruption Of Zero ; 


In the equivalent circuit of Figure 6, in 
which a shunt capacitor is connected to the 
terminals of the transformer, let 


Per unit transformer magnetizing kilovolt- 


amperes = kva,, =—— 
m 
Per unit capacitor kilovolt-amperes = 
1 


kva,=— 
va, x, 
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Figure 6. Equivalent circuit of a source, a 
switch, and an unloaded transformer shunted 


by a protective capacitor pe 


The current flowing before the switch is 
opened is ies 


E(X, as Xm) 
iS 
X (Xm 
Assuming interruption at current crest 


(worst case), this may be represented mathe- 
matically by inserting the negative of this 
current through the switch, letting t=0 
at current crest and the switch voltage will 
be I, cos wtZ(p) = Enz. 
the transformer-—capacitor combination is 


E,=E+En 
=E sin wt+I) cos wtZ(p) 
in operational form this is, where 
ce 
SCE 
2p2 L 


And the solution of this is 


I 2 
E,=Esin Fp aa a [sin w= sin os] 
w 


(cwo?— w?) 


which reduces to 
cae: [x 
y= — By sin ( Ze) 
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Resistance Welding Control 
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MONG the more recent develop- 

ments in a-c resistance welding con- 
trol is the voltage compensator. This 
compensator is an auxiliary control used 
in conjunction with a standard type of 
phase-controlled welding panel, the cir- 
cuit of which is shown in Figure 1. The 
function of the voltage compensator is 
to maintain the weld current substan- 
tially constant irrespective of line-voltage 
variations. The inability to obtain 
new feeders and the burden of added 
loads in war plants have in many cases 
made the power systems incapable of 
supplying several welding machines si- 
multaneously without experiencing an 


appreciable drop in line voltage. Welding 


heat, which varies with current squared, 
will be reduced by 19 per cent for a ten 
per cent drop in line voltage; a line drop 
of 20 per cent will reduce the welding heat 
36 per cent which is intolerable for con- 
sistent welding. These conditions can 
be remedied by the addition of a small 
inexpensive auxiliary control, such as 
the voltage compensator. The regulation 
of many overworked high reactance weld- 
ing feeders can then be tolerated because 
consistent welds will be produced, whereas 
without proper compensation, poor welds 
would inevitably result. A compensator 
unit is shown in Figure 2 installed just in 
front of the current transformer in the 
bottom of a portable welding-machine 
control panel. 


Requirements of the Compensator 


First, let us consider where the com- 
pensator is required. Small voltage 
_ variations are permissible, since welding 
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pressure, electrode shape, metallic finishes 
and other conditions may vary to some 
degree. Information in previous papers 
indicates that a five per cent voltage 
variation will not seriously reduce the 
weld strength of many types of steel.!? 
Heavier line drops will probably require 
the voltage compensator. Its chief utility 
is on lines having more than one welding 
machine, since the line drop can be taken 
into account when adjusting current for 
one machine. Where line voltage drifts 
up and down, the compensator becomes 
advantageous with just one machine. 

The next requirement is that the con- 
trol operate entirely automatically. In 
operation, any gradual drift of the power- 
supply voltage will be continuously cor- 
rected, so that upon initiation of a spot 
weld, the initial cycles automatically 
start at the corrected heat setting. It is 
also important that the transient rate of 
response to sudden voltage changes 
should be as rapid as possible. This 
rapid response is very necessary in adapt- 
ing such a control to seam and short- 
timed spot welding, where a slow re- 
sponse would result in relatively large 
variations between spots. It is, there- 
fore, equally important that this voltage 
compensator be capable of nullifying the 
effects of transient as well as gradual 
power-supply fluctuations. 

Other desirable features include sim- 
plicity, ease of connecting and adjust- 
ment, and, finally, low cost. 


Phaser ontauce Welding Circuits 
| 

In order to understand how this voltage 
compensator works, it will be advanta- 
geous to review a standard phase-con- 
trolled welding circuit. Common to all 
electronic a-c welding control circuits are 
two power tubes, usually of the ignitron 
type, which are connected in an inverse 
parallel or back-to-back arrangement as 
shownin Figure 3. The function of these 
tubes is to serve as an electronic switch in 
controlling the power delivered to the 
welding machine. In this two-tube ar- 
rangement a-c power may be passed, since 
one tube may be rendered conductive in 
one direction, while the other tube, con- 
nected in reverse manner, permits conduc- 
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tion in the other direction. To render an 
ignitron conductive, a current must be 
passed through its ignitor or control ele- 
ment. This firing current is furnished by 
a thyratron-type tube which is capable of 
delivering high currents for short inter- 
vals. The welding control is designed to 
control these firing tubes, which in turn 
render the power tubes conductive. 

When phase control is added to this 
electronic switch, the point at which this 
conduction is initiated is varied’so that 
the power tubes carry current for a given 
preset portion of each half cycle. The 
particular phase-control circuit to which 
the line-voltage compensator was ap- 
plied is shown in an elementary manner 
in Figure 1. For simplicity, all grid to 
cathodé capacitors and transient arrest- 
ing resistors have been left out. The net 
grid bias voltage on the firing tubes (see 
Figures 3 and 4) is the sum of four sepa- 
rate voltages: 


1. An‘a-e “‘hold-off” bias of 300 volts sup- 
plied by transformer 71. 


2. Ana-c “turn-on” bias of 220 volts sup- 
plied by grid transformer TS. 


3. <A peaked triggering voltage of approxi- 
mately 200 volts peak from transformer T2. 


4. A self-rectified d-c voltage across ca- 
pacitors C3 and C4 which appears there 
as a result of grid current flowing during the 
time the grid was positive. 


Normally transformer T3 is de-energized, 
rendering the firing tubes nonconducting 
by virtue of the negative grid bias 
throughout the period of positive plate 
voltage as shown in Figure 44. Upon 
energizing grid transformer T3 (Figure 
4B) the net a-c bias is reduced such that 
the peak of firing voltage from trans- 
former T2 exceeds the critical grid voltage 
of the firing tubes, permitting them to be 
conductive and thereby initiating the 
power tubes. For accurate and syn- 
chronous timing, transformer 73 is 
energized from a thyratron timing circuit, 
but the time could be controlled by a 
simple pushbutton hand switch. The 
phase setting of the 72 firing peak is 
determined by a  resistance-capacitor 
bridge in which the resistance element 
R7 is adjustable for changing the phase 
of the peaked firing voltage. The com- 
ponents in series with the primary wind- 
ing of the peaking transformer 72 form 
a filter to insure only one positive firing 
peak each half cycle. This circuit is 
resonant so that voltage and current are 
approximately in phase. However, the 
peaked voltage of [2S which is about 10 
degrees wide occurs at current zero and 
is therefore 90 degrees out of phase with 
the phase-shifting voltage vector. 
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The compensator may be adapted to 
any standard panel by three connections, 
6, 7B (reconnection from 7), and 8 as 
shown in Figure 1. 


Operation of the Compensator 


The fundamental purpose of this com- 
pensator is to advance automatically the 
phase of the “‘peaker’” firing voltages 
when the line voltage drops, and vice 
versa, to retard the phase should the line 
voltage increase. This is done by re- 
placing the fixed transformer side of the 
resistance-capacitor phase-shift bridge 
with a voltage-dividing network which 
will vary in accordance with changes in 
line voltage. Referring to the elementary 
diagram of the compensator, Figure 5, 


Figure 1. Simplified diagram 
of phase-controlled welding 
circuit 


the voltage divider consists of the pri- 
mary winding of transformer T7101 and 
resistor R101. Transformer T7101 is 
made to act as a variable resistance by 
the action of the shorting tubes 102 and 
103. The grid voltage of tubes 102 and 
103 when varied causes the tubes to act as 
a variable resistance load in the secondary 
winding of transformer 7101 and makes 
T101 appear substantially as a resistance 
in the voltage divider. The center point, 
7B, of the voltage divider may be shifted 
back and forth by some magnitude e, as 
shown in Figure 6. This causes a shift 
in the vector relation between vector 
6-8 which corresponds to the phase of the 
line voltage, and vector 7B-9 which in 
turn determines the phase of the peaked 
firing voltage T2S of transformer T2 with 
respect to the line voltage. When the 
grids of tubes 102 and 103 are made less 
negative, tubes 102 and 103 appear as a 
lower resistance load and hence cause 
point 7B to move toward point 8, advanc- 
ing the phase of the firing voltage vector 
T2S with relation to vector 6-8. In a 
reverse manner the phase of the firing 
peak may be retarded by making the 
grids of tubes 102 and 103 more negative. 
To obtain the operating grid voltage, 
transformer T102 is connected directly 
across the line supply and its output 
voltage rectified by tube 101. By making 
time constants of the filter on the output 
of the rectifier voltage relatively low, this 
d-c voltage can be made to follow closely 
all fluctuations in the line supply. D-c 
output of the rectifier provides a refer- 
-ence voltage across the voltage regulating 
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bridge (tubes 104 and 105), which at 
normal line condition give zero voltage 
across points 20 and 21. A d-c signal 
voltage directly proportional to the line- 
voltage change appears across these 
bridge output terminals. 

It is necessary next to investigate the 
amount of compensation or phase shift 
required to maintain the welding current 
constant for a given line-voltage drop at 
various power factors of the welding cir- 
cuit and per cent current settings. The 
higher the power factor, the greater will 
be the phase shift required; and likewise, 
the larger the percentage of full-phase 
current flowing, the greater will be the 


3-42r-4 


TO TIMER 
CIRCUIT 


FORMER 


TO A-C POWER SUPPLY - 


shift required to maintain the current. 
Figure 7 illustrates the approximate phase 
shift requirements to correct for a 10 per 
cent line-voltage drop for various power 
factors and per cent current settings. It 
should be apparent that once full-phase 
firing has been reached, no additional 
compensation can be obtained. Hence, 
if the line voltage falls to 90 per cent of 
its normal value, a maximum (depending 
on power factor) of approximately 95 per 
cent current can normally be delivered to 
the welding machine. The compensated 
timer requires a five per cent, and in some 
cases ten per cent, zero current gap to 
allow for high heat compensation by 
phase advance. It is, however, usual 
practice to include this slight zero current 
gap at full heat in most welding machines 
so that any changes in secondary power 
factor will not permit heat-control set- 
tings to range above 100 per cent sine 
wave current. Unstable operation might 
result in operating practice unless this 
slight open current gap was adjusted 
for the ordinary welder control panel. 
Figure 8 shows how the setting of P101 
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Figure 2.. Panel with I?T recorder and com- 


pensator installed 
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Figure 3. Typical welding power circuit 


is used to obtain a greater rate of com- 


pensation at higher than normal power 
factors. P101 is adjusted so that there is 
an unbalance as much as 20 per cent 
between the voltages 6-7B and 7B-8. 
When a voltage drop occurs, point 7B is 
moved toward 8 by the amount e,, This 
produces an angular advance in the 
trigger firing voltage of a1, a2, and ag for 
high, intermediate, and low heat settings. 
For the range of 20 per cent to 60 per 
cent power factor, which covers most re- 
sistance welding setups, a; is substantially 
greater than a, and a; without too much 
unbalance between voltages 6-7B and 
7B-8. Thus P101 is adjusted to obtain 
a curving characteristic of phase shift 


versus heat setting. P101 is used as a - 


bridge sensitivity control and therefore 
acts to determine the slope of the char- 
acteristic curve. By correlating the two 
adjustments it is possible to obtain a 
compensator characteristic which closely 
approaches the requirements shown | by 
Figure 7. That this has been accom- 
plished is borne out by experimental re- 
sults which follow. cate eat 


Data on Operating Performance 


Referring to Figure 7, it is seen that 
the compensator must respond over a 
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Figure 4B. Same firing Figure 4C. One half-cycle 
Figure 4A. One firing tube voltage—for welding. welding voltage and cur- 
tube control voltage— Resultant grid firing voltage rent showing instantaneous 
standby shown line drop 


wide range of phase-angle advance for a 
variety of conditions that depend pri- 
marily on heat current setting and power 
factor. It must also be taken into ac- 
count that the regulation may vary con- 
siderably, depending on the number of 
other machines that “‘hit’’ simultane- 
ously. Differing portions may also be 
“chopped”’ off the useful area of the line- 
voltage wave as governed by the frac- 
tional heat dial settings of these machines. 
Then, too, interfering welders may also 
“come and go”’ early or late during a weld 
period. Fortunately, the control bridge 
circuit is very sensitive and responds cor- 
respondingly to all degrees of regulation, 
handling instantaneous line drops readily. 

It would be well to consider briefly the 


“instantaneous voltage drop imposed on a 


welding station by power transformer and 
feeder reactance. Standardization has 
not yet fully clarified the meaning of 
percentage voltage regulation for phase- 
controlled welding machines caused by | 
this effect. From Figure 4C it should 
become apparent that with the form of 
voltage wave shape shown, the use of a 
voltmeter to register welding load voltage 
is inaccurate. The cathode-ray oscillo- 
scope offers a better means of obtaining 
the voltage drop. The question then 
arises as to where to measure the voltage 
drop when speaking in terms of percent- 
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ages. One criterion might be to consider 
the regulation as: 


% instantaneous regulation = 


e 
“# at line-voltage peak (90 degrees) (1) 


en 
Here eg and e, are initial line drop and 
load voltage respectively. Also: 


éqg=L di/dt for % (2) 


where L=lumped power source induct- 
ance — 

In considering over-all welding regula- 
tion, it is necessary to discard the no-load 
voltage area C shown in Figure 4C. 
Regulation for the half cycle shown then 
becomes: 


area B+ B’ 
AAA EBB" 
The voltmeter could measure this ac- 
curately for one condition, namely, full 
sine wave welding current, where an in- 
stantaneous drop does not normally occur. 
Strictly speaking, equations 1 and 3 must 
be reconsidered each time another frac- 
tional heat current is used. The reason 
for this is that partial heat currents are 
nonsinusoidal and have initial rates of 
rise that depend on the ignition point, 
that is, the controlled firing angle. The 
welding power factor also contributes to 
the degree of the instantaneous voltage 
drop. ‘Thus the importance of instantane- 
ous voltage drop cannot be overempha- 
sized. 

The detection circuit of the voltage 
compensator was designed to take into 


% total regulation = (3) 


Figure 5 (left). Elementary 
diagram of compensator panel 


Figure 6 (right). Vector 

sketch showing how phase of 

peaked firing voltage is shifted 
by compensation 


Heat control circuit is included. 
€, is compensation voltage 


’ 


account this complication of measuring 
just such voltage regulation. The recti- 
fier supply, which is in effect the detec- 
tion circuit, has an inductive input filter 
which integrates the voltage wave, so that 
instantaneous drops that occur after 90 
degrees will readily be averaged into the — 
resultant output voltage. 

A test was conducted using actual weld 
pull specimens and dropping the voltage 
by means of another timer operated 
simultaneously. The results with and 
without compensation are shown in Table 
I. Note that the average for 0.016-inch 
stainless steel with compensation is 399 
pounds pull strength, whereas when un- 
compensated the average fell to 333 
pounds strength because of external line 
drop. ~An ampere-squared second re- 
corder indicated that approximately only 
70 per cent heat was getting to the weld 
when uncompensated.’ The difference is 
even more marked for 0.050-inch stainless 
steel, shown in Table II. Here the aver- 
age fell from 2,634 pounds pull when com- 
pensated down to 2,063 pounds pull when 
not compensated for the particular line 
drop. The recorder indicated approxi- 
mately 76 per cent heat into weld for the 
uncompensated case. A definite advan- 
tage in favor of the compensator was 
found as a result of these tests. 

The compensator was next tested under 
severe conditions and operated with an 
instantaneous voltage drop as high as 27 
per cent. Without compensation the 
recorder indicated that the heat into 
weld was about 50 per cent of normal. 
The compensator was therefore able to 
bring the heat up to 100 per cent (entirely 
back to normal). This is strikingly illus- 
trated by shear strength pull tests which 
showed perfect weld strength of 2,300 
pounds when compensated but fell off to 
1,350 pounds when uncompensated for the 
drop referred to. Such a test points to 
suitable compensation for several heavy 
welders operating simultaneously, pro- 
vided the power source is not being too 
severely overloaded. The main purpose 
of this test was to determine evenness 
of compensation under the wide variety 
of conditions mentioned earlier. With 
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Figure 8. 
trol range and point 7B shifted as required 


various combinations of heavy and light 
loading for operation of both timers, de- 
viations of the recorder for the most part 
hovered well within five per cent of nor- 
mal, Adjustment of the compensator 
The 
greatest deviation experienced was over 


was not changed during this test. 


compensation of 15 per cent with the ex- 
tremely heavy external drop referred to 
and then only for very low heat settings 


Figure 9. Oscillogram of timer performance 
without compensation 


A. Primary current of welding machine with 
installed compensator 


B.. Line voltage (240 volts a-c) common to 
both welding machines 


C. Primary current of line-voltage dropping 
time 


D. Voltage across 7101 transformer primary 
winding in compensator. Adjusted value 
260-volts a-c rms 


E. Voltage across R101 bridge resistor in 
compensator. (Reduced in size for clarity.) 
Adjusted value 220 volts a-c rms 
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of the compensated timer. Even this is 
within tolerance limits and is remedied 
by reducing the power-factor-gain con- 
trol slightly, if machine is operated con- 
tinuously on this range. The power factor 
used was 0.6, which is fairly high, and the 
time was eight cycles. Consistent re- 
sults were also obtained on lower power 
factors. 

Oscillograms were taken to illustrate 
compensator action. In order to provide 
the line drop, a second timer known as a 
line dropping timer was operated on the 
same line.. Referring to Figure 9, the two 
timers came on the line together, and the 
compensator-test timer had the compen- 
sator-gain-control knob P102 turned off. 
Thus, the test timer operated without 
compensation and when the dropping 
timer C stopped, the difference in the 
magnitude of weld current A is apparent. 

Figure 10 illustrates normal compen- 
The compensator acted fully on 
the weld current A within two cycles 
from the initial cycle dropping the line. 
After the external drop went off, the 
compensator required two cycles to phase 
back to normal, as seen by the amplitude 
of cycles 5 and 6 which are above normal, 
Since these oscillograms were taken, the 
speed of operation has been reduced to 
one cycle to yield full compensation. 
Notice the instantaneous drop expressed 
by the line voltage B. This same voltage 
drop (Ldi/dt) is experienced by every 
control transformer and circuit in the con- 
trol panel and is seen by the dip of T101 
(primary) voltage D of compensator and 
its related branch R101 shown as voltage 
I. (reduced for clarity). 


sation, 


A better comparison is obtained from 
Iigures 11 and 12. Figure 11 is without 
compensation and illustrates the current 
decrease from a normal rms value of 750 
amperes, as read on the primary side of 
welding transformer. Figure 12 shows 
how this decrease was made up by com- 
pensation, Primary weld current A at 
cycle 2 became lower from an external 
load, but cycle 3 is almost up to normal 
compensation, Cycles 4 and 5 (and all 
further succeeding compensated cycles) 
appear normal. However, after release 
from the external load, elas 6 and 7 con- 
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Table I. 
for Type 304 Stainless Steel 0.016 Inch Thick 


Correspond- 
ing Weld 
I’T Recorder in Pull 
Per Cent of (Pounds) 
Normal Heat —_—_——— 
hak — With 
With Com- 
Line Condition Com- With- pen- With- 
During Weld _ pensator out sator out 
Compensated 100 100 880 = 897 
weld machine. (Refer+ (Refer- ‘ 
No line drop ence) ence) : 
(start of test) Ep / 
Compensated 100 100 390 400 
weld machine, (Refer- (Refer- 
No line drop ence) ence) 
(finish of test) 
external line drop., 95 ....71 , 418, , 832 
External line drop..100 ....70 ..,,880...342 
External line drop.,100  .,..70 ,. 400. , 328 
External line drop,.102. ....71 ...412,,.325 
External line drop..100 ..,.72 .. 385, ,.340 
External line drop,. 97 ....78 » 870,74 950 
External line drop,.100 ,...71 ....875,,.822 
External line drop, 101 ....72_... 448, » 820 
AVEFASE.  hawhee a 09.3....71. 3. . 898, . 382 


Type 804 sthislans ten 0.016 inch thick—1!/4 hard 
Weld time: 


four cycles, Weld current: 70 per 


cent (fractional), Electrode size: 1/4 inch, Elec 
trode force: 340 pounds total. Line: 240 volts 
a-c. Regulation: six per cent. (Read with 


voltmeter during welding current, but using longer 
time.) 


Regulation for instantaneous external line drop: LO 
percent. (Read with oscilloscope for partial cur- 
rent firing at approximately 100 degrees on volt. 
age wave.) 


tinued to respond to phase advance, This 
is not particularly a disadvantage, as it 
tends to make up for the early partially 
compensated cycles (2 and 3). Cycles 8, 
9, and 10 duplicate the initial cycle. It 
can be noticed that the shoulders, or 
phase concurrence for cycles 8, 9, and 10 
are later than for compensated waves 3 
to 7 inclusive. This accords with the 
principle of compensation employed. 
Were the oscillograph element A as re- 
sponsive as element C, these shoulders 
would have the same flatness. Of impor- 
tance, the peak amplitude of compensated 
current loops 4 and 5 need not equal nor- 
mal loops 8, 9, and 10, since the criterion 


for equal compensation is that the rms. 


value of the loop areas be equal in both 
vases. The instantaneous values of D and 


Figure 10. Oscillogram of welding machine 
performance with compensation, Early line 
drop 


See subcaption to Figure 9 
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Sample Shear Pull Strength Tests’” 


with current transformers. 


Figure 11. Oscillogram of welding machine 
performance without compensation. Late 
line drop 


See subcaption to Figure 9 


E found in the oscillogram determine the 
shift of midpoint 7 of Figure 7. Voltage 
D corresponds to T101 voltage and E to 
R101, and their shift toward the right for 
compensation upward agrees with pre- 
vious discussion. The J?T recorder read 
100 per cent normal heat for the oscillo- 
grams being compensated and dropped 
more than 15 per cent for those which 
were uncompensated, thereby causing 
lockout of the welding machine. 

Although data were not taken for slow 
drifts in the sine wave value of line volt- 
age, the response on seam welders using 
thermocouple ammeter indication has 
shown that the compensator handles 
such changes readily. 


Investigating Compensator 
Performance 


Several methods of investigating per- 
formance are available. 


1. The cathode-ray oscilloscope, when con- 
nected to read one full cycle of weld current, 
will indicate the phase-angle advance during 
compensation. The oscilloscope is also 
helpful for making electronic control-panel 
power-factor heat adjustment after instal- 
ling a compensator. 


2. The J* recorder, illustrated in Figure 4, 
is well adapted to record changes in welding 
current. Where this recorder is available, 
a quick test is performed by operating two 
welding machines on the same line individu- 
ally and together. Uniform recorder re- 
sponse, when the control panel is set to 
various heat positions, does indicate correct 
compensation where the regulation would 
otherwise drop the recorder below the 15 
per cent heat limit and cause bad welding. 


8. Spot-welding machines may be tested 
with either clamp-on pointer stop ammeter 
or pointer stop ammeters in conjunction 
The previous 
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method for operating two welding machines 
together is recommended. 


4, Seam welding machines may take ad- 
vantage of a suitable ammeter such as a 
thermocouple type with an adjustable pri- 
mary current transformer for indication of 
operation. Adjustment of the compensator 
is readily accomplished here, provided a 
definite line disturbance can be initiated 
during the test. 


5. Where none of the aforementioned 
methods is available, the compensator can 
be adjusted and its operation checked by 
using merely a voltmeter across the control 
signal bridge and also across the primary 
winding of 7101 for visually checking volt- 
age swings. Normal adjustments once made 
need not be disturbed following one of these 
performance checks. The only special 
adjustments are 


(a). The degree of compensation desired (same for 


all normal operation). 


Table Il. Sample Shear Pull Strength Tests 
for Type 304 Stainless Steel 0.050 Inch Thick 


———— — 


I°T Recorder Corresponding 
in Per Cent of Weld Pull 
Normal Heat (Pounds) 
With With 
Com- Com- 
Line Condition pen- With-  pen- With- 
During Weld sator out sator out 


Compensated 100 100 2,700 2,800 
weld machine, (Refer- (Refer- 


No line drop ence) ence) 
(start of test) 

Compensated 100 100 2,600 3,100 
weld machine. (Refer- (Refer- . 
No line drop ence) ence) 

(finish of test) 

External line drop.. 96.5..82 ...2,725...2,200 

External line drop.. 97 ..83 ...2,725...2,400 

External line drop..105 ..70 ...2,600...1,900 

External line drop..100  ..75  ...2,625...2,000 

External line drop..100 ..73 ...2,500...1,800 

External line drop.. 95 ..73 ...2,600...1,800 

External line drop.. 95 2 ..,2,¢00,...1,850 

External line drop. -100 .76 . .2,750.. .2,100 

A VOTE SS fc nate eles 98.6. .75. 5. . 2,634. ..2,063 


Type 304 stainless steel 0.050 inch thick—1/, hard. 


Weld time: nine cycles. Weld current: 75 
per cent (fractional). Electrode size: °/g inch. 
Electrode force: 1,200 pounds total. Line: 240 
volts a-c. Regulation: 10 per cent. (Read 
with voltmeter during welding current, but using 
longer time.) 

Regulation for instantaneous external line drop: 
15 per cent. , (Read with oscilloscope for partial 
current firing at approximately 90 degrees on voltage 
wave.) 
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Figure 12. Oscillogram of welding machine 
performance with compensation. Late line 
drop 


See subcaption to Figure 9 


(6). A slight unbalance of voltages across bridge 
arms R101 and 7101 to allow uniform response in 
installations where the welder power factor is much 
higher than normally experienced, All adjustments 
are quickly performed, using a combination volt- 
age test set. 


Conclusions 


1, This voltage compensator helps to main- 
tain uniform current for resistance welding 
despite the disturbing influence of other 
machines on the line feeder. With wartime 
urgency of using existing feeders and with 
limited use of copper, the problem of poor 
voltage regulation is eased considerably. 


2. Instantaneous reactance line drops 
(chopped voltage waves) in the order of 30 
per cent have been compensated for 100 per 
cent. Without compensation the heat out- 
put was otherwise 50 per cent of normal 
value. 


3. Another feature is compensation for up- 
ward or downward line-voltage shifts during 
the working day. 


4. The ability to make consistent welds on 
poorly regulated lines, is, of course, the chief 
advantage of the compensator. On installa- 
tions where the weld recorder locks out the 
equipment when the value of J?7 swings out 
of the allowable range, the operator is forced 
to reset the welding machine and usually to 
make new weld tests and rewelds. The 
voltage compensator eliminates to a large 
degree the number of such lockouts caused 
by variations in current with a resulting 
saving in lost time. 

5. The unit is inexpensive, simple, com- 
pact, easy to install and adjust. It is en- 
tirely automatic, since the response was de- 
signed for uniform compensation for any 
fractional heat current settings. 
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Synopsis: The control of d-c motors was 
one. of the first electronic-control projects. 
Recent developments, particularly the fully 
automatic and co-ordinated control of the 
armature power circuit and the field power 
circuit, have greatly increased the accepta- 
bility of these controls for industrial use, 

This paper describes the control functions 
associated with an all-electronic d-c motor 
drive, in which grid-controlled thyratron- 
tube rectifiers automatically perform the 
variable voltage functions associated with 
the d-c generator, exciter, and field rheo- 
stats of a conventional motor-generator 
drive, 

In addition, the grid-control action of the 
thyratron-tube rectifier dispenses with the 
usual magnetic starting and accelerating 
control devices and gives superior motor per- 
formance in the matter of almost idealized 
constant-current acceleration and flat preset 
speed-control characteristics resulting from 
IT R-drop compensation and regulated field 
excitation, 

Reversing is accomplished by magnetic 
reversing switches which reverse the arma- 
ture terminals relative to the rectifier, Con- 
tact duty during switching is minimized by 
the supplementary action of the thyratron 
tubes which themselves serve to interrupt and 
initiate the armature current, Proper grid- 
control sequence in these same tubes causes 
them to act as inverters during the decelerat- 
ing portion of the reversing cycle so that 
the rotational energy of the armature is 
actually pumped back into the a-c system. 

Stopping is normally by means of a 
dynamic braking resistor, although the 
motor may be decelerated to a stop by utiliz- 
ing the inverter action associated with re- 
versing to regenerate power back into the 
a-c system, 

Similar control schemes are applicable to 
motor-generator-set drives to control the 
generator and the motor fields in response to 
co-ordinated signals of motor speed and 
loop currents, 


HIE basic problem of realizing the 

flexibility of a d-c motor where only 
a-c power is available can be readily 
solved by the use of thyratron-tube recti- 
fiers, The source of direct current is ob- 
tained from the rectifier, and the grid- 
control feature offers a means of control- 
ling the motor by low-energy grid circuits. 

The control can make the motor per- 
form in practically any way desired. 
The speed can be controlled in accord- 
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ance with requirements of the machine 
it drives, such as holding tension in a 
wire-reeling machine or holding loops 
between the stands of a rubber, cloth, 
paper, or steel mill. The speed can be 
held constant over a wide range of load 
or line-voltage conditions, The torque 
output can be held substantially constant 
from zero to base speed. Protection dur- 
ing acceleration and on overload is pos- 
sible by means of current limit built into 
the control. 

The rating of the rectifier, the type of 
circuit used, and the rating of the in- 
dividual power tubes determine the size 
of motor which can be so controlled. In 
the case of larger size motors, the output 
wave shape is more of a determining 
factor on the circuit used than the size 
of the motor. The rectifier circuits used 
conform to standard rectifier practice 
and will not be covered in detail in this 
paper. The conventional biphase half- 
wave circuit controlling a one-horse- 
power 230-volt d-c motor will be used as 
the example in describing the theory of 
operation. It will be noted that two 
rectifiers are required, one for the arma- 
ture power and one for the field. When 
the motor is to be operated from base 
speed down, by varying the armature 
voltage, the field rectifier is uncontrolled, 
A variable-speed motor can be made to 
cover a wide speed range by using a con- 
trolled rectifier on the field as well as on 
the armature, 

The armature rectifier consists of 
grid-controlled thyratrons, and the out- 
put voltage is varied by shifting the phase 
of the grid voltage of the thyratrons with 
respect to their anode voltage. There 
are several ways of shifting the grid 
voltage, but the one used iri these con- 
trols is the conventional inductance- 
resistance bridge. The inductance will 
be the variable element by the use of a 
saturable reactor, In this way the output 
of the rectifier can be controlled by the 
small d-c current in the saturating wind- 
ing of the saturable reactor. Such a cir- 
cuit is shown in Figure 1, 


Auxiliary D-C Control Power and 
Voltage Standards 


Since direct current is required for 
these saturating windings, a source is 
provided by a small thermionic: rectifier 
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The d-c voltage is filtered by means of a 
reactor X1 and capacitor Cl and fed 
through a current-limiting resistor Rl 
and the voltage-regulating tubes A and 
B. 

Tube B is primarily used as a constant 
voltage reference against which various 
signal voltages are compared, It is an 
inherent characteristic of a glow tube 
that its terminal voltage will remain es- 
sentially constant at rated value even 


ne a 
and anode supply as shown in Figure 2. ’ be 


though the current through the tube - 


changes widely. The tubes used in this 
circuit maintain approximately 75 volts, 


and it is by this means that a reference | 


voltage for regulating purposes is es- 
tablished that will remain relatively con- 
stant irrespective of a-c line-voltage 
changes. 

Tube A is connected in series with 
tube B to give a constant potential three- 
wire d-c system of 150/75 volts for the 
plate and grid voltages of the control 
tubes. 

The d-c winding of a saturable reactor 
is connected in series with a triode vacu- 
um tube C, and this combination is 


connected across the 75-volt d-c control — 


bus furnished by regulator tube A. (See 
Figure 3A.) With a negative voltage on 
the grid of tube C there will not be any 
plate current, the reactor will be unsatu- 
rated, and the thyratrons are phased off. 
If the grid is made less negative, tube C 
will pass some current, and the reactor 
will be partially saturated, which will 
advance the phase of the grid voltage. 
As the grid voltage of tube C approaches 
zero, the reactor will be completely satu- 
rated, and the thyratrons will be full on. 


Armature-Voltage Control 


The control scheme consists of com- 
paring a portion of the armature voltage 
with a preselected portion of the voltage- 
regulator tube’s voltage. The difference 
between these two voltages is amplified 
and applied to the grid of the triode, 
which saturates the reactor controlling 
the grid phase shift on the thyratrons 
supplying the armature of the motor. 

To couple the armature voltage to the 
triode which saturates the reactor, it is 


necessary to have a common point for the - 


signal yoltage from the armature and for 
the grid voltage applied to the triode. 
It is also necessary that the relation of 
these voltages be correct; thatis, an in- 
crease in.armature voltage above a preset 


voltage level should make the grid of 


tube C more negative so as to retard the 


phase of the thyratron grid voltage. By | 


studying Figure 3B, it will be apparent 
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that the voltage relations are incorrect 
and, if directly connected, would give 
incorrect operation. It is therefore nec- 
essary to change this relation. 

This can be done as shown in Figure 
3C as follows: The grid of tube C is con- 
nected to a voltage divider across the 
150-volt control bus so that the grid is 
positive when tube D is passing very little 
or no current. Then, as more current is 
caused to flow through tube D, the grid 
of tube C will be pulled negative by the 
increased current through R2. It is now 
possible to control the phase of the thyra- 
tron grid voltage by changing the voltage 
on the grid of tube D with the relation 
correct for regulation of the armature 


‘voltage. 


Armature-Speed-Control 
Potentiometer 


With the cathode of tube D connected 
to the mid-point of a voltage divider 
across glow tube B, as shown in Figure 
3C, the cathode will be 37!/2 volts posi- 
tive with respect to the negative bus. 
With zero voltage on the armature, the 
grid of tube D will be 371/, volts negative, 
and the thyratrons will be in a condition 
to conduct full half cycles. As voltage 
on the armature builds up to nearly 
37/2 volts, the thyratrons will shut off 
just enough to maintain a balance be- 
tween the armature voltage and the 
371/.-volt reference. 

In order to permit the adjustment of 
the armature voltage or speed, resistor 
R5 is replaced with a potentiometer so 
that the cathode potential of tube D can 
be changed. In order to permit the use 
of 230 volts on the armature of the motor, 
a voltage divider is connected across the 
armature and a portion of the armature 
voltage compared to the reference volt- 
age. This is shownin Figure 4. The po- 
tentiometer shown in the armature volt- 
age divider gives a means of setting the 
base speed with the speed control set for 
maximum speed. This adjustment gives 
a means of compensating for commercial 
tolerances in resistors and tubes. 


IR-Drop Compensation 


Armature speed is proportional to 
armature terminal voltage only when the 
armature is drawing no current and is 
spinning freely with the field excited. 


Under these conditions, the armature 


voltage is the counter electromotive 


force or generated voltage of the arma- | 


ture conductors. When current flows in 


the armature, as when the motor shaft is 


loaded, the counter electromotive force 
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and hence the true speed is less than the 
terminal voltage by an amount equal to 
the voltage drop in the resistance of the 
armature conductors themselves. If a 
constant shaft speed is to be maintained 
irrespective of load, it is necessary to 
raise the terminal voltage progressively 
as the load current increases, by an 
amount equal to the armature-resistance 
voltage drop. To do this it is only neces- 
sary to introduce in the armature-control 
circuit a voltage proportional to the arma- 
ture current in such a direction as to 
hold a higher armature voltage as the 
load on the motor increases. 

Although it would be possible to build 
an amplifier system that would amplify 
the millivolt drop of a conventional shunt 
to such a point that it could be used, it 
offers serious difficulties. In order to get 
a more suitable voltage, a special current 
transformer is designed to operate in the 
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Figure 1. Grid-controlled 
rectifier with phase-shift bridge 
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lower end of the armature-voltage-divider 
circuit as shown in Figure 5. This added 
voltage in effect subtracts from that part 
of the armature voltage used as a feed- 
back and therefore causes a higher voltage 
to be maintained by the regulating action. 
The adjustment provided permits setting 
the control for only partial compensation, 
or it can be overcompounded. 

Figure 5A shows the effectiveness of 
the [R-drop compensation. The dotted 
curves represent the normal uncompen- 
sated motor-regulation characteristics. 
The solid curves were taken with the 
IR-drop compensation set for flat com- 
pounding at 100 per cent rated speed. 
Note the great improvement in the motor 
characteristics at the lower speeds. 


Current Limit 


Current limit is necessary to prevent 
excessive currents being drawn during 
acceleration so as to protect the tubes and 
keep within the limits of commutation 
of the motor; otherwise, overloads 
could occur by suddenly applied shaft 
loads or by starting with a preset speed 
adjustment. A current-limit control 
should be inoperative from zero current 


THIS D.C. POTENTIAL 
VARIES AS A.C. LINE 
VOLTAGE VARIES 


(e3] TUBE A 
f \ 
Mite 
Lah pas es THIS VOLTAGE. REMAINS 
ESSENTIALLY 
+75 VOLTS DS. WHENTNE 
PRE-S AS BY A CHANGE. IN AG. 
Tupe |AMOUNTOF | | SUPPLY VOLTAGE OR A 
B |STANDAR IN_ RESISTANCE 
~~ \ VOLTAGE | |PARALLELING TUBES B@ A 


{ 
75 VOLTS, oe) a 
NEG, DGIOF SYSTEM 


| 
Figure 2. Regulated rectifier Pine ate «| 


for contro! amplifiers 


anode leads of the rectifier tubes. The 
pulses of current through these anode 
leads are fed into the two primary wind- 
ings so as to act as an alternating current 
that bears a direct relation to the direct 
current. The secondary winding of this 
current transformer is loaded by a resistor 
and a full-wave rectifier, and the resultant 


d-c voltage is directly proportional to the , 


armature current. The value of this 
voltage for a given current can be ad- 
justed with a potentiometer. 

This d-c voltage that is proportional 
to armature current is connected in the 
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up to the preselected value and then pre- 
vent the current rising above this value. 
If this were not the case, the current 
would be influencing the speed; instead, 
it should take over sharply as near the 
preset current value as possible. 

A d-c voltage proportional to armature 
current has been established for [R-drop 
compensation, and this same voltage can 
be used. for current limit. A current- 
limit signal is established by comparing a 
portion of the d-c voltage that is propor- 
tional to current with a known voltage 
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C (left). 


Figure 3. 


Figure 5 (below). Armature-voltage-regulation 
circuit with IR-drop compensation added 


A (left). Variable d-c source for 
% saturable reactor 


D-C WINDING OF 
SATURABLE REACTOR | 
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A POSITIVE DIRECTION 


THIS NEGA~ 
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N 


(B) 


B (above), Showing that arma- 

ture voltage has incorrect sense to 

be coupled directly to grid of 
tube C 


Showing that armature voltage now has correct 
sense to be coupled directly to tube D 


It armature voltage tends to increase (becomes more posi- 
tive), the grid of tube D becomes less negative and tube D 
turns on which turns tube C off which reduces saturation 
of SR which retards grid phase and reduces thyratron 


output 


Armature-voltage-regulation circuit 
Figure 4. Armature-volt- 


age-regulating circuit com- 
plete with armature-voltage 
divider 
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standard and amplifying the difference — 
by a triode. The circuit showing the 
connections for this control added to the 
armature control and [R-drop compensa- 
tion is shown in Figure 6, ' 

The value at which the current limit 
takes over is adjustable by means of the 
current-limit potentiometer. As long 
as the voltage on the slider is less than 75 
volts, the current-limit tube will be 
biased to cutoff, or practically so, and 
the armature-control tube D will have 
complete control. If high armature ecur- 
rent causes the voltage on the current- 
limit-potentiometer slider to reach 75 
volts, tube / will pass full anode current 
which will retard the grid voltage phase 
on the thyratrons. This reduces the, 
current, and a balance will be reached. 
When the load on the motor is reduced 
and the armature current goes below the 
preset value, the armature-control tube 
D will take over and hold ‘armature volt- 
age as long as the current stays below 
the current-limit point. 


te) . 40 60 
PER CENT LOAD * 


Figure 5A.: Speed-regulation curves showing 
effect of IR-drop compensation 
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Dotted regulation curves are without IR-drop 
compensation. Solid regulation curves are 
/ with IR-drop compensation 
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With this type of control it is possible 
to accelerate from zero to full speed with- 
out drawing more than the preset value of 
current through the armature. During 
the operation of the motor, if excess load 
is applied, the speed will be maintained 
up to the point where the current reaches 
the current-limit setting. Beyond this 
point the preset value of current will be 
maintained in the armature even down 
to the stalled armature condition. The 
current will be maintained until the 
thermal overload relay functions. 

When starting from rest with zero 
current or when reversing, there is no 
current to generate a current-limit volt- 
age, and the armature voltage is zero; 
therefore, the first few half cycles of 
current might be of destructive magni- 
tude. To overcome this objection, a 
normally closed interlock on the initiat- 
ing contactor is used to give a false signal 
in the current-limit circuit. By means of 


ANODE CURRENT TRANSFORMER 


a capacitor this false signal is ‘‘remem- 
bered” for a time after the circuit is 
closed and makes the current build up to 
the current-limit value rather than have 
one large surge of current and come down 
to the correct value. 


Stopping 


The rectifier characteristics of the thy- 
ratrons supplying direct current to the 
motor prevent the reversal of power from 
the motor to the a-c system when the 
motor is running faster than the speed 
called for by the control. This condition 
exists, for example, when the speed-con- 
trol potentiometer is suddenly turned to 
a lower speed. In the case of high inertia 
loads this “‘electrical free-wheeling”’ char- 
acteristic is objectionable, but on friction 
loads it is of no consequence. 

When power is removed for stopping, 
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CURRENT-LIMIT 
ADJUSTMENT 
100%-200% 


the same system of dynamic braking 
can be used as is found on magnetic 
control; that is, a resistor may be con- 
nected across the armature to absorb the 
stored energy. If quick slowdown is re- 
quired, it is possible to add a control tube 
and a relay that will actuate the dynamic 
braking contactor to connect a resistor 
across the armature when the motor speed 
is above that called for by the control. 
When the speed is reduced to the called- 
for value, the tube initiates the function 
of disconnecting the resistor. 


Field-Weakening Control 


In order to expand the range of speed 
control, the shunt field rectifier tubes can 
be replaced with thyratrons and control 
added to the field. The control of the 
field rectifier is accomplished by using 
another saturable reactor and _ resistor 
bridge with the d-c winding of the satu- 
rable reactor saturated through a high 
vacuum triode energized from the regu- 
lated d-c control voltage. 

If the field voltage is accepted as an 


Figure 6. Armature-volt- 
age-regulation circuit with 
current limit added 


Figure 7 (below). 
Field rectifier with 
voltage control 
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indication of field flux, the control system 
can be similar to the armature-control 
circuit in that a voltage-regulating sys- 
tem is used. This regulating circuit is 
shown in Figure 7. The armature con- 
trols are not shown, to avoid confusion. 
The electric feedback of the field-voltage 
signal will maintain a preset level of field 
excitation independent of line-voltage 
variations. 

Where the motor speed is being con- 
trolled by varying the armature voltage, 
the field excitation should remain at rated 
value to develop rated torque. Con- 
versely, when operating the motor in 
the weak field range, the armature volt- 
age should remain at rated value to de- 
velop constant horsepower. This charac- 
teristi¢ can be had by ganging both the 
armature-control potentiometer and the 
field-control potentiometer on the same 
shaft. To do this each control is com- 
pressed into half the rotation, with the 
other half a conducting segment of negli- 
gible resistance. These are staggered 
so that with the armature-control slider 
in its active range the field-control slider 
will be on the conducting segment holding 
full field. 


Speed Regulation at Reduced Field 
Excitation 


When the field excitation is reduced 
the ratio between speed and armature 
counterelectromotive force is changed 
such that the armature must rotate at a 
higher speed in a weaker field in order to 
generate a given electromotive force. 
A given preset speed level is maintained 
relatively constant by grid phase control 
of the armature thyratrons as they phase 
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advance to compensate for JR drop ac- 
companying changes in armature current, 
In this system speed is not regulated 
by changes in field excitation, Speed is 
only preset to new levels by the field 
control but is regulated by armature con 
trol. When the armature voltage has 
been increased to the limit determined by 
the anode voltage, there can be no further 
regulatory action, 
Field Excitation During 
Acceleration 


It is necessary to apply full excitation 
to the motor field in order to accelerate 
it from standstill to base speed, Above 
base speed the field should be weakened 
slowly enough to keep the armature cur 
rent within the commutating ability of 
Therefore, the application of 
armature voltage and the weakening 
of the field must be controlled by the 
current-limit circuit, By doing this, the 
motor is made to accelerate at the maxi 
mum possible rate permissible without 
Pull field 
during acceleration from zero to base 


the motor, 


drawing excessive current, 


speed is maintained regardless of the 
setting of the field-voltage control, 

The circuit that the 
aforementioned features is shown in lig 
ure &, 
control on the armature voltage shown in 


accomplishes 
It is similar to the current-linit 


Figure Gin that the d-e voltage propor 
tional to armature current is compared 
with a the dif 
ference voltage is applied toa triode, The 
triode acts on the saturating cireuit of the 
the field 


standard voltage, and 


grid phase shifting reaetor of 
rectifier, 

There are two differences between the 
armature and the field control, First, 
increase in armature current beyond 


iui 


predetermined amount must increase the 
field strength by saturating the saturable 
reactor, When controlling the armature 
vollage, an inerease in armature current 
necessitates a decrease in the saturation 
of the armature-control saturable 
actor, the standard voltage is 
not direetly the constant voltage of regu 
lator tube B but is the slightly variable 
voltage between the prid of tube CC and 
the bus, whieh voltage is in 
turn referred to the standard voltage of 
tube B, 

The field forcing triode tube 
connected so that, 


re 
Second, 


newative 


EE is 
when it is caused to 
conduet by high armature current, the 
grid of tube CC will be pulled positive, 
The increased current in the anode of 
tube CC will inerease the saturation of 
the field-control saturable reactor and 
apply more field, 


710 ‘TRANSACTIONS 


Figure 8, Voltage-regulated field control with 
armature-current limit added 
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Figure 9, Armature- 
current-limit control 
connected to both 
the armature-voltage 
and fleld-voltage 
control 
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The normal operation of the eireuit until the armature current reaches a : 
shown in Figure 8 will put the grid of — preset value determined by the setting of 
tube CC and the cathode of tube AH R13, Therefore, with the armature cur- 


slightly negative of the neutral bus, or 
alinost 75 volts positive with respect to 
the negative bus, The grid of tube 2A is 
connected to the negative bus except for 
the voltage proportional to armature cur- 
rent, This condition means that field 
forcing tube BE will be nonconducting 


Moyer, Palmer—-Thyratron Motor Control 


rent below this preset value, the field 


regulator will operate normally, itt tube — 
EE will take over and increase the field” 
as soon as the armature current exceeds 
the preset value, 

The field forcing triode tue EE will 
act ahead of the armature current- 


QUICK SLOW 
(IF USED) 


triode because the reference voltage of 
tube EE is slightly less than tube FE. 
This is didgrammed in Figure 9 where 
both the field forcing and armature volt- 
age control are shown connected to the 
same current-limit signal voltage. In 
the case of suddenly applied loads that 
do not give time for the field flux to build 
up to the needed value, the armature 
voltage will be reduced and prevent over- 
loading the armature supply tubes. The 
two controls work independently and are 
arranged so that the field control works 
at a slightly lower value than the arma- 
ture control. 

The field circuit may be preconditioned 
to full field value prior to starting by 
means of interlocks on, say, the dynamic 
braking contactor. Then, when the 
starting is initiated, the false signal is 
removed, but its effect dies off more 
gradually because of capacitor discharge 
circuits and maintains full field until the 
armature current can take control via 
tube EE. 


’ 


Armature-Voltage Limit When 
‘Decelerating 


If the speed-control potentiometers 
are suddenly turned from the weak field 
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CEILING SPEED 
ADJ. 


60 CYCLES 


Figure 11. Complete power and control cir- 
cuits of an electronic drive for a one-horse- 
power 230-volt d-c shunt motor 


condition to a speed calling for full field, 
the armature voltage will rise above the 
applied voltage. The voltage will rise 
because the full field would be applied 
suddenly and the motor becomes a genera- 
tor. Because of the rectifying action of 
the thyratrons, current cannot flow from 
the machine into the line and dynamically 
brake the motor as it would be if con- 
nected directly to a d-c generator. This 
would be an objectionable condition, as 
it would endanger the insulation of the 
commutator and associated equipment. 
This high generated voltage can be 
avoided by taking a signal from the arma- 
ture voltage and actuating a triode that 
will retard the application of field when 
the voltage exceeds a preset amount. 
This preset value can be well above the 
operating value so that it will not inter- 
fere with normal control. This control 
is accomplished by tube F of Figure 10. 
On nonreversing controls where the 
armature circuit is interrupted by an 
anode contactor instead of contacts at 
the armature terminals this armature- 


Moyer, Palmer—Thyratron Motor Control 


ADJUSTMENT 


IR_ DROP 
COMPENSATION 
ADJUSTMENT 


NT LIMIT 


voltage-limit feature allows the use of a 
lower value of dynamic braking resistor 
than would normally be used on a motor 
being stopped from a weak field condi- 
tion. The delayed field strengthening 
prevents excessively high armature cur- 
rents when dynamic braking to rest by 
limiting the voltage across the armature. 


Reversing Control 


When the armature circuit is reversed 
by magnetic contactors between the out- 
put of the thyratrons and armature ter- 
minals, the duty on the contacts is much 
less than when the motor is supplied from 
a d-c generator. The duty on the con- 
tacts is reduced because the action of the 
thyratrons assists in interrupting the 
armature current. Because of the com- 
bination of inverter action and armtuure- 
current-limit control, the reversing cycle 
is such as to cause a uniform and rapid 
deceleration to zero speed, followed by 
acceleration to the preset speed in the 
reverse direction. During deceleration 
to zero speed, the rotational energy of 
the armature and the load is pumped 
back into the a-c system with the arma- 
ture thyratrons. The preset speed in 
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The Effects of Mutual Induction Between 
Parallel Transmission Lines on Current 
Flow to Ground Faults 


SOHN |. HOLBECK 


MEMBER AIEE 


HIS paper is intended to present some 

of the problems encountered in de- 
termining unbalanced fault currents and 
unusual results that may be expected on 
systems with parallel lines on a common 
right of way. Correct results are required 
so that proper co-ordination and applica- 
tion of relays may be accomplished. 
Fault studies must be made and con- 
stantly revised, as a power system 
changes and expansions take place. Also, 
future conditions must be studied so that 
intelligent selection may be made of cir- 
cuit breakers and current transformers. 
It is the purpose of this paper to discuss 


1, The use of the a-c network analyzer in 
solving fault problems by using certain 
mathematical simplifications which are 
necessary in order to adapt the problem to 
the analyzer’s limitations. 


2. Some rather unusual conditions which 
may occur on a system during fault condi- 
tions because of the effect of mutual induc- 
tion between parallel lines. 


Frequently two or more power trans- 
mission lines are built on the same right 
of way parallel to each other for partial 
distances or for the full length. The 
problem of mutual induction between 


Paper 43-151, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE national technical meet- 
ing, Salt Lake City, Utah, September 2-4, 1943, 
Manuscript submitted March 24, 1943; made 
available for printing August 2, 1943, 


Joun I, HorweeK and Martin J. Lantz are with 
the Bonneville Power Administration, Portland, 
Oreg. Mr, Holbeck is chief in the protection engi 
neering unit, engineering division, 


each direction can be independently con- 
trolled by connecting different control 
potentiometers with interlocks on the 
reversing contactors, 


Application to Motor-Generator-Set 
Drives 


For those who have immediate need 
for this type of control characteristic for 
motors of, say 50- to 400-horsepower 
ratings, or even 2,000-horsepower, for 
that matter, it is practical to modify this 
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such circuits arises when unbalanced 
faults occur on one line causing induced 
voltages in the parallel circuit. Where 
the lines are of the same voltage and 
bussed at either or both ends, the cal- 
culation resolves itself into the use of a 
simple equivalent circuit. The problem 
becomes more complicated when the lines 
are operated at different voltages which 
obviously cannot be bussed at one end, 
or when a fault calculation is required on 
one end of a pair of parallel lines whose 
opposite ends are unbussed, such as a 
split-bus arrangement. In solving a 
problem of the latter type, use is made of 
the a-c network analyzer which utilizes 
one-to-one ratio transformers to represent 
the mutual induction between lines. 
Usually fault-current calculations are 
within the scope of a d-c calculating 
board. As a power system becomes more 
complicated and more than one line oc- 
cupies the same right of way, in some 
cases operating at different voltages, the 
effect of mutual induction between the 
lines becomes important for unbalanced 
faults. A d-c board cannot be used for 
these more complicated conditions. 


Zero-Sequence Currents 


Since the flow of zero-sequence current 
is not restricted to the physical conductor 
but must return through the ground cir- 
cuit, the resistivity of the ground itself 
enters into the determination of its im- 


» 


pedance. The effect of the ground return 
circuit upon the impedance can be de- 
termined by either one of two ways; 
namely, by direct measurement after the 
line is constructed, or by assuming an 


re 
Le | 


iP 


average value of ground resistivity for. 


calculating the impedance by formula. 
The latter method is the one which must 
be used in most cases (see appendix). 
It is not deemed within the scope of this 
paper to discuss the various theories of 
current flow through the ground but to 
show how assumed conditions are used to 
obtain what are considered reasonable 
results. ’ 

The effect of mutual coupling or the 
resultant induction between parallel cir- 
cuits is inversely proportional to the 
spacing between the circuits and di- 
rectly proportional to the length of paral- 
lel. 


Mutual Induction ~ 


When two transmission lines parallel 
each other close enough for the mutual 
induction to be appreciable, there is 
transformer action between the circuits 
when unbalanced currents flow. The 
mutual induction resulting from the flow 
of positive-sequence current is small and 
is reduced to a negligible value by the 
transposition of conductors. Transposi- 
tion, however, has no effect on the zero- 
sequence induction. When paralleling 
two identical circuits of the positive- 
sequence network, the resulting imped- 
ance is one half of the impedance of one 
line. This is not true for the zero-se- 
quence network for the reason that the 
flow of unbalanced currents will cause a 
certain amount of induction or mutual 
coupling to exist between the circuits re- 
sulting in a value somewhat greater than 
half the impedance for two identical cir- 
cuits in parallel. The mutual impedance 
between the circuits tends to reduce the 
fault current under certain conditions 
and increase it under other conditions, de- 


equipment so that the thyratron func- 
tions associated with variable armature 
excitation of a one-horsepower motor 
would, instead, provide field excitation 
for the generator of a motor generator 
set, and the thyratron circuit for the 
field of the one-horsepower motor would 
be adapted to supply variable field ex- 
citation to the field of the larger motor. 
The loop-current control becomes more 
complex, particularly since d-c current 
must be measured directly and its direc- 
tion of flow ascertained so as to give cor- 
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rect sequence of excitation to the respec- 
tive fields of generator and motor during 
acceleration and deceleration. 
versing problem, too, is more complicated 
because of the necessity of reversing 
generator field excitation, but all this 


F 


The re- 


has been done. hj 


Meanwhile, developments are progres- 
sing toward:the use of ignitron-type tubes 
to provide armature excitation for motors 
of higher horsepower ratings than can 
now be supplied with the available hot- 
cathode thyratron tubes. 


- 
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pending upon the relative directions of 
the ground current and the induced cur- 
rent. When a_ single-phase-to-ground 
fault occurs on an energized line, the re- 
sulting zero-sequence currents flowing 
through all three conductors in the same 
direction induce a voltage in the coupled 
circuit tending to cause an induced cur- 
retit to flow in the opposite direction to 
the one causing it. This may add to or 
subtract from the existing zero-sequence 
currents flowing in the coupled circuit 
to the fault through physical circuit ties. 

Under certain conditions the amount 
of induction may be great enough to re- 
verse the current flow in the coupled cir- 
cuit when large fault currents flow. It 
may even change the direction of flow in 
nearby transformer neutrals, causing the 
current to flow in reverse of the conven- 
tional direction. 


Devices for Representing Effect of 
Mutual Induction 


Two lines having mutual induction be- 
tween them may be represented by an 
equivalent circuit, provided the lines are 
bussed at one end. This presupposes 
that they are operated at the same volt- 
age. The“equivalent impedance is de- 
termined by subtracting the mutual im- 


‘pedance from the zero-sequence imped- 


ance of each line and adding it as a com- 
mon impedance permitting solution by a 
reduction of circuits through arithmetical 
means. See Figure 1A. 

This equivalent circuit may be used 
on an analyzer, but the solution is limited 
in its scope to lines of the same voltage 
bussed at one end. A device providing a 
more general and flexible arrangement is 
used on the network analyzer with alter- 
nating current applied to the analyzer. 
A transformer with one-to-one ratio is 
used, shunting an impedance equal to the 
mutual impedance across one set of ter- 
tminals such that a voltage drop propor- 
tional to the mutual induction is reflected 
to the coupled circuit, inducing a current 
in the opposite direction to the originating 
current. This device may be used for 
lines of differing voltages and for unbussed 
lines. The analyzer setup is the same as 
for the equivalent circuit, and therefore 
requires that the mutual impedance be 
subtracted from the zero-sequence im- 
pedance of each line and that one side of 
the transformer be shunted with an im- 
pedance equal to the mutual impedance. 
Hither side of the transformer may be 
shunted by the mutual impedance. 

Modern systems may have some rather 
complicated conditions involving mutual 
impedance: resulting from the construc- 
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Figure 1A. Equivalent zero-sequence im- 
pedance circuit cf two parallel lines (same 
voltage) for calculation of ground-fault current 


Figure 1B. Use of one-to-one ratio trans- 
formers for representing the mutual induction 
between parallel lines on the a-c calculating 


board 


Figure 1C. Simplification of the circuits in 

Figure 1B to reduce the number of one-to-one 

transformers required for the setup on the cal- 
culating board 


Figure 1D, Further simplification of Figure 1B. 
This is only an approximation and is not accu- 
rate for all applications 


tion of several lines on the same right 
of way, and their operation at different 
voltages. In solving problems of this 
type, resort must be made to simplifica- 
tion of circuits because the usual a-c net- 
work analyzer has few transformers for 
representing mutual induction. Where a 
number of mutual reactances are to be 
considered, as many simplifications as 
possible are made to represent the im- 
pedances between busses, and expansions 
are made successively by sections 
throughout the system as a detailed 
study is made. 

Figure 2 shows a section of a possible 
system between stations 4, B, and C 
with its several parallels. Figure 3 shows 
how the section was reduced to an ap- 
proximate equivalent circuit requiring 
only two instead of six mutual trans- 
formers. Negative values of resistance 
and reactance may be encountered. The 
resistance component must be omitted. 
The reactance component may be handled 
in one of several ways. Where possible, 
the negative values of reactance may be 
combined with the positive values such 
as would be the case with the primary cir- 
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STATION “A” 
230 KV 


TO STA. "G* 


28 Mi 


STATION “B" 
ISKV 


43,4 Mi. 


TO STA “E" 


230 KV 
STATION "C" AW 


11S KV al 
a TO STA. "E" TO STA ."D" 


Figure 2. Diagram for indicating the relation- 
ships of mutual induction between the parallel 
lines connecting stations A, B, and C, 
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as pint: Dw STATION “C” 
» 
J Q018 SKY 

JO15O0 To TO 

STA.“E STA.“D" 
A 
EQUIVALENT 
ABS 

Figure 3. Simplification of the calculating- 


board circuits representing the lines connecting 
stations A, B, and C for calculating faults ex- 
ternal to this section of the power system 


Reactance values are on a per unit 50-megavolt- 
ampere base 


cuit of the station B transformer bank in 
Figure 3, losing the identity of the sta- 
tion B 230-kv bus. Where this cannot 
be done, a capacitive reactance may be 
substituted for the negative value of 
inductive reactance on an a-c analyzer. 
The diagram in Figure 3 could be further 
reduced to save reactor units on the 
analyzer by using a delta-star transfor- 
mation of the lines, but the net result 
still shows a negative value of reactance. 
Negative reactance values can sometimes 
be avoided if the mutual transformers 
have a ratio equal to the line voltage 
ratio. This simplified network would be 
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LINE 2 = Ewe 


CASE B oS 


Figure 4, Examples of possible false relay 
operation 


Case A represents two 230-ky lines operated 
temporarily at 115 kv 


Case B represents the same pair of lines, 
with line 1 operated at 115 kv and line 2 
operated at 230 ky, each line energized 
by a separate generator. The location of the 
ground fault in each case is marked by an X 


STATION A 


230 KV 
465 


3-/8/-54 


Figure 5A. Direction and magnitudes of the 
calculated ground-fault currents in amperes at 
115 ky for a fault on the 230-ky bus of station 
B with the mutual reactances included for the 
calculating-board setup 


5-18/-$8 


STATION A 
230 KV 
500 


NS KV 


STATION B 
135 


Figure 5B. Direction and magnitudes of the 
calculated ground-fault currents in amperes at 
115 ky if the mutual reactances of the parallel 
lines are ignored in the calculating-board setup 


Compare with current values shown in Figure 
5A which include the effects of mutual 
sf induction 
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used during the study of faults in another 
section of the system and would require 
expansion for detailed study. 

In reducing a network consisting of two 
lines bussed at one end and paralleled 
by a third line of different voltage, the 
arrangement is as shown in Figure 1B. 

Figure 1B is reduced as shown in Fig- 
ure 1C by substituting the equivalent 
circuit of Figure 1A for the lines that are 
bussed. When the values of mutual im- 
pedance are equal or close enough to 
average, a single transformer may be 
substituted as shown in Figure 1D be- 
cause the sum of the induced currents 
flow in the mutual branch of the equiva- 
lent circuit. 


False Relay Operation Because of 
Mutual Induction 


Cases A and B, Figure 4, are two ex- 
amples of how the effects of mutual induc- 
tion could cause false relay operation if 
it is not considered in the relaying. 


CASE A 


Case A represents two 230-kv lines 
operated temporarily at 115 kv. A 
power source is connected to each end 
of the circuit, and the two lines are 
bussed at both ends. 

When the fault occurs as shown near 
the end of the line, a large current flows 
through breaker 1 resulting in quick 
tripping. At the same time the induc- 
tion-type current-polarized directional 
ground relay at 2 starts to operate. After 
breaker 1 opens, the direction of current 
flow in line 2 reverses, and, because of the 
extra induced current from mutual in- 
duction in the line, the directional over- 


STATION A 
230 KV 
35 


3+161-64 


Figure 6A. Because of mutual induction be- 

tween circuits it is possible to have appreciable 

ground currents flowing in sections isolated 
from the ground fault 


Note current flow between stations B and A 
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current ground relay in position 3 may 
seal its contacts before breaker 2 opens, 
causing an unnecessary trip out of the 
unfaulted line. Breaker 2 would probably 
have cleared before relay 3 closed its 
contacts if the added influence of mutual 
induction had not increased the current - 

in line 2 to speed up the operation of re- “4 
lay a e “ove 


Case B 


Case B, Figure 4, represents the same 
pair of lines except that circuit 2 has been 
raised to 230 kv, and each line is ener- 
gized by separate generators. 

The fault is again placed at the same 
point on line 1, causing breaker 1 to 
open. This entirely isolates the two lines 
except for mutual induction between — 
them which caused the unbalanced cur- 
rent to reverse in line 2 and therefore 
reverse the normal direction of the current 
flow in the transformer neutral. Relay 
4, if current polarized, has both its polar- 
izing and actuating current reversed so - 
the resultant direction continues to be 
the same until breaker 2 opens. Relay ~ j 
4 may close its contacts before breaker 2 | 
opens, causing false relay operation of the 
circuit. 


<< _— 


Se ee ee, 


Effect of Mutual Induction on 
Ground Currents 


Figures 5-7, inclusive, show diagrams 
with data obtained from a system fault 
study made on the a-c network analyzer 
and provide examples of the effect of 
mutual induction between circuits for 
ground faults. These examples are for 
the same section of the system as shown 
in Figure 2 except that the line from sta- 
tion A to station C is omitted. These 


STATION A 5-57-66 
230 ie 2 


STATION & 


Figure 6B. The effect of lerariagt mutual in- — a 
duction 53 


title <.. 


Note negligible flow of ground currents be- 
tween stations A and B 4 
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STATION A 
230 KV 
630 


\, — STATION B 


Figure 7A. The effect of mutual induction 

increases the over-all ground current flowing 

in parallel lines providing the currents flow in 
opposite directions 


Note the effect on the station A to station B 


115-kv line which parallels the 230-kv line 
for 35 miles. Compare with Figure 7B 


examples show faults on the end of trans- 
mission lines with values of ground cur- 
rent flowing before and after the adjacent 
breaker to the bus has opened for condi- 
tions with and without the consideration 
of mutual induction. All currents shown 
are equivalent amperes at 115 kv. 

Figure 5 shows the effect of mutual 
induction between the 115-kv and 230-kv 
lines for a single-phase-to-ground fault on 
the station B 230-kv bus. When mutual 
induction is considered (Figure 5A), the 
calculated value of ground current in the 
115-kv line is 205 amperes from station B 
to station A. However, when the effect 
of mutual induction is ignored (Figure 
5B), the calculations show a flow of 
only 135 amperes in the 115-kv line, but 
in the opposite direction to that shown in 
Figure 5A. In this case the 115-kv line 
might be cleared by relay unnecessarily 
for a 230-kv line fault if one were not 
aware of the effect of mutual induction 
between paralleling lines of different 
voltages. 

It is possible, as shown in Figure 6, 
to have appreciable ground currents 
flowing in sections isolated from the fault 
because of mutual induction between cir- 
cuits. The effect shown in Figure 6 
would be much more pronounced with 
longer parallels or larger concentrations 
of ground currents. Figure 6A shows the 
magnitude and direction of the ground 
currents circulating between stations 
A and B resulting from the effect of 
mutual induction when a fault occurs on 
a radial 230-kv line fed from station C. 


If mutual induction is ignored, results 


will be obtained similar to those shown in 
Figure 6B. In the latter case practically 
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2181-78 
STATION A 
230 KV, 
655 


Figure 7B. Mutual induction is ignored in the 
calculations 


The sum of the ground currents circulating in 
the 115-kv line and the station 8 115-kv trans- 
former neutral are equal to-only 22 per cent 
of the calculated values of ground currents 
(shown in Figure 7A) when the mutual induc- 
tion is included. In this case faulty relay opera- 
tion could result if the effect of mutual induc- 
tion is ignored 


no current circulates in the lines between 
stations A and B. 

The effect of mutual induction in- 
creases the over-all ground current flow- 
ing in parallel lines providing the currents 
flow in opposite directions. Figure 7 
shows this effect very clearly on the 
station A to station B 115-kv line which 
parallels the 230-kv line for 35 miles. 
The mutual induction (Figure 7A) in- 
creases the ground current in the line and 
the station B transformer neutral prac- 
tically fivefold over the values obtained 
in Figure 7B, which neglects mutual 
induction, for the same 230-kv ground 
fault. This is an instance that could 
very easily cause false relay operation, 
since erroneous results would be obtained 
by neglecting the mutual induction. 
Proper results could not be obtained on a 
d-c board since the lines are of different 
voltages. 


Conclusions 


A d-c calculating board cannot be 
used to represent the effects of mutual 
induction between lines operated at dif- 
ferent voltages. The neglect of these ef- 
fects may give erroneous answers serious 
enough to result in false relaying. 

With two lines paralleling each other 
on the same right of way through which 
unbalanced fault current is flowing in the 
same direction, the effect of mutual in- 
duction between the lines is to reduce the 
flow of ground current. 
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The effect of mutual induction between 
two lines paralleling each other on the 
same right of way through which un- 
balanced current is flowing in opposite 
directions is to increase the flow of ground 
current, 

It is possible, because of the effects 
of mutual induction between lines, to 
reverse the normal direction of the 
ground current flowing in the grounded 
neutral of a transformer bank to a ground 
fault. 


Appendix. Formulas for Calcu- 
lations of Zero-Sequence Imped- 
ances of Short Transmission Link 


~Without Ground Wires 


Zero-Sequence Impedance 
Zy = Re +0.00477f +7.01897f X 
De 
GMR circuit 
(1) (Reference 1, page 157) 


logio 


Zy=ohms per phase per mile 
Zm =0.00477f+-7.01897f X 
De 
GMD circuit 
(1) (Reference 1, page 158) 


logio 


Zm=ohms per phase per mile 
J =frequency in cycles 
D,=2,790 feet based on an average ground 
resistivity of 100 meter-ohms 
(1) (Reference 1, pages 146-8) 
GMR circuit = 
3 ————————— ——e 
VGMD sep’ XGMR conductor 
(1) (Reference 1, page 157) 
GMR conductor obtained from tables 
(1) (Reference 1, page 188) 
GMD sep= 


—— ee eee a 

\/ three distances between conductors 
R.=resistance per mile of one conductor 
GMD circuit = 

Wy PEC LES Sas ‘ ete ae OA 

V/ nine distances between conductors 

Conversion of ohms to per unit Z 
base mva X ohms 
Per unit Z= ST Lh (2) 
ky? 
For mutual impedance between lines of 
different voltages 


4 base mva * X ohms 
Per unit Z =——__——_ 
kv) <kve 
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High-V oltage-Ignition-Cable Design 
for Aircraft 
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N the design of an insulation, mechani 

eal and chemieal problems must be 
considered as well ag the eleetrical prob 
lem, This is particularly true in the de 
sign of an ignition cable for areratt, 

Lefore constructing a suitable insu 
lated wire or cable for any purpose, it is 
essential to lavow the conditions of usage, 
An aireraft ignition cable may be sub 
jected to the following 


I, Abrasion and chating 
2. Pulling 

&, Compression 

4, Vibration, 

h, Heat 

6. Cold, 

7, Moisture 

4, Oil and solvents, 

. Ozone 

10, Nitric acid 


11, Low pressures, 


In addition, the insulation must have 
high dieleetrie strength and low eapaci 
tance 

The cable is subjected to abrasion, 
chiting, and pulling during assembly into 
the manifold and flexible conduit leads, 
Mis is emphasized by the close fitting 
manitold, made in an effort to save space 
and weight,  Tnsufficient 
enemy of insulation, 


space if an 
Many engineers 
often neglect to allow enough space to 
prevent injury to insulations, Tt is ap 
preciated that weight and space saving 
are very important, especially in air 
craft, but proper functioning and safety 
should take precedence over space saving, 

Compression of the cable take) place at 
the tightly fitting grommets within the 
spark plug and elbow fittings, 

Vibration is quite severe while the 
engine is rennin, 

According to nireraftvenpine manu 
facturers, and engineers of the Air Sery 
ives, the temporature in the aparkeplupg 
elbow may at times reach 825 to 850 


Paper 490145, recommended by the ATW committee 
on aif transportation for presentation at the ALWH 
Mational teohinioal mieethig, Sale Lake City, Utah, 
Heptember Med, (ds, Maniinoript submiteed puty 
SO hal made available for printing July wo, 
att 


HTT, Wrerewinn ia oltef engineer for Helden Manu 
facturing Company, Chioawe, UI 
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deprees Mahrenheit, The temperature at 
the spark-plug gasket is 400 to 600 degrees 
Fahrenheit, and the spark-plug barrel or 
well ay reach a temperature of 375 to 
400 degrees Mahrenheit, 

We are told that temperatures as low 
as —'70 degrees Fahrenheit or even lower 
are encountered in high altitude flying 
and reach this at ground level in parts of 
the world where our planes are in opera. 
tion, Although the eables are not flexed 
or moved at these temperatures, spark 
plugs may be changed at —20 degrees 
Mahrenheit or even lower, In such event 
the cable is flexed or bent to some extent, 

Although the cable is entirely enclosed 
in shielding, moisture enters the system 
because of breathing, and condensation 
may take place, If moisture is absorbed 
by any part of the cable, arcing and pre 
mature failure may oceur, 

The cable comes in contact with lubri- 
eating oil and with solvents which are 
used to wash down and clean the engine, 

The cable is exposed to the effects of 
corona, The ozone formed because of 
the high electrical stress on the air sur. 
rounding the eable is a powerful oxidizing 
agent, The effeets of ozone on the cable 
can be observed internally next to the 
conduetor as well ag externally, 

Ozone combines with nitrogen of the 
air to form oxides of nitrogen, These 
oxides form nitric acid in the presence of 
Nitric very 
powerful oxidizing agent, 


moisture, acid is also a 

High-altitude flying has greatly com- 
plicated the problem of designing satis- 
factory airveraft ignition enables, Cables 
(hat funetion reasonably well at moder- 
ately low altitudes fail after relatively 
short service at very high altitudes, 

So far as can be learned, the peak volt: 
ages impressed on the cables are in the 
magnitude of from 7.5 to 10,0 ky, 

The dielectric constant of the insula. 
tion should be such that the capacitance 
of the eable will be low enough not to 
interfere with proper firing of the spark 
plug, 

Consideration of the conditions of 
serviee makes it clear that designing a 
cable that will funetion satisfactorily is 
no easy problem, The conventional type 
of rubber-covered, braided, and lacquered 
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cable is basically lacking in certain re- 
spects, The lacquer coating is deficient in 
resistance to abrasion and chafing, It is 
difficult, if not impossible, to moisture- 
proof the braid completely, The lac- 
quered braid is readily attacked by the 
combined action of heat and nitric acid, 
particularly in the confined space in the 
spark-plug well and elbow. Further- 
more, the lacquer coating when sub- 
jected to heat, especially at high altitudes, 
is seriously affected, 

The primary purpose of the lacquer 
coating is to prevent ozone deterioration 
of the rubber compound. If the lacquer 
coating is ruptured, electrical failure is 
likely to result in a relatively short time. 

It ig apparent that there is a need for 
an improved cable, especially for high- 
altitude flying, The cable designer must 
therefore find more suitable insulating 
materials to produce a cable which will 
meet the requirements, It is also ap- 
parent that there must be a meeting of 
minds of the cable manufacturers, the 
harness manufacturers, the aircraft-en- 
gine manufacturers, and the engineers of 
the Air Services on certain compromises. 
It is unlikely that a cable can be made 
that will meet all the conditions enumer- 
ated previously to the extent desired by 
each individual engineer, One engineer 
may emphasize heat resistance, another 
cold resistance, or some other require- 
ment, This emphasis on any specific 
property can only be met at the expense 
of some other equally important require- 
ment, What we must arrive at is a bal- 
ance of properties so that we will obtain 
a cable with the maximum of any one 
characteristic without undue reduction of 
any other necessary characteristics, 


The present trend in specification 
writing is to emphasize performance tests 
rather than constructional details or re- 
quirements based on specific materials, 
Very often specifications which are not 
based on performance will prevent the 
development of improved products. This 
ean occur when new materials become 
available which will meet conditions of 
service more satisfactorily but may fail 
to meet tests based on specific materials. 
Performance specifications on the other 
hand encourage development, use of new 
materials, and better design, It is more 
difficult to prepare performance specifica- 
tions since the object is to simulate condi- 


tions of service with a reasonable margin 


of safety, However, when such specifica- 


tions are finally achieved, it will usually” 


procure a product more satisfactory for 
the intended purpose, 
Tt is unusually dificult to determine 


the suitability of an aireraft-engine igni- 
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tion cable. It is at best a long procedure 
to make power-plant tests, and hereto- 
fore laboratory tests have revealed com- 
paratively little as to how the cable would 
perform in actual flight. 

Ignition-cable manufacturers have had 
this under consideration for some time 
and have attempted to prepare perfor- 
mance specifications that would reproduce 
as closely as possible conditions actually 
encountered in service. One test method 
suggested for incorporation in a specifica- 
tion is termed “simulated flight test.” 
Figure 1 shows this apparatus. It 
consists principally of a bell jar mounted 
on a base plate, with proper fittings 
for attachment of a spark-plug chamber, 
a spark plug and elbow assembly with a 
length of standard flexible conduit. A 
suitable heater coil is mounted around 
the elbow and spark plug. The bell jar 
is partially evacuated to the desired 
pressure. The sample of cable to be 
tested is assembled in the flexible con- 
duit lead, and the assembly at the spark 
plug is made identical with that made on 
an actual engine installation. 

These test conditions have been sug- 
gested and may be modified as more ex- 
perience and data are obtained in testing 
with the apparatus: 


Gasket temperature. .500 + 10 degrees Fahrenheit 
Elbow temperature. .325 + 5 degrees Fahrenheit 
Pressure in elec- 


trode chamber....20 + 5 pounds 
Absolute pressure 

in vacuum cham- 

RE ei sisi cielo > es. 10 + 0.5 centimeters mercury 
Peak voltage........ 12.5 + 0.5kv 


Added capacitance. . .250 micromicrofarad 


An attempt has been made to simulate 
flight conditions by cycling as shown in 
the tabulation: 


== 


Time Heat Vacuum Voltage 
POMERGE I crite ps uietsa is On rhinos On chh. OR 
ReAUOVIE fyhevctspaie tiation. o. aute arsiers. one Off 
RMMNBEESMEIE DS Ci ary ce cg osaki cols wce-sicioe On 
CiMOULS. .- 25.64... Off 
A ASAOULS 5 4 ai, busin 0 a'o.0 si shelere Off 
NOUNS fe cjcie s cvqeses One se a sOrt On 


The voltage is on continuously, and 
the schedule is continued a definite 
number of cycles or until failure occurs. 


Table I. 


“Simulated flight test’’ apparatus 
with and without bell jar 


Figure 1. 


The cycling is shown graphically in 
Figure 2. 

This test method has been in use by 
cable manufacturers, and a great deal 
has been learned about faults and de- 
ficiencies of present types of cables. 
It has also been very useful in the testing 
of new designs. 
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CONDUCTOR 


The size of the conduetor materially 
affects the capacitance of the cable, and 
its cross-sectional area should therefore 
be as small as possible, consistent with 
sufficient tensile strength for manufac- 
turing and normal handling. The con- 
ductor commonly used for aircraft igni- 
tion cable is made with seven strands 
of 0.013-inch diameter corrosion resisting 


' steel. 


The conductor should be smooth, and 
the stranding should be concentric. This 
type of stranding most nearly approaches 
the form of a solid conductor. Any ac- 
centuated unevenness or roughness tends 
to concentrate the electric stress and 
promote puncture, 

It has been found advantageous to use 
a “‘sealed’”’ conductor in the construction 
of aircraft ignition cables to prevent air 


Insulations 


et = 


— — 


Dielectric Resistance to 


Material Strength Compression 
Rubber cee RSC OLIEIS Oh ean ELPiratabes dia: shiva SRE ea ive 
RECUR ofa GO SI One mane eats asec iL ievrivela se 
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Polyisobutylene............. 
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leakage through the conductor. Leakage 
occurs at high-altitude flying when the 
pressure in the spark-plug well is greater 
than that of the surrounding atmosphere, 
In case a sealing compound is used in the 
spark-plug well, it is apt to be forced inta 
the cable along and through the inter- 
stices of the cabled conductor. The pres- 
ence of air inside the cable will also result 
in the formation of ozone which may lead 
to internal failure. 

The sealing of the conductor results in 
better adhesion between the conductor 
and the insulation, thus preventing the 
insulation from sliding on the conductor, 
A sealed conductor tends to reduce twist- 
ing or dislocation of the conductor which 
may be the cause of internal corona 
cracking because displacement of the 
conductor with respect to the insulation 
will permit air to enter the cable along 
the conductor. Twisting or dislocation 
places the insulation under stress. 
Stressed insulation is readily attacked 
by ozone, resulting in cracking and ulti- 
mate failure. 

The sealing of the conductor is accom- 
plished by extruding or coating the strand 
of wire used in the center of the cabled 
conductor with a suitable compound, 
When the other six strands are cabled 
around the coated wire, the compound is 
forced between the individual strands, 
completely sealing the conductor. 


INSULATION 


If a sealed conductor is used, a properly 
designed rubber compound is satisfactory, 
since the effect of internal corona is elimi- 
nated. Rubber compounds have ad- 
vantages in that the low temperature 
flexibility is excellent and electrical prop- 
erties are good. The rubber stock pile is 
being rapidly reduced, and it may become 
necessary to find a substitute. Some of 
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the synthetic rubbers appear to be suit 
able, and among those are the buna S 
and isobutylene types. Cables have been 
made with these substitutes, and tests 
indicate that they are quite satisfactory. 
In Table I are listed materials which 
have been used or whieh are under in 
vestigation, It is assumed that the ma 
terial is properly compounded for the 
application, The materials are rated in 
accordance with their comparative value 
as insulation for ignition cable, The low- 
est number indicates the greatest value. 


PROTECTIVE COVERING 


A lacquer coating applied over a braid 
is used to prevent deterioration of the 
insulation by ozone, oils, and solvents, 
It is lacking in resistance to abrasion 
The lacquered braid does 
eat and 


and chafing. 
not have sufficient resistance to h 
nitric acid. It is, therefore, necessary to 
use a more suitable protective covering. 


is also highest at this location, Heat 
combined with low pressure tend to cause 
blistering or swelling of the protective 
covering. With lacquered cable, blister- 
ing might occur on the first flight at very 
The condition can be 
“Simulated flight 


high altitudes, 
readily reproduced in the 
test.” 

The disintegrated lacquer seems to 
contaminate the porcelain or other type 
of sleeving placed over the end of the 
vable as well as the insulating wall of 
the spark plug, This contamination 
may induce are-over from the spring con- 
tact to the outside casing of the spark 
plug, The are-oyer is most likely to occur 
at high altitudes, particularly if the 
Neoprene grommet does not completely 
seal the spark-plug well, 

The most satisfactory material for a 
protective covering at present appears to 
be suitably compounded Neoprene. Neo- 
prene sheaths are reasonably ozone resist- 


Table Il, Protective Coverings 
Abrasion Low 
Moisture Heat Orone and Chafing Temperature 
Material Resistance Resistance Rowistance Resistance Resistance Flexibility 
Buse NS rence nies cs Oi iaea Wein) et Pe Th Any Les haneniees RM Acts ee ae TOR IT 1 
NCOPreNG,.. cee riarsis PR tr va bits Rae e te bo Liat a Ditch miata Lie Ded pede 1 
TL MIOKONG  Katalh Vetere okie Livivaniatoh Wiccan RR rey a hoa ae ily LF Mame ama’ LS Mean yoni 1 


In Table Il are shown some of the 
materials that have been investigated and 
applied as protective coverings for igni 
tion cables. It is assumed that the ma 
terial is properly compounded for the 
application, The materials are rated in 
accordance with their comparative value 
as protective covering, The lowest num 
ber indicates the greatest value, 

Most of the failures of ignition cable 
on aircraft engines occur in the spark 
plug well or spark-plug elbow, ‘This is 
readily understandable, the cable 
is subjected to intense ozone conecentra- 
tion at this point as well as nitrie acid 
formed by the combination of 
nitrogen, and moisture, 


sinee 


OZone, 
The temperature 


Table Ill. Relative 


Braided With 
Lacquered Coating 


Neoprene Sheath 
No Braid 


ant and are improved by incorporating 
into the compound antioxidants and waxy 
materials that fend to migrate to the sur- 
face, A coating of wax applied to the 
cable will also improve corona resistance, 

Neoprene-sheathed cables have good low 
temperature flexibility and will withstand 
flexing at —40 degrees Fahrenheit, These 
cables should not be bent or flexed at 
lower temperatures, This resistance to 
low temperature is better than that of 
lacquered cables which should not be 
flexed at temperatures lower than —20 
degrees Fahrenheit, 

As previously stated, heat and low 
pressure existing at high altitudes tend to 
cause blistering or swelling of the Neo- 


Merit of Cables 


Neoprene Sheath 
Glage-Yarn Braid 
Betwoen Layers 
of Neoprene 


Nooprene Sheath 
Ginga Yarn Braid 
Over Insulation 


Abrasion and ehating Poor, lixcellent . Wxeellent loxcellent 
Pulling, Sung Ta EOP abn » Poors 14 Ve RORILOAY cy sesticere Wxeellent 
Compression... cscs ise aes POOP Hin ies .Falr...,, OT Ne hh tem em Vair 
M@Atiisieersiveieins Va Bebe tab vvary dy ace e MOOS cr ila se hie et Ch CREE RONG, amc Cac ERI tel 
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Figure 2. Graphs showing heat, atmospheric 
pressure, and voltage conditions during 
“simulated flight test" . 


prene sheath at the spark-plug elbow. 
This exposes the insulation to the condi- . 
tions in the spark-plug well and elbow. 
It has been found that one factor caus- 
ing blistering of Neoprene-sheathed cable 
is that the moisture absorbed by the cable 
in the steam vulcanization process tends | 
to expand because of the temperature at 
the elbow, At low pressures the tendency | 
to blister is greatly increased, The 
blistering caused by moisture can be 
prevented by preheating the Neoprene- 
sheathed cable for 24 hours at 180 degrees 
Fahrenheit, ; 
’ 


Because of the limited space in the ; 
ignition-cable manifold and the increased 7 
surface friction of Neoprene-sheathed ; 
cables, there is greater mechanical abuse 


in wiring the harness than when lacquered ; 
sable is used, A glass-yarn braid applied 
between the primary insulation and the 

¥ 


Neoprene sheath will impart added } 
mechanical strength to the cable and help d 
prevent stretching and twisting of the ; 
cable during manifold assembly, A — 
glass-yarn braid also materially i increases 4 


ozone resistance of the cable, 

One disadvantage of a glass-yarn braid 
is the relative difficulty of sealing the 
cable when the pressure surrounding the 
spark plug and elbow is low as occurs at 
high altitudes, Air tends to flow through 
the interstices of the braid which may 
cause blistering or swelling of the Neo- , 
prene sheath at the elbow and lower the — ~ 
pressure in the spark-plug well. The- 
spark-plug-well sealing compound may 
be forced up into the braid. This ten- 
dency of leakage through the braid can 
be partially overcome by applying a thin 
sheath of Neoprene over the insulation, * 
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Figure 3. Four ignition-cable constructions 
A. Sealed conductor; insulation; Neoprene 
sheath 
B. Sealed conductor; insulation;  glass- 


yarn braid; Neoprene sheath 


C. Sealed conductor; insulation; Neoprene 
layer; glass-yarn braid) Neoprene sheath 


D. Conductor; insulation; cotton yarn braid; 


lacquer coating 


The glass-yarn braid is then applied, 
followed by a second sheath of Neoprene. 
The braid thus becomes thoroughly im- 
bedded between the layers of Neoprene. 
This construction further increases the 
ozone resistance of the cable. 

Figure 3 shows constructions which have 
been discussed. Figure 4 shows deterio- 
ration of lacquered-type cable at spark- 
plug elbow after being subjected to 
“simulated flight test’’ and after service 
on aircraft engine. 


Use OF Five-MILLIMETER CABLE IN 
PLACE OF SEVEN-MILLIMETER CABLE 


In the wiring of the conventional type 
of manifold, the seven-millimeter cable 
Teceives considerable abuse. Undue pull- 
ing or twisting of the ignition cable in 
harmess wiring may occur, resulting in 
very serious permanent injury to the 
insulation, Twisting of the cable is apt 
to produce air pockets along the con- 
ductor because of dislocation of the in- 
sulation with respect to the conductor. 
Excessive pulling on the cable may result 
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Figure 4. Samples of lacquered cable show- 
ing deterioration at spark-plug elbow 


A. After “simulated flight test” 
B. After service on aircraft engine 


in elongation of the conductor and stress- 
ing of the insulation, The Neoprene- 
sheathed cable is more resistant to abra- 
sion and chafing than braided and lac- 
quered type, but nevertheless must be 
handled with reasonable care. Because 
of the limitations of space, it is doubtful 
whether seven-millimeter | Neoprene- 
sheathed cable can be assembled in the 
present manifolds without injury to the 
cable. The use of five-millimeter cable 
in place of seven-millimeter cable would 
simplify the problems of harness assem- 
bly and remove the. principal source of 
cable abuse. 

Since the puncturing voltage of the 
five-millimeter Neoprene-sheathed cable 
is ample, and since cable failure is largely. 
due to deficiencies in chemical and physi- 
cal properties, it appears that this cable 
would be. entirely satisfactory. The 
capacitance of an installation with five- 
millimeter cable is satisfactory since 
with present manifold and flexible con- 
duit sizes and the same type of cable, the 
capacitance of the individual leads is less 
than when seven-millimeter cable is 
used because of the additional air space 
in the manifold. This favorable condi- 
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tion would only exist so long as the mani- 
fold size remains the same or is reduced 
only to a point that ample space is 
allowed to prevent mechanical injury to 
the insulation of the five-millimeter cable. 
Should the manifold size be reduced to 
fit the five-millimeter cable as closely as 
the present manifold fits the seven-milli- 
meter cable, the same . objectionable 
difficulties in assembly will exist. 

Four types of cables have been under 
consideration. None of these cables 
meet all of the requirements to the extent 
desired. Any one is superior in some re- 
spects and deficient in other respects. 
It must be recognized that some of the 
requirements asked for by aircraft-engine 
manufacturers and engineers of the Air 
Services cannot be fully met. As an ex- 
ample, if it is essential to have a cdble 
withstand the solvent action of highly 
aromatic gasolines, none of the cables 
under consideration would be entirely 
satisfactory. Again, if flexibility much 
below —40 degrees Fahrenheit is re- 
quired, these cables would not be suitable. 

In Table III, an attempt has been 
made to estimate the relative merits of 
the four cable constructions under con- 
sideration as to the conditions of usage 
on engine installations previously. out- 
lined. 

Cable manufacturers at present are 
doing intensive development work in an 
effort to improve aircraft ignition cables. 
The numerous new materials which are 
being made available by the chemical 
industry are being thoroughly investi- 
gated, and advantage is being taken of 
those showing promise. Recent close co- 
operation between the engineers of the 
Air Services, the aircraft-engine manu- 
facturers, and the cable manufacturers 
has greatly accelerated the development 
and improvement of ignition cables, and 
this will no doubt result in continued 
progress, 
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Synopsis: The primary function of the 
normal-type oil circuit breaker is to inter- 
rupt the circuit as rapidly as possible, 
without disturbing the connected system, 
and to leave the oil circuit breaker in sub- 
stantially the same electrical and mechani- 
cal condition as before. The interruption 
of an electrical circuit is always accom- 
panied by an arc, and it has been found 
that if the arc and its associated space are 
rapidly cooled or dethermalized it is readily 
extinguished. This paper describes de- 
thermalizing arc quenchers that cause the are 
and its associated space to be cooled by the 
controlled flow of oil through and around 
the arc. The action of these quenchers 
has been verified by field tests on the 
16-kv and 220-kv systems of The Southern 
California Edison Company Ltd. 


N the operation of large electric sys- 
tems, effort is continuously exerted to 
gain reliability and at the same time to 
cut down maintenance costs. One of the 
costly maintenance problems is the over- 
hauling of oil circuit breakers. It is the 
customary rule, based on experience, to 
overhaul oil circuit breakers after each 
short circuit or at least after two inter- 
ruptions of short circuit. The overhaul 
periods of the oil circuit breakers could be 
greatly lengthened if the contact burning 
and the oil carbonization could be re- 
duced. In order to accomplish these de- 
sired results it is important to cut down 
arcing time and contact separation during 
the arcing period. 


Conclusion 


The proper design of dethermalizing are 
quenchers will interrupt short circuits 
of any magnitude without carbonizing the 
oil or changing its dielectric value, and 
because of the short arcing time the burn- 
ing of the contacts becomes negligible. 

Even though this short arcing time is 
accompanied by an extremely short con- 
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tact separation, the continuously flowing 
oil prevents restriking of the are. Con- 
sequently, with short arcing time and 
short are lengths the are energy is so 
greatly reduced that mechanical dis- 
turbances are eliminated. 

The field tests on the Southern Cali- 
fornia Edison Company Ltd. system 
proved that the dethermalizers are ade- 
quate to interrupt short circuits ranging 
from a minimum to maximum duty with- 
out mechanical disturbance to the switch 
and without electrical disturbance to the 
system. The time of interruption de- 
creased with the greater duty, thus giving 
the switch a larger factor of safety or an 
increased kilovolt-ampere rating. 

Tests were made on the Edison system 
at widely separated locations, resulting 
in the same interrupting characteristics; 
that is, with the same kilovolt-ampere 
duty, the arcing time and contact separa- 
tion were substantially the same, proving 
that the dethermalizers are adequate for 
all locations on the Edison system. 

The record of operation of these dether- 
malizers during the past six or seven years 
has shown no deterioration of oil con- 
tacts, or insulating materials of the inter- 
rupters, and they have cleared all short 
circuits and line dropping incident to 
normal. operation. 

From this operating experience it be- 
comes apparent that this type of arc 
quencher will result in the very minimum 
of maintenance and at the same time will 
give a maximum of system protection. 


16-Ky Field Tests, August 25, 1936 


Since the Edison company is practi- 
cally the only company that uses 16 kv for 
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distribution, it was desirable to have a 
breaker for this voltage with approxi- 
mately 50,000-kva, interrupting rating, 
small in size and fast in operation. 
Breakers of the normal type had insufii- 
cient interrupting capacity and required 
considerable maintenance. The dether- 
malizer for this breaker is shown in Figure 
1. It can be seen from this sketch that 
the dethermalizing element has a multi- 
plicity of pools of oil that are connected 
to restricted ports on one end, the other 
end is closed. The are at the closed end 
generates gas which produces sufficient 
pressure to drive the oil in the pool, 
located between the contacts, through the 
arc and associated space of the other con- 
tact. As the contacts separate, other 
pools of oil are successively driven into 
the arc and the are space of the second 
contact thus continually cooling the are 
and the are space until a point of extine- 
tion occurs, and sufficient cool oil is main- 
tained through this space even after ex- 
tinction so that restriking does not occur. 
This rapid cooling of the are and its 
associated space is the dethermalizing 
action that extinguishes the arc. 

Figure 2 illustrates a 16-kv 50,000-kva 
series-trip mechanical trip-free breaker 
set up for test. This breaker interrupted 
a 53,000-kva three-phase short circuit 
on a delta system feeding only the setup 
from a separate transformer bank, It 
operated on a close-open test in 31/2 
cycles total time. Figure 3 shows the 
oscillogram of this test. This switch was 
closed by hand on a three-phase short 
circuit and cleared with no disturbance. 
This test was repeated several times with 
the same results and when examined 
showed very little deterioration of con- 
tacts, oil, and dethermalizer. Breakers of 
this design have an operating record of 
six and one-half years, show no signs of 
oil carbonization, and have not required 
any maintenance. 
16-ky dethermalizer, flat-plate con- 

struction 


INTERRUPTING 
STATIONARY CONTACT 


Figure 1. 
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illustration clearly shows the shielding 
and one-half the crosshead. 

Figure 7 shows the dethermalizer of the 
flat-type construction and the various 
oil pools or reservoirs. The end view 
shows the graded ports and the plan view 
shows the restriction of the ports, 

When the switch contacts are parting, 
arcs are formed at each contact. The 
arc at the center contact will generate 
sufficient pressure to force the oil in the 
pools (located between the center con- 
tact and the outside contacts) through the 
outside arcs and through the ports at 
each end of the large tube. As the con- 
tacts are Opening, new pools of oil are 
successively forced through the outside 


Figure 2. 16-kv oil circuit breaker with de- 
thermalizers set up for field test 


» 


Figure 4. Arrrange- 
ment of  six-break 
dethermalizers 
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Figure 3. 16-kv close—open test, 53,000-kva 
three-phase short circuit 


Figure 5. End view of 230-kv tube-type 
| 


dethermadizer 
Figure 6 (right). Assembly of 230-ky de- 
PeeKy Dethermalizers thermalizer on switch bushing 
mals a OF i r| - Ofore CY cae GenC) | am te) p20 Ses Figure 7. Type H 

_The dethermalizers for the 230-kv oil ~ 6 PR sci. yi O} Bie naot Ol abtlicnslingd otter 
circuit breakers are miade in the form of fora a 70 Ko 46 LN. reaarTS 5 : 
[epies > 2 = Snares aan bat Seek type construction, 
six breaks per pole or three breaks per 230 ky 


‘bushing. ‘The electric connections and 
sequence of these breaks are shown by 
Figure 4. The dethermalizers are made 
in the form of large tubes. Figure 5 shows 
the end view of the tube type. The 
graded ports can be seen in this figure. 
Each dethermalizer is mounted on tne 
end of the switch bushing as shown by the 
assembly photograph, Figure 6. This 
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Table I. Tests Made at Saugus Substation, October 4, 1936 
Kelman Dethermalizing Arc Quenchers, Type As Indicated 
Initial Number Equivalent Over-all Breaker Contact 
Voltage of Current Three-Phase Time of Inter- Separation Total 
Phase to Typeof Breaks Interrupted Kilovolt- Closing Short Relay rupting When Arc _ Are 
Test Phase Quencher Per Phase Duty (Rms Amperes Time Circuit Time. Time Extinguished Length 
Number (Kilovolts) Tube Phase Tank Cycle Amperes) Interrupted (Cycles) (Cycles) (Cycles) (Cycles) (Inches) (Inches) ; 
= es te 
Lote nt eae 220 ei tnae Gomes GPS Giteriia BY Rr Ag sa Oh uth aa VER Tee orcs 2OC MOE 2-piereer SOs avers ON ary vasaxe CHOLUY Riri ye CL IA BT tii: 188/, 
LEAL enters BQO. izseet G 6 A COM ane 888 Flos 836,480....0... Bb ose reas Omereaycrs DOT tare rata BROS Ry neo) tr 3. Sine 18 
IG Ri eee D0 eetiinN Rien vA erih Gates at: Chena Ona ee (Sta Giaos. 2OO 807 sitive meester Grbicn A 1 cOn, weno BBs togeeties 20/4 ee 13}/2 
LAGS mrvehye ee O eit ee INCOR Gikeaters ake Goeiranaie COM anit A Were ances 296,090....... Cy Cees ac EO ee fies 8 UNS deities te Si Oveemwee i/o.) cise 21 
» HUST haa, a0 ase Gs cava Gisinys ais Bei dh, «OSM ANRE ee TS 162 5.v ide 2442800 Sots tricorn GinB. anton Cy his ik Py hime te its Ie ep 81/4 
DAtra tak 220 ests Gachaen Pier srchan Brice wea wes LV). whee, 2aObcn eter Lae gies ere Cg Bare cy VO rhe lens Gb eae tale 18/90. Ge 81/4 > 
Bird Wetann ctevers 220ik shar Cities Geo eet Brat eo kt Olan Not recorded because of oscillograph film choke, Same kilovolt amperes interrupted as 
: test 3A 
Cor OE che BAO Een, airs Ganvesrest Gee as Bie nt Oe enh COR sarerents £00,000 strates GO eras T2A0 Sate O27 Be ata Oooo. «lS/eiete ee . 98/4 
EEE ema Sey Banners Get ian Gee wufenes BB Mivatrisan, Easterns 4142= css hyOd OjGOO cate oon eM (eRe sy Sc ye ORR mune WIT Bir, he bie Vlg wae 63/4 
MAS /etivete at ere Octesh fale Gur en t ks Grace oats Bi eect CO Gi sate 4/526:7), senile OO;O00. mr artes ODreeans GED Weton od MOA ieapenes B08 eats ce. 11/ pce cee 63/4 
BAT Rie lentarn sae letw Vans ae CRs ta Ginnie te Bidar ys CO. situs 4249 5, Sate WOLO TAO ctr 6D Ramen Bron nic A, OP getters BS cee 1 See 6 
* In tests 1C and 1AC the dethermalizers were of the flat-plate construction, and the ports were not graded, All other tests were made with the type C dethermal- 
izers which were of the round-tube construction with graded ports, 4 
O—Open, CO—Close-open. 
Table Il. Tests Made at Laguna Bell Substation 
Tests Made on July 10, 1938, on Kelman RA6J Breaker, 1,200 Amperes, 230 Kv, Serial Number 16408 
Initial Num- Contact 
Voltage ber Current Equivalent Over-all Breaker Separation 
Phase to Type of Inter- Three-Phase Time of Inter- Breaker When Arc Total 
Phase of Breaks rupted Kilovolt- Short Relay rupting Dead Arcing  Enxtin- Arc : 
Test (Kilo- Quencher Per Duty (Rms Amperes Circuit Time Time Time Time guished Length , 
Numher yolts) Tube Phase Tank Cycle Amperes) Interrupted (Cycles) (Cycles) (Cycles) (Cycles) (Cycles) (Inches) (Inches) 
a = . — aol i d 
Test Made on July 10, 1938, Original Installation, 1'/,-Inch Bayonets and 1!/:-Inch Clearance Holes ; t 7 
Domiaobatay DLO epee ne An Oa ites Chisteat West cnc ses ce Orica, GOO sin tt nee veers 20. Oe nye OC86 ai aie 24.64..... 2OO) xt: 22.04....173/¢....1041/¢ | 
LA wich view LO sesame We Acokrc any Le eas Wiestininnls's CO’... SBOSONy alert COON ae ae TOD ever OASIS Veqrie ND ORY PRI ALL ciclo TTB Aw. Blames 
Lit. tects ZIG ipa nies BS ta cits One Westnet s sick One ns 680 Ninn te ee O00 Lae tan 120s cram tb OS B9\ iain 2 AL Odeon aiets 25803). 096 8.81505, Ot/Sneeome 
LA acetate STO enc AVA Chron Wests suarae COL 5, O60T Moa ZAO OOO itt DAO! mytian Oneal ich eae 24.075 wows SOO ter 20,17... LT /s. 205: 
Note: Larger values of short-circuit current were not imposed because of the excessive are length, 
Test Made on July 31, 1938 
TEC tn can BLO Ficcaie Kasaicehiards Gi esrncts HRSC I. ye tue (Osa No record obtained ; - 
De Cec etgie SLO itatels ste Onan rem On ealtin ko MSU lenient Die OFS ee DOM sane x 210,000...... BS LO iets ORBT.. ees aie ik eee Sin2Onndsve 4 AT. < 28/60 ee . 
VAG aie ive DLO cnc Gina Otros Westin meer OCS OL Gn arte 210;000%......<5 BOQ eet ORAO rie oie (GY Pevsme LST Dicer tets - 4,87... 28/¢.... 1538/4 
ES 3 dey ee 210 ees Be theatre | Gites se Middle ...,.. O 573 . 209,000...... MADE ioe ot Dat asraa son POR Se adh rea 4.90.... 23/¢..., 161/2 
1A-C VON S eet Cc Baccrnren Bastian ovr CO se Ono 100, OOO) erimes LONSssicnes Ov Ca cee OSG 7 akeare cen bee 5.85..,. 35/—.... 2138/4 
LAR=G pei yD Preeti (Gas erat Pea tis West......% co STOP seve PANU YOO oe, LOA T oe 5.0 ONSS et ceae NOS MAA: soa 408 aise 6.11..., 37/g..,. 23a 
14 So Pa QO Maat EX: seteSrsirx Cian Middle co S76: aise AVO}OOO Pena SOD), cia OnSite eased 86a. BZ Asis 4.4 ..., 26/5.... 158/¢ 
aC S Rieseparets ZLOSe hs Gen ns Oimuens Bastar casts 0 MOLT tee 551,000 vate. B.A Serine O26) harcate 6.28 Aix ek 8549.0... 18/6. Ona 
2-G roaveanere 210.60 die ee Omran it SWEStinens uke OF il S20 moneinne OD OUO.rnters Bs GOs. n ORE Y fohgetern BrlSz ode SOO) rete B09. oy L1/ae eee 
2-H Whe, 210%, 43 ET tyes Ryo ot Middle...... Ohno erg O20 ieee 553,000...... B02: sas. ONSOOn: aces BIN Pan yo Qe korinabale 3..00.,)...1 8/57) eee 
2A-C att syees BAO Re (ORG ATA Orr Ox Fasting: sano COs sO 20 wanes 556,000...... (ee ON pepicdio n BBO Warrant ke OSineectare 2072.05. 18/en eee 
2A-G BLO Tarte GsWialests Oo eran Westin; xc. co L520; 9. want 555,000...... SOON win CEL: Y: Si ae oe 7.063.508 Gla ie 3 OZ. 25 ie ee 
2A-H nies 210 NehbeDs aig 1. gE, ios Gero Middle... .. co LS BET Sci dirscn’ 652,000...... (Ose mae ORSG ire DOa ict Bar 4,06). 0.2% 8.26... Ut/s2) ee a 
tt SA RID. Cc ae eer Ganderenis HEGSC ce nieities O 25720. ear 990,000...... Ca OSB Litem) css 6.24,.... EDS is see. 8.26)". 6. 18/enc os oer Age 
3-G 210...... Ge: Creer. West o.cackan OA SOUTR0 ig Gea 1,011,000...... O205. aks (Oeics eae Bren ee 8.00 fds 2°76. 5%. 1 /era ee 
3-H 210 Sacterey Je Ween ir and Gio stale Middle s.5 01 1@) BTbOM nase 1,000:000) crt B04 tees OS46i0 otras ABS 25s ee hee 1.79.03 3/ re 
34-C Si tue 210 Spa c Gx sratos Hast) aan co PAs ts}! ea 967,000...... 6.59 O40 sete 6.19 AIT Fates 202.05. L1/4. \ieeeey ae 
BA-Gi ine 210 eta Gitte. Gieehouns West aan Fass CO mre 680 mor, a. 960,000...... W PEP AUS cores QRaSiae tera GES 25 tants a OZk antras 2.80... 13/4:4. | OM/gee : 
8A-H...., ety PRN ar, etch Gi wiaet Middle ..... CO.5:.)2,610 42 > BS G00 ee CiiGS antes (Opes Ne ates 6.08092 408i. sate 2.30...) 18/e2c-peeeee 
BR ea LO res Geescam Oitr ets ae Westiv.vureuy O No record obtained 
4A-G ne PANE es Gee Gunes West ....... CO iat20 mass L719; 000 (nian K GOGO. ctoh QuSbis sti Dingies- viens 6, 80 co ra A 82. ere 
oe dane BION doar be ary ane oa ncaecee Middle etn CO cD Dab ne nay 1,850,000...... OSB rear OLSOs, as DS SOdese hese OO marae. 16206 1 ee 
a srei nc ah0 arate the UT eae GCiiritinn IMiddlecieainst OW dB; 200.2; 200, 000lmr a 6.48... 0. O25, shen BEZsianene ri AP 1.0 %iiat ale 2/aaeee Al/s 
OAH. 210, >. EL a oat G Santee Middle,.... CO sh. 83070: 2 2200 000K an 606 eine OBO sui G16 es arate 4.20.02: 1568%..). 7 /ab eee Bd 


5 

* See oscillograms in Figures 11 and 12. *: wy, 1 

Types of quencher tubes: Type C—Round-tube type as tested at Saugus 10-4-36, 1.050-inch bayonets, center clearance-hole 13/15 inch and clearance-holes _ E 4 
round-end, 13/16 inch x 17/16 inch. } : 5 ae 


Tp . . . : . , ers 
Type oe style, designed to have the characteristics of type C, as nearly as practical, 41-inch bayonets, clearance-holes 11/i¢ 7 
inches. Se y 


Type H—Filat-plate style, 1-inch bayonets, clearance-holes 11/1sinches. Graded ports. 


ees me test the contacts were found to be slightly burned, and a slight carbon deposit was found on the quencher tubes. A test of the oil showed no visible trace 
sil : 


O—Open. CO—Close-open. 


+ Larger values of short-circuit current were not imposed because of excessive arc lengths, 
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Figure 8. 220-kv system of the Southern 
California Edison Company, Ltd. 


arcs until the circuit is interrupted. At 


the time of extinction, fresh oil is between 
the contacts so no restriking occurs. In 
this arc quencher fourteen ports are used. 
The tube type operates in the same man- 
ner. 

Further development has been made on 
a two-break device which will be the sub- 
ject of a future paper. 


Saugus and Laguna Bell 
Substations—Field Tests 


In order to check the operation of 
these dethermalizers, actual phase-to- 
ground short-circuit tests were made on 
the main 220-kv system at the Saugus 
and Laguna Bell substations of the 
Southern California Edison Company 
Ltd. Figure 8 shows the 220-kv connec- 
tions of the Edison system at the time of 
these tests. 

The various kilovolt-ampere duties for 
the switch under tests were obtained by 
system arrangements. The lowest duty 
at these two locations was accomplished 
by feeding 220 kv to 66 kv and then back 
to 220 kv. This gave the impedance of 
the two transformer banks in series for 
limiting the short-circuit kilovolt-amperes. 
The other steps were accomplished by 
separating a line from a distant station, 
which supplied the test breaker. Then 
by selecting a shorter line the kilovolt- 
amperes duty was increased, and the 
final test at the two stations was the 
maximum kilovolt-amperes that could 
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Figure 9. Kelman 230-kvy 1,200-ampere 
2,500,000-kva oil circuit breaker equipped 
with dethermalizer 


be delivered at the 220-kv bus, that is, all 
lines and transformer banks in service. 
At the Saugus substation this amounted 
to an equivalent three-phase short cir- 
cuit of 1,730,000 kva, and at Laguna Bell 
it amounted to 2,259,000 kva. 

The breakers at both locations per- 
formed perfectly thrcughcut the tests 
without any mechanical trouble or with- 
out disturbing the system. After the 
series of tests the oil was tested and 
filtered and did not show any perceptible 
increase of carbon in the oil. 

Figure 9 shows tke test breaker at 
Laguna Bell substation. 


placed on end on a steel plate between 
two tanks of the breaker. The mechani- 
cal Ove a. of the breaker under test 
was so small that none of these bars were 
knocked over. 

Table I is the tabulation of the tests 


Figure 10 illus-- 
trates bars of various lengths that were © 


taken at Saugus substation on October 
4, 1936. 

Table II is the tabulation of the tests 
taken at Laguna Bell substation on July 
10, 1938 and July 31, 1938. 

In these tests the type C dethermalizers 
are of the tube type, as shown by Figure 5, 
the H type are as shown by Figure 7, and 
the A type are of the flat-plate construc- 
tion with more restricted ports. 

The series of tests on July 10, 1938 
were not continued above the values 


Figure 10. Rods for determination of switch 
movement 


The tour steel pins were set on end to test 
for any jar to the breaker during opening of 
short circuits. Pins were turned square on 
ends and set on a 1-inch by 4-inch steel 
bar. On 230-kv tests at capacities from 
554,000 kva to 2,259,000 kva, throughout a 
total of 16 tests, none of the pins fell. On 
the lighter tests, a high-speed moving-picture 
camera showed slight vibration of the pins, 
which vibration became less as the duty in- 
creased. On the heaviest tests, no vibration 
was found 


Hunt, Cole—Dethermalizing Arc Quenchers 


2 


TRANSACTIONS 723 


Fol 5 


7 16200 A 
2,259, 000K (Caulv,.3 + Faust) fault Current 


|, 3760 Ayr. 
"46,2, ~ 


AAAAANANA ANNAN AARANAAAAAAAAAAARAR ANA ae 
| 1] awa 


| \|\\ Recovery 


ANANANA 


VWVVVVY VVVVVVVVVVVVVVVVVVVVVVVVVVVVAVVEV UYU 


Trip ¢ 


COMaETS Piarre 


Figure 11 (above). Oscillogram of opening test at 2,259,000 kva Figure 12 (below). Oscillogram of close—open test at 2,100,000 kva 
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shown because of the excessive ar guished at exactly */4-inch contact separa planned aud the breaker functioned so 
length It was discovered that these tion without any restrikes, Figure 12 is perfectly that every test was carried out 
dethermalizers had too much clearances an oscillogram of a close-open operation at the scheduled time without any system 
around the contacts and the ports were of a full capacity short circuit at Laguna disturbance. This successful achieve- 
too much restricted, causing the oil to he Bell substation. It can be readily seen ment allowed the privilege of future 220- 
forced out around the contacts giving from this figure that the prestrike was kv short-circuit tests. 
practically no quenching effect. This only 1/4 inch, and contact separation at 
difficulty was remedied, and the tests are extinction was 7/, inch, References 
were completed on July 31, 1938. ‘ ‘se oscillograms ¢ ables i 
F fis From thes ae cillograms and tables it 1, A New Mucripreak INTERRUPTER FOR Fast- 
It will be noted from these tables that should be noticed that dead time of the CirarinG Om Crrcurt Breakers, R, M. Spurck, 
F 2 oA AGA in : : r . H. E. Strang. AIBRE:Transacrions, volume 57, 
as the duty increased the contact separa breaker was excessive. ‘This was later 1938, pages 705-10 
tion decreased at the time of are extinc- corrected by a change in the tripping 2 Tan Verricar-FLow IntERRUPTER AND Irs 
tion togele APPLICATION TO ‘‘OrL-Poor’? CircurT BREAKERS, 
. 55° ‘ ‘ B. P. Baker, AIEEE Transactions, volume 60, 
Oscillograph records were taken of It can be seen from the two oscillo- 1941, pages 440-5 
these tests to give an accurate picture of grams that no voltage disturbance oc- 3 5oMm™ Practica, Mmasurine Devicns, Lloyd 
: : ; = , F F, Hunt. AIEEE TRANSACTIONS, volume 59, 1940, 
the operation of the breaker. Figure 11 curred at are extinction. pages 767-8. 
is an oscillogram of an opening operation Since the Saugus tests were the first 1, Swirchinc OvervoLTAGE HAZARD ELIMINATED 
ith < fall a: : 4 a * ‘ : . IN Hign-Vo_TaGr Ou Crrecurr Breakers, Lloyd 
with a, full capacity short circuit at short-circuit tests to be made on the 220- F. Hunt, E. W. Boehne, H. A. Peterson. AIEE 
Laguna Bell substation, With the travel kv Edison system, every precaution was TRANSACTIONS, volume 62, 1943, February section, 
¥ . ‘ od 4 ° pages 08-106, 
recorder 5S SS “ 5 ‘Ex.aCC tt - af on} ‘ , 22 H et 
it 1s possible to picture accu taken to, see that the 220-kv protection. §% 4 \ronrorreice: LINTERRUPTER ORD nETEES 
rately the breaker action. From Figure 11 wasin order and all switching was correct,  Vortace Om Cicurr Breakers, L, R, Ludwig, 
voy he 43 | | 5 $3 A A < & W. M. Leeds. AIEEE ‘TRANSACTIONS, volume 62, 
it can be seen that the are was extin Che dispatching and switching were so well 1943, March section, pages 119-265. 
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A New One-Cycle Directional : 
Overcurrent Relay 


W. C. MORRIS 


\\ ; ASSOCIATE AIEE 


)\ 


Synopsis: This paper describes a new one- 
eycle directional overcurrent relay which 
is not limited in its application by lack of 
contact co-ordination. That contact co- 
ordination is important is indicated by the 
many incorrect relay operations which have 
been traced to the common practice of add- 
ing instantaneous attachment to directional 
overcurrent relays. For years it has been 
known that directional coutrol is not suff- 
cient for instantaneous directional over- 
current relays. This paper describes a new 
application of ‘“‘memory action’’ which for 
the first time complements directional con- 
trol to give always correct operation. The 
new idea is to use ‘‘memory action’”’ to ob- 
tain a time delay in the operation of the 
overcurrent unit in the order of one-half 
cycle. Of course ‘‘memory action’ is also 
used in the directional element to retain a 
high torque level even if the fault catises 
drastic voltage reduction. Both elements 
are of the rugged induction cylinder. 


IGH-speed relaying has become one 

of the most common means of per- 
mitting operation of a power system 
nearer its stability limit. Thus, extension 
of power transmission facilities has often 
been obviated. This, together with re- 
duction of damage at the point of fault, 
has undeniably meant the saving of a 
large amount of critical material. 

An important development in the high- 

_speed relay family has been the distance 
relay with a stepped time—distance char- 
acteristic. With this type of relay, si- 
multaneous instantaneous tripping is 
obtained for faults in the middle 80 per 
cent of the line section, and instantaneous 
tripping at one end for faults in the 
remaining 20 per cent. This is true over 
a large range of generating capacity. 

For the protection of most of the lower 
voltage lines, distance relaying has gener- 
ally been considered to be too expensive. 
On the other hand, it often occurs that the 
short-circuit currents of such lines are rela- 
tively fixed because the determining im- 
pedances are largely in the lines and trans- 
formers rather than in the connected gen- 
erators. Thus, it is often possible to ap- 


Paper 43-143, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE national technical meeting, Salt Lake City, 
Utah, September 2-4, 1943. Manuscript sub- 
mitted May 3, 1943; made available for printing 
~ July 15, 1943. 


W. C. Morris is design engineer, relay depart- 
ment, General Electric Company, Philadelphia, Pa. 
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proach distance relay performance by 
means of instantaneous overcurrent re- 
lays. Generally, tripping must be allowed 
for faults in one direction only, thus neces- 
sitating directional action. 


Application Requirements 


Any directional overcurrent relay, 
whether instantaneous or time delay, may 
operate incorrectly while the fault is being 
cleared or after it has been cleared, if the 


overcurrent unit is not prevented from 


Be iae so 
FAULT 
Figure 1. Basic system requiring correct 
directional action after fault is cleared 


FAULT 


Figure 2. Basic system requiring correct direc- 
tional action during sequence of circuit- 
breaker operation 


closing its contacts when the fault is in the 
nontripping direction. Fundamentally, 
the cause of incorrect operation is the loss 
of a contact race. If the overcurrent unit 
has operated because of a fault in the non- 
tripping direction, it must open its con- 
tacts before the contacts of the directional 
unit can close, under any condition caus- 
ing reversal of the directional unit. 
Figure 1 shows a system where the di- 
rectional overcurrent relay at A might 
trip the circuit breaker at A incorrectly 
after the fault is cleared, if the overcur- 
rent unit is allowed to operate during the 
fault. If the normal load current is as 
shown by the arrow, and a fault appears 
at X as indicated in Figure 1, the contacts 
of the directional unit open, and the con- 
tacts of the overcurrent unit close. The 
instant that circuit breaker B opens, the 
current through the relay at A reverses 
and drops in magnitude. The directional 
unit closes its contacts quickly because it 
now has full voltage and load current ap- 
plied to it. The overcurrent unit, on the 
other hand, opens its contacts slowly if the 
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magnitude of the load current is near the 
drop-out value of the overcurrent unit. If 
the directional-unit contacts close before 
the overcurrent contacts can open, circuit 
breaker A will be tripped falsely even 
though circuit breaker B has already 
cleared the fault. 

Figure 2 shows a system where a direc- 
tional overcurrent relay might operate in- 
correctly during the sequency of circuit 
breaker operations to clear the fault, be- 
cause of the fault current reversing when 
the first circuit breaker opens. For ex- 
ample, when the fault occurs, the overcur- 
rent and directional units at 4 operate. If 
the generation at A is greater than that at 
B, the overcurrent unit at 2 may also op- 
erate, but circuit breaker 2 is not tripped 
because the fault current is in the direc- 
tion to hold the directional-relay contacts 
open. When circuit breaker 4 opens, the 
current through circuit breaker 2 reverses 
causing its directional relay to reverse. If 
the directional-unit contacts close before 
the overcurrent-unit contacts can open, 
circuit breaker 2 is falsely tripped. 

For simplicity, parallel lines were used 
in Figure 2. The same difficulty may 
arise in loop circuits. 

Instantaneous directional overcurrent 
relays for phase protection have a contact 


d 


Figure 3. High-speed directional overcurrent 
relay 
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race which is not present either in time- 
delay directional overcurrent relays or in 
instantaneous directional overcurrent re- 
lays for ground-fault protection. This is 
the race between the contacts of the di- 
rectional-unit opening and the overcurrent 
contacts closing at the inception of the 
fault. For example, if load in Figure 1 is 
flowing in the direction of the arrow, the 
directional-unit contacts at A are closed. 
When the fault appears at X, the in- 
stantaneous overcurrent-unit contacts of 
the same relay begin to close. At the 
same time, the directional unit is attempt- 
ing to open its contacts because of the 
reversal of the direction of current flow. 
Obviously, if the contacts of both units 


are closed simultaneously during the 


OVERCURRENT UNIT 


DIRECTIONAL UNIT 


POTENTIAL 


TRIP 
CIRCUIT CIRCUIT 


Figure 4. Internal connections of relay 


Figure 5. 


Test oscillogram. Fault in non- 


tripping direction 


Vibrator 1—Current in flux-shifting coils of 
overcurrent unit 


Vibrator 2—Line current 


Vibrator 3—Current in potential coil of 
directional unit 


Vibrator 4—Voltage across potential circuit of 
directional unit 


Vibrator 5—Current in trip circuit 


transition, circuit breaker A is tripped 
falsely. 


Development of the Relay 


In developing a high-speed directional 
overcurrent relay that operates correctly 
under any circuit condition, it is necessary 
to obtain proper contact co-ordination. 

Directional control, as in the case of the 
time overcurrent relay, prevents incorrect 
tripping either after the fault is cleared or 
when there is a reversal of short-circuit 
current during the fault. 

To win the more difficult contact race, 
namely, that occurring when a reverse 
current fault supplants load current in the 
tripping direction, it is necessary that the 
time required for the directional-unit con- 
tacts to open be less than the time for the 
overcurrent-unit contacts to close. This 
requirement suggests either that the di- 
rectional unit should be fast even at very 
low voltage, or that the overcurrent unit 
should be delayed slightly. Actually, in 
order to increase the safety factor, both 
methods are employed. The overcurrent 
unit is delayed slightly by preventing the 
immediate rise of torque to its steady- 
state value. The operating time of the 
directional relay is decreased, principally 
at low voltage, by delaying the decay of 
current in the potential coil, retaining, at 
the same time, substantially, circuit fre- 
quency. 


Description of the Relay 


The relay consists of an overcurrent 
unit and a directional unit mounted in a 
single case. Figure 3 shows the relay, and 
Figure 4 shows the internal connections. 
In Figure 3, the upper unit is the over- 
current unit, and the lower unit is the 
directional unit. Both units are of the 
eight-pole induction-cylinder construction 
previously described. 

The main windings of the overcurrent 
unit consist of eight series-connected cur- 
rent coils. 


As with all induction devices, the de-. 


velopment of torqie is dependent upon 
the difference in. time phase between two 
or more fluxes. (This is not a complete 
explanation of the torque development of 
induction devices but is sufficiently ex- 
plicit for present purposes.) 
quently, four of the current poles, in alter- 
nate position, have auxiliary coils. These 
windings provide a means of controlling or 
shifting the time phase of the air-gap flux 
of these poles. The four auxiliary coils, in 
series, are connected in series with a 
capacitor and one set of contacts of the 
directional unit. The torque of the over- 
current unit is proportional to the product 
of the square of the current and the sine 
of the angle between the fluxes produced 
in the shifted and unshifted poles. As 
long as the contacts of the directional unit 
are open, the fluxes in all poles are in phase 
and the torque of the overcurrent unit is 
zero. When the contacts of the direc- 
tional unit close, the auxiliary coil circuit 
of the overcurrent unit is completed. 
This auxiliary circuit then shifts the phase 
angle of the flux in the corresponding 
poles so that it is no longer in phase with 
the flux in the other poles and the over- 
current unit has a torque in the direction 
to close its contacts. 

The auxiliary circuit is an oscillating 
circuit, and the build-up of its current is 
delayed.? Since current in the auxiliary 
winding shifts the flux, a delay of the 
build-up of this current delays the flux 
shift. The build-up of current in the 
auxiliary winding is shown by the trace 
made by vibrator 1 of the oscillogram 
shown in Figure 6. This slow build-up 


Figure 6. Test oscillogram. Fault in tripping 
direction 


Vibrator 1—Current in flux-shifting coils of 
~ overcurrent unit 


Vibrator 2—Line current 


Vibrator 3—Current in potential coil of direc- 
tional unit 


Vibrator 4—Voltage across potential circuit of 
directional unit 


Vibrator 5—Current in trip circuit 
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prevents the overcurrent unit from clos- 
ing its contacts before the directional unit 
has time to open its contacts. | 

When the magnitude of the load current 
is near the pickup value of the overcurrent 
unit, the impulse that the overcurrent 
unit receives, under short-circuit condi- 
tions, before the contacts of the direc- 
tinal unit can open, will be sufficient to 
close the contacts of the overcurrent unit. 
The time required to close the contacts 
under this condition is greater than the 
time required to open the contacts of the 
directional unit, so that the trip circuit is 
not completed. This has been demon- 
strated by tests. 

The windings of the directional unit 
consist of four current coils in series and 
four potential coils in series, mounted on 
alternate poles. The potential circuit has 
two capacitors and a resistor in addition 
to the coils. This potential circuit is also 
an oscillating circuit so that the flux in 
the potential coil does not immediately 
drop when the fault appears. The flux 
continues to follow system frequency for 
about one cycle which gives the direc- 
tional unit ample torque to open its con- 
tacts quickly. This slow decay of the po- 
tential flux also gives the directional unit 
enough torque to close its contacts when 
the fault is in the trip direction even 
though the voltage across the potential 
circuit drops to a small value during the 
fault. 

Figure 5 shows an oscillogram taken 
under the following conditions: Before 
the fault was applied, the directional relay 
had full potential. The current was in the 
direction to close the contacts of the 
directional unit but below the pickup 
value of the overcurrent unit. The in- 
stant the fault was applied, the current 
reversed and increased in magnitude to 13 
times the pickup value of the overcurrent 
unit. Concurrently, the voltage across 
the potential circuit decreased to one per 
cent of rated potential. Vibrator 3 
(Figure 5) shows how the current in the 
potential coils of the directional unit de- 
cayed. Vibrator 1 shows how the current 
in the auxiliary circuit of the overcurrent 
unit started to build up but was inter- 
rupted by the opening of the contact of 
the directional unit. 
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Figure 7. Time-current char- 
acteristic 


TIME IN MILLISECONDS 


Figure 6 shows an oscillogram in which 
the conditions were the same as those de- 
scribed heretofore except that the current 


before the fault was in the nontripping’ 


direction and in the trip direction after 
the fault. This oscillogram shows the 
build-up of the current of the auxiliary 
circuit after the directional unit closed 
(vibrator 1). The oscillogram shows that 
the contacts of the directional unit closed 
to complete the auxiliary circuit in 
approximately one-half cycle (60-cycle 
basis), Then the overcurrent unit oper- 
ated to close its contacts in approximately 
one-half cycle. The trip circuit is there- 
fore completed in approximately one 
cycle. Since this relay is capable of oper- 
ating in one cycle, it is believed that it can 
be called instantaneous, notwithstanding 
the AIEE definition of “instantaneous,” 
which is ‘“‘no intentional time delay.” 


Relay Characteristics 


The directional unit of the relay has 
maximum torque when the relay current 
leads the relay voltage by 45 degrees. 
This means that, with the quadrature 
connection, the relay has maximum 
torque when the relay current lags the 
phase-to-neutral voltage of the same 
phase by 45 degrees. The directional 
unit will operate correctly at the maxi- 
mum torque angle with one per cent 
of rated voltage and the minimum pickup 
value lat which the overcurrent unit can 
be set 

The time to complete the trip circuit 
depends upon the direction of the load 
current before the fault appears. If the 
load current is in the trip direction, the 
contacts of the directional unit will be 
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closed and the time to complete the trip 
circuit is the time to close the contacts of 
the overcurrent unit. If the load current 
is in the nontripping direction before the 
fault, the contacts of the directional unit 
will be open, and the time required to 
complete the trip circuit will be the time 
to close the contacts of the directional 
unit plus the time to close the contacts of 
the overcurrent unit. Figure 7 shows the 
time to close the contacts of the overcur- 
rent unit at various multiples of minimum 
pickup current. Figure 7 also shows the 
time to close the contacts of the direc- 
tional unit when the potential circuit volt- 
age drops to one per cent of rated voltage 
and the current increases to various 
multiples of minimum pickup current of 
the overcurrent unit. 


Summary 


The relay will operate correctly on par- 
allel lines or on a loop circuit, regardless 
of whether or not there is a possibility of 
a reversal of current during a fault or im- 
mediately following the interruption of 
the fault. 

The directional unit will operate cor- 
rectly and quickly when a fault appears 
even if the potential circuit voltage drops 
to as low as one per cent of rated voltage. 

The overcurrent unit will operate only 
when the contacts of the directional unit 
are closed. 
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The Automatic Welding-Machine Grarecr 


and lts Relation to Maximum Utilization 


of Power and Facilities 


NOEL E. PORTER 


ASSOCIATE AIEE 


ANY electric-arc-welding applica- 

tions are of such a nature that the 
welding machine is running with no load 
for a large percentage of the operating 
time, With this low utilization factor 
or “are time,” no-load power consump- 
tion becomes an appreciable item. In 
plants employing many machines there 
will be long leads between the machines 
and the work, either by necessity or for 
convenience. Under these conditions, 
the practicability of expecting the opera- 
tor, or welder, to turn his machine on and 
off each time he plans to weld is certainly 
very remote. The automatic welding- 
machine starter has been developed to 
shut down the machine during the nor- 
mal no-load running periods. Automatic 
starters have been in operation under 
average shipyard welding conditions for 
the past few months. Application of the 
automatic starters effects a very appre- 
ciable saving in power cost, about 25 per 
cent or more. In addition, a marked re- 
duction in average demand on distribution 
systems is realized so that additional 
machines, up to 75 per cent, may be 
added without further power facilities 
expenditure. 


The Apparatus and Its Operation 


The automatic welding-machine starter 
is an electrical relay-control mechanism 


INPUT POWER — KILOWATTS 


to) 20 
GENERATOR OUTPUT VOLTAGE — VOLTS 


40 60 80 100 
Figure 1. Welding-machine input power at 


no load 
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which may be connected to nearly any 
conventional single-operator a-c to d-c 
motor generator welding set. Operation 
of the unit is simple. When ready to 
strike an arc, the welder firmly touches 
his electrode, or rod, to the article to be 
welded, or work, and the welding ma- 
chine starts. The machine continues to 
run as long as welding is in progress. 
When welding is finished, and after a 
predetermined delay period of no-load 
operation, the machine automatically 
stops. The cycle may then be repeated 
as often as is desired. 


There are many methods of accom- 
plishing the desired result from an elec- 
trical control standpoint. The apparatus 
must include the necessary relay and 
control components so that, when the 
electrode is touched to the work piece, 
that is, return or ground lead, thereby 
effecting an electrical contact, the ma- 
chine will'start and lock into the running 
position by the conventional line starter. 
Of particular interest is the time-delay 
relay as the no-load delay period directly 
effects power saving. A two- to three- 
minute interval is recommended to allow 
time for the welding machine to cool by 
ventilation, Moreover, according to 
welders themselves, two minutes should 
be allowed for changing rods and cleaning 
slag from the weld puddle. This prevents 
an unnecessary stop. Very short delay 
periods, such as one half a minute, increase 
the number of starts to a point where 
wear and tear on contacts is excessive. 
The automatic starter must be capable of 
immediately restarting, even at the in- 
stant the time-delay unit has called for 
stopping the welding machine. Any ap- 
preciable delay or erratic operation 
assignable to the electrical operation of 
the unit will have a detrimental psycho- 
logical effect.on the welder. 


The numerous problems encountered 
in the development of a practical starter 
are mentioned but not analyzed here. 
Adaptability of the unit to various types 
and makes of welding machines, imped- 
ance of welding cable on steel plate, 
various contact resistances, the standstill 
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impedance of welding generators,* and 
the requirementS of various relays and 
component parts are matters of interest 
to the designer. A paper discussing these 
problems with circuit data will be pre- 
pared in the near future. 


Relation to Power Cost 


The no-load input for a group of popu- 
lar welding machines is given in Figure 1. 
Nominal ratings are up to 400 amperes. 
Figure 2 is a plot of no-load power factor 
readings for the same group. The varia- 
tion in input and power factor with out-' 
put setting is expected and is a function 
of output voltage. Curves C and D 
represent machines with a wide range of 
open-circuit voltage. Less variation 
would be expected with machines of the 
more or less constant open-circuit voltage 
type, see curves B and H. 

Power saving through the application 
of automatic starters is effected by many 
variables: the type of machine, type of 
welding,** output setting of the ma- 
chine, the time-delay relay setting, and 
the cost of power. 

Various power-saving tests were con- 
ducted. In all cases are time was re- 
corded. Arc time was measured with a 
synchronous time meter and relay control 
so that time was counted only when the 
arc was on. Power was measured with a 
graphic wattmeter for individual runs and 
by a watt-hour meter for banks of units. 
Graphic records provide other valuable 
data, such as the number of starts, dura- 
tion of weld runs and off periods, and in- 
crease in power consumption with changes 
in output setting. 

For are times up to 35 per cent, the 
cumulative time of shutdown was found 
to vary between 6 and 14 hours on a 24- 
hour-day basis. The average centered 
about tenhours. The actual working-day 
period was checked from time-meter 
readings on welding machines without 
starters. This was found to be approxi- 
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* The standstill impedance is the impedance 
measured across welding generator output terminals 
with generator at standstill. 


** Power saving is effected by the type of welding, 
that is, intermittency of welding, arc time, duration 
of weld runs, necessity for long delays because of fit- 
up, tacking, and so forth. 
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POWER FACTOR — PER CENT 


ce) 20 40 60 80 100 
GENERATOR OUTPUT VOLTAGE — VOLTS 


2. Welding-machine power-factor 
characteristics at no load 


Figure 


mately 21 hours. The departure from a 
24-hour day is accountable to shift- 
change and noon-hour periods. The prod- 
uct of the no-load losses, shutdown time, 
and power cost will yield dollar value of 
the power saving. 

Actual test data of a bank of welding 
machines with and without starters are 
given in Table I. The criterion for com- 
parison is arc time.t Power readings 
were taken using a three-phase watt-hour 
meter. 


Statistics and Average Power Input 


Experience and logic tell us that a 
power circuit supplying an intermittent 
load will handle a much higher connected 
horsepower than the same circuit under 
continuous operating connected load. 
Welding machines present a highly inter- 
mittent load. 

Applying the statistical theory of 
sampling, we can show that, witha circuit 
of four welding machines operating on 25 
per cent average arc time, the probability 
is 0.42 that we will find three machines 
at no load and one machine welding, the 
probability is 0.315 that we will find all 
four machines at no load, and the prob- 
ability is 0.265 that there will be more 
than one machine welding. 

It must be assumed that load condi- 
tions on the four welding machines, at 
any interval, represent a sample taken 
from a grand lot of weld (load) and no- 
weld (no-load) intervals,* the average arc 
time of which is known to be 25 per cent. 
Since each welder operates individually 
and without regard to what the others 


¢ For shipyards, 25 per cent arc time is believed 
to be a conservative average. 


* From graphic instrument charts and impulse 
counter readings, it is found that the number of 
impulses, or times that a welding arc is struck, in 
a 24-hour work day will be in order of 2,000. 
This may substantiate the concept of weld and 
no-weld intervals and accordingly, statistical 
normality. : 
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Table I. 


es 


Power-Consumption Test 


Test Number 1 2 3 4 5 6 7 8 
Automatic starter connected during 
LE SU eitatel eee trarsbat citer ANS pnie init oe Yes No Yes No Tees, .No 7. WeS .No 
Mest timie(hours) Atm Wehis nese es Damir SLE cA eRe ere taeda’ ood) Mee Odor ad 
Power consumed by* four welding 
machines during test (kilowatt- 
HOUES) Mayo\nis ae ns els erent ote 277.7 ..284.1 ..199.1 ..3878.1 ..3805.0 ..462.3 ..315.0..497.5 


Total number of arc hours of weld- 


ing by four machines (hours)...... 20.99.. 15.66.. 19.8 .. 23.96.. 26.53.. 26.29.. 23.8.. 27.0 
Input per arc hour of welding (kilo- 
Watt-hours) osu apenas atone bone oeltss JO DOn Lome. habe i. 2755. 0° 13.2.5. 1825 
Average arc time, based on 21-hour 
work day (per cent)............. 25 te 19.6) 5. 2336 CSO Te gy OUk Aa.) OleOle cl Ones‘ Oem 
PVETRRCRU RIED 6 he. SUITE chance rereise arts a ar tate ch e-Gis egy ee! v wre! uae’ sh BIGGS Os Suahars (e’s wi'eiala'm pan 27.3 per cent 
Kilowatt-hours per arc hour without starters. ........ 00 cc cece eee 17.6 
Kilowatt-hours per arc hour with starters............cce eee ceueeee 12.0 
WAVING LIM OWED Wath SLALCERG) « pciiranic ie claletniea Ms iMels cine cin sieiel sles sites 31.7 per cent 
Saving in power (kilowatt-hours per 24 hours per machine)......... 31.8 kilowatt-hours 


* Average no-load input 3 kw, average load input 12-kw. 


are doing, there is some justification in 
assuming a normal distribution of the 
weld and no-weld intervals. The bino- 
mial law is then applied using the formula: 


nl 


= pre Cc 
(n—c)lel 0 


This is simply the probability of finding c 
defectives in a sample of size n, where 7 is 
the number of welding machines, ¢ is the 
number not welding, P is the fraction 
effective or average arc time (25 per cent 
effective in grand lot), and Q=1—P the 
average not welding or fraction defective 
(the average not welding in the grand 
lot of weld and no-weld intervals). 

If we increase the sample size,** 7, or 
number of welding machines, it can be 
seen that factorial calculations become 
laborious. Moreover, if we wish to 
calculate the probability that there will 
be not more than a given number of 
machines welding, it is necessary to sum 
up a group of terms. Calculations then 
make use of the incomplete beta function 
for.which charts have been prepared.’ 

Using charts on the incomplete beta 
function, we can show that for 100 weld- 
ing machines operating on a 25 per cent 
average arc time, the probability is 
0.955) (extremely probable) that there will 
never be more than 36 machines welding. 
Likewise, we can show that the prob- 
ability is 0.900 (highly probable) that 
there will be fot more than 30 machines 
welding for a given interval. This may 
be expressed differently, that is, for at 
least 90 per cent of the time there will not 
be more than 30 machines welding and 
not less than 70 machines at no load. 

The statistical analysis is interesting 
and gives us a fair approximation of how 
close we may load a distribution system 


to the average load limit. As the number 
of machines is increased, the statistical 
analysis is more accurate, and average 
load values may more safely be used. 


Relation to Maximum Utilization 
of Facilities 


The relation of automatic starters to 
maximum utilization of facilities can 
best be emphasized through a hypotheti- 
cal example, making use of certain reason- 
able assumptions. Consider a distribu- 
tion system operating at capacity and 
supplying 100 welding machines at an 
average arc time of 25 percent.{ Average 
no-load input is three kilowatts and 40 
per cent power factor. (See Figures 1 and 
2.) From test data, the average welding 
input is 12 kw and 85 per cent power 
factor. If no automatic starters are em- 
ployed, the average input will be: — 


= = 


0.25 X100X12 kw=300 kw at 85 per cent power 
factor, 187 rkva, 355 kva 

0.75X100X3 kw=225 kw at 40 per cent power 
factor, 516 rkva, 562 kva 

Average input = 525 kw, 877 kva, and 50.8 per cent 
power factor. 


If the machines are operated on a 21- 
hour work-day period and the installation 
of automatic starters results with an 
average shutdown time of ten hours per 
day per machine. Converting hours to 
per cent time on a 25 per cent arc time 
basis, the average input will be: 


0.25100 X12 kw =300.0 kw at 85 per cent power 
factor, 187 rkva, 355 kva 

0.274 X 1003 kw =82.2 kw at 40 per cent power 
factor, 188 rkva, 205 kva 


Average input is 382.2 kw, 535 kva, and 
71.5 per cent power factor. The applica- 
tion of starters effects a decrease 27.2 per 


** Tt is sometimes convenient to calculate factorial 
n when » is not too large. Stirling’s formula gives 
satisfactory results, The formula: 


n=nre-rr/2an 


For x =10, the error is only 0.8 per cent. 
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t The machines were welding, on the average, for 
25 per cent of the time, or 5.25 hours on a 21-hour- 
work-day basis, They were off, on the average of 
ten hours, and running at no load on the time-delay 
relay period for the balance of the time, 5.75 hours, 
which is 27.4 per cent of the period. 
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Table Il 
Method 2 
Method 1 Power-factor Method 3 
Item Additional Capacity Correction Starters 


1; “Bachlities cost va: tiswint: anges eee erties tare 
2. Power cost, per month for 160 machines... . 
3. Original power cost per month for 100 ma- 
CHIMCS iia catsna ete gira ttoole ints hene nt iw aac avene ehe Ag 
4, Additional power cost per month for oper- 
ating 60 machines (item 2 minus3)........ 
5. Additional power cost for 6 months period..... 
6. Cost of facilities and power for 6 months 
Ciba srt Up 1t1S BD) ivk cintstucecesy osespeexe alee chee eau 
Cost per machine per month for 6 months 
period (not including machine cost)....... 
8. Per cent of unit machine cost @ $450.00 
DOL GOI C Le rie gestetn cians, sass tebe nar ee pmateeepens ice nas 
9. Continued power saving per month over 
method | 


$ 7,900.00 (a). ...$ 8,730.00 (b)....% 9,600.00 (c) 


3,933.00 3,601.00, 2,775.00 
2,460.00 2,460.00 2,460.00 
1,473.00 1,141.00 315,00 
8,850.00 6,846 .00 1,890.00 
16,750.00 . 15,576.00 . 11,490.00 
279.00 260.00 191.00 
62 per cent ....27.7 per cent....42.5 per cent : 
None 332.00 


1,158.00 


(a). 
(b). 


(c). 160 starters at $60.00 each installed, 
must ever be recognized where moving parts, that 


No allowance is made for maintenance in method 3, 


550 kva of additional capacity at $15.00 per kilovolt-ampere installed. 


873 kva of correction required at $10.00 per kilovolt-ampere installed. 


This item 


is, relays, and so forth, are employed. It is believed, 


however, that the maintenance cost for starters would be at least offset by the decreased maintenance cost 


on the welding machines themselves, because, on a 
greatly reduced. 


cent in average kilowatt demand, 39 per 
cent in average kilovolt-ampere demand, 
46.7 per cent in average reactive-kilovolt- 
ampere demand, and an increase of 11.7 
per cent in average power factor. With 
power at $0.01 per kilowatt-hour, on a 
21-hour work-day period, this amounts to 
approximately $900 per month. If the 
installed cost is $60.00 per unit, starters 
will pay for themselves on power savings 
alone in less than seven months. The 
average reactive demand is reduced by 
328 reactive kilovolt-amperes. In equiva- 
lent capacitance correction, at $10.00 per 
kilovolt-ampere installed, this represents 
more than half the first cost of the 
starters. 

In the example, application of auto- 
matic starters allows for an increase of 64 
per cent in capacity or 64 additional weld- 
ing machines on the already loaded dis- 
tribution system. Higher are times will 
increase the average input and reduce 
the additional capacity allowance, and 
vice versa. Power saving and invest- 
ment value will depend upon power rates 
and schedules. The saving will increase 
where power is sold on some form of 
kilovolt-ampere-hour basis. 

Suppose in this hypothetical case, -it 
was decided to purchase 60 additional 
welding machines at a cost of $450.00 
each. Since the distribution system is 
operating at capacity, power supply for 


the new machines becomes a_ serious 
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ccount of the starters, their total running time will be 


problem. There are three solutions to 
the problem: 


1. Installation of additional distribution 
capacity. 


2. Power factor correction of the existing 
system. 


3. Application of automatic welding ma- 
chine starters. 


It may be desirable to write off the ex- 
penditure in a short period such as six 
months. 

Using a typical rate, power cost is 
$0.007 per kilowatt-hour, and the total 
charge per month is decreased or in- 
creased, respectively, by 0.25 per cent for 
each one per cent average power factor 
above or below 85 per cent. Estimates, 
neglecting interest, depreciation, and 
items common to all methods, are given 
in Table IT. 

A continued power saving of $332.00 
per month by method 2 and $1,158.00 
per month by method 3, over method 1, 
will be realized. Longer investment 
periods will naturally place the balance 
more and more in favor of the automatic 
welding-machine starters. It is believed 
that the figures used and shorter period 
are in keeping with many wartime ex- 
pansion policies. It is of interest to note 
that a combination of capacitance correc- 
tion and starters would allow for more 
than doubling the capacity of the original 
loaded system in the example. 


Porter—Automatic Welding-Machine Starter 


Conclusions 


\ 


The automatic welding-machine starter 


has been in operation under average ship- 


yard welding conditions for a sufficient 
length of time to prove its practicability 
and merits. Application of automatic 
starters offers two principal advantages: 


1. A very recognizable saving in power cost 
is effected because the welding machine is 
automatically shut down for the greater 
part of its normal no-load operating time. 
Test results show this saving to be in order 
of 25 to 30 per cent of the total power con- 
sumed for average arc times of 25 per cent 
and with a three-minute delay setting on the 
automatic starter. The saving will vary 
with different welding application and will 
increase as the average arc time is reduced 


and with shorter time-delay relay settings. 


Since the no-load input for a-c to d-e motor— 
generator welding sets is inherently of a low 
power factor nature, application of auto- 
matic starters greatly reduces the average 
reactive-kilovolt-ampere demand (in the 
order of 50 per cent reduction), so that the 
average kilovolt-ampere input is reduced far 
more than the average kilowatt input. 
The economic advantage of automatic star- 
ters on a purely power cost saving analysis 
is entirely dependent upon power rate sched- 
ules and will be more favorable where power 
is sold on some form of kilovolt-ampere-hour 
basis. - 


2. Probably the most important advantage 
offered by the application of automatic 
starters is that, by reducing the average 
kilowatt and _ kilovolt-ampere demand, 
appreciable increase in capacity on ex- 
isting distribution systems may be real- 
ized. The increased capacity allowance 
will vary from 25 per cent to 75 per cent, 
depending upon are time and other condi- 
tions, and may be over 100 per cent in 
cases where starters are used in combination 
with capacitance correction. 


It is believed that the application of 


‘starters will warrant consideration where 


new or additional distribution facilities 
are contemplated. In general, starters 
will show a greater economic advantage 
over any other method of reducing over- 
all power and facilities cost and, in any 
case, will provide for the maximum utili- 
zation 

systems. 


References 


1. HiGHER MATHEMATICS FOR ENGINEERS AND 
Puysictsts (book), Sokolnikoff and Sokolnikoff. 


2. Tue ENGINEERS’ MaAnuat oF STATISTICAL 
Metnops, Leslie E. Simon. 


rr 


of welding power distribution _ 


Lightning Surges Transferred From 
One Circuit to Another Through 


Transformers 


P. L. BELLASCHI 
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T is generally recognized that through 

the medium of transformers surges 
can be transferred from circuits exposed 
to lightning to circuits considered other- 
wise nonexposed. The latter may con- 
nect to rotating machines or to industrial 
apparatus of inherently low-impulse in- 
sulation level. On these seemingly non- 
exposed circuits may be found apparatus 
of old design which as a rule are even 
more vulnerable to surges. In these prob- 
lems the question is to determine 


1. The extent apparatus may be en- 
dangered. 


2. Whether the relative risk incurred 
weighed against the importance of the in- 
stallation and the cost of damage, warrants 
protective equipment. 


In each case sound engineering recom- 
mendations demand a fairly close estt- 
mate of the transferred surges. 

In examining cases of this character in 
addition to published data, the writer has 
found particularly helpful the results of 
an investigation at Sharon in 1932-33. 
Seasoned by experience, these results and 
the simplified methods derived from them 
are presented here to assist in a practical 
way those engaged in this type of protec- 
tion studies. This contribution should 
serve besides to call attention again to the 
vital importance transferred surges may 
assume under certain conditions. 
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The Nature of the Problem 


Contributions on the mechanism govern- 
ing the transfer of surges through trans- 
formers have been reported by various 
investigators.'~> Concurrently, the pro- 
tection of rotating machines and similar 
low-impulse-strength apparatus subject 
to these surges has been discussed.*~!! 
Essentially, when a lightning surge is im- 
pressed on one winding of a transformer, a 
surge appears at the terminals of a second 
winding. The surge thus transferred to 
other windings and connected circuits con- 
sists respectively of an electrostatic com- 
ponent and anelectromagnetic component. 
The electrostatic component results from 
the capacitance coupling between the 
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Low-voltage terminal ot trans- 
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windings and to ground (Figure 13), while 
the electromagnetic component depends 
on the turn ratio and the short-circuit 
inductance between the two windings 
(Figure 15). The terminal conditions 
naturally contribute also to determine the 
amplitude, the wave form, and the dura- 
tion of*the surge transferred. Superim- 
posed on these components will be present 
in lesser or greater amounts the effects 
due to oscillations from the windings. 
All these factors will be apparent from the 
tests and the discussion which follow. 


One Series of Tests 


All tests and the corresponding meas- 
urements were conducted in the manner 
illustrated in Figure 1. In this series of 
tests the transformer is a single-phase two- 
winding core-form unit, rated at 1,000 
kva and 76,210/2,300 volts. The turn 
ratio is 33.1 to 1. Other characteristics 
of the transformer are listed in Table I. 
The terminal arrangements cover a wide 
range of the practical conditions en- 
countered in service. These are sum- 
marized in Figure 2. The voltage applied 


Typical arrangements and method 
of test 


Figure 1. 


LINE SURGE 
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L.V. TERMINAL CONNECTED TO LINE 


L.V. TERMINALS EACH CONNECTED TO LINE 
BOTH HV. TERMINALS SURGED 


eu + 
WW 


LY. TERMINAL CONNECTED TO SECTION OF CABLE 
END OF CABLE OPEN, TERMINATING AT LINE AND AT CABLE 
Zu, Z*40In, Z.248n, Z*58n 
(R=4095a , USED AS VOLTAGE DIVIDER) 


106-FT. CABLE 
Co *0.00468pF 


LV. TERMINAL CONNECTED TO SECTION OF CABLE 
END OF CABLE TERMINATING AT INDUCTIVE APPARATUS: 
TRANSFORMER,ROTATING MACHINE ETC. 
Lus354pH, Lu894pH, L,= I727HH, LL= 4400pH 


106 FT. CABLE 
Cc 0.00468pF 


L¥. TERMINALS EACH CONNECTED TO LINE 


ise 


2," 3790 


Ze 391N 
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L.V. TERMINAL CONNECTED TO HIGH RESISTANCE 
LV ESSENTIALLY OPEN 
(R USED AS VOLTAGE DIVIDER) 


L.V. TERMINAL CONNECTED TO SECTION OF CABLE 
END OF CABLE OPEN 


106 FT. CABLE 


LY. TERMINAL CONNECTED TO SECTION OF CABLE 
END OF CABLE TERMINATING AT CAPACITANCE 


CL=OPF, 0.0059pF, O.OIIpF, 0.021 INF , 0.0461 pF 


106- FT. CABLE 
Cc + 0.00468pF 


LY. TERMINAL CONNECTED TO SECTION OF CABLE 
END OF CABLE TERMINATING AT INDUCTIVE APPARATUS & HIGH IMPEDANCE 


LL=@,R, *2000n = L, *4400pH, Ry * 20000 
Li «I727pH, RL=1I500N Ly *894pH, R, *!1500N 


106- FT CABLE 
Co = 0.00468pF 


to the high-voltage winding (e,) measures Figure 2. Terminal conditions for tests with head line. The other terminal goes 
364-kv crest, and in this too the tests 1,000-kva 76,210/2,300-volt single-phase directly to ground. The surge voltage ey, 


have the significance of approaching the 
conditions of interest in actual service. 


core-form transformer 


transferred to the low-voltage terminal 
and to the line is recorded in Figure 3. 


Likewise, the surge applied corresponds 
quite well to the standard 11/.x40-micro- 
second wave. 
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For test condition A, one low-voltage In effect it rises to crest in eight micro- 


terminal connects to an impedance Z= 
379 ohms, the equivalent of a long over- 
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seconds, and recedes on the tail in about 
the same time as the wave applied. The | 
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Oscillograms for test condition A 
(Figure 2) 


Figure 3. 


electrostatic component accounts in part 
for the front. Beyond crest the electro- 
magnetic component plus the superim- 
posed oscillations predominate. The 
crest value 2.9 per cent corresponds es- 
sentially to turn ratio (100 per cent di- 
vided by 33.1). Test A was repeated with 
chopped waves applied. From Figure 4, 
as it should be expected, the surge ez, 
transferred to the line practically disap- 
pears for increasingly shorter impulses ey. 

In test B, each of the low-voltage ter- 
minals connects to a line impedance. 
In this case, the electromagnetic com- 
ponent divides about equally between the 
two lines, as in ez, and ez, of Figure 5. 
Note also the opposite polarity with re- 
spect to ground of the two. Only on the 
low-voltage terminal, physically opposite 
H,,does the electrostatic component occur. 
In test C, surge ey is applied simultane- 
ously to both high-voltage terminals, so 
that in this case the electromagnetic com- 
ponent in e, (Figure 5), disappears. Here 
the electrostatic component (1.3 per cent) 
is followed by the natural oscillations set 
up in the winding. In test D, the high 
resistance practically amounts to an open 
low-voltage terminal. Under this condi- 
tion, because of the fulldevelopment of the 
electrostatic effect and similarly because 
of the rapid development of the electro- 
magneticeffect, the surge ez (Figure 5) rises 
more abruptly and reaches a higher crest 
(3.7 per cent) than in any of the previous 
tests. The bottom oscillogram e, of Fig- 
ure 5 shows the influence of a long cable. 
This condition corresponds to H. As the 
result of the low impedance of the cable, 
the electrostatic effect practically has 
vanished insofar as appearing at the ter- 
minal. The surge transferred to the cable 
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Figure 4. Oscillo- 
grams for test condi- 
tion A (Figure 2) 


rises to crest in a much longer time than 
for the overhead line because of the 
greater time constant Ls/Z, attaining 2.1 
per cent crest as against 2.9 per cent for 
the line. 

In service transformer terminals may 
connect to a section of cable which, under 
certain conditions, may remain open in 
the manner of test F. In this case, as 
recorded in Figure 6, the cable voltage 
oscillates, reaching 5.2 per cent, which is 
nearly twice the voltage e, divided by the 
turn ratio. The oscillations are largely 
between the short-circuit inductance (Ls) 
and the cable capacitance (Cc), though in 
part other winding effects enter into play. 
A chopped wave e, results in a trans- 
ferred surge of the character shown. 

Under other service conditions, the 
section of cable may connect directly to 
an overhead line or continue with another 
cable for a great extension. The voltages 
developed under these conditions (test 
G) are shown in Figure 7. For either the 
long line or extensive cables the section 
of cable is not a major influencing factor. 


Oscillograms for test conditions B, 


: C, D, and E (Figure 2) 
Applied voltage ey as in Figure 3 


Figure 5. 
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The oscillograms show that the voltages 
at the two ends of the cable section are 
much the same. 

In test /7, capacitances were connected 
to the open end of the cable. The ca- 
pacttances applied in effect are equivalent 
to extending the 106-foot cable respec- 


tively to 240, 360, 580, and 1,120 feet. 


The results are recorded in Figure 8. 
The period of the transferred surge natu- 
rally increases with the capacitance, but 
the amplitude remains practically un- 
changed at 5.1 per cent. 

Another practical case occurs where the 
transformer supplies inductive apparatus 
such as other transformers or rotating 
machines, This condition is approached 
in test J. On the basis that the short- 
circuit inductance (Lg) of the transformer 
is 100 per cent, the inductances Lz ap- 
plied are respectively 26, 66, 128, and 325 
per cent which values correspond to a 
wide range of effective loads. The oscil- 
lograms of Figure 9 show that both the 
amplitude and the period of the trans- 


Figure 6. Oscillograms for test condition F 
(Figure 2) 
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364 KV CREST» 100% 


O pSEC 20 


ferred surge decrease with decreasing 


inductance load. 

Another set of load conditions is the 
combination of high surge impedances 
(resistances) and inductances in J, The 
corresponding transferred surges are re- 
corded in Figure 10. These tests com- 
plete the investigation on the 1,000-kva 
transformer. 


Other Tests and Experiences 


In Figure 11 are recorded the voltages 
transferred through a single-phase 4,500- 
kva 144,000/12,000-volt, shell-form 


transformer. The turn ratio is 12 to lL. 


Table I. 


Design Characteristics of Transformers 
Used in Tests 


1, Core-form, oil-immersed, self-cooled, 1,000-kva, 
76,210/2,300-volt, single-phase, 60-cycle 
Number of turns: high-voltage, 3,576 turns 

low-voltage, 108 turns 

Turn ratio=33.1 

Impedance= 9.62 per cent 

Short-circuit inductance (referred to low 
voltage) =0,00135 henry 

Short-circuit inductance (referred to high 
voltage) = 1.48 henrys 

Construction, two-legged design 

High-voltage winding, paneake coils, one 
column each leg 

Low-voltage winding, two layers on each ley 
adjacent to core 


2, Shell-form, oil-immersed, self-cooled, 4,500-kva, 
144,000-120,000/12,000-volt, single-phase, 
25-cycle 

Number of turns: high-voltage, 1,582 turns 
low-voltage, 132-158 turns 


(taps) 
Turn ratio (in tests) = 12 . 
Impedance = 4 per cent 


Short-cireuit inductance (referred to low 
voltage) = 0,008 henry 

Short-circuit inductance (referred to high 
voltage) = 1.15 henrys 

Construction, four high-low interleaved 
(see Figure 13A) 

Two high-voltage groups each 791 turns 

Low-voltage center group 62-88 turns (taps) 

Two low-voltage end groups each 35 turns 


8, Shell-form model, oil-immersed, special 
No rating assigned 
Turn ratio=6.14 
Construction (see Figure 12) 
High-voltage coil group 2,180 turns 
Low-voltage coil A 18 turns 
Low-voltage coil B 337 turns 
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Figure 7. Oscillograms for 
test condition G (Figure 2) 


Other characteristics of this transformer 
are listed in Table I. In these tests the 
low-voltage winding in effect connects to 
a long overhead line, while the impulse 
voltages applied to the high-voltage wind- 
ing reach practically the full test level of 
the insulation. The electrostatic com- 
ponent is clearly in evidence for the first 
ten microseconds; beyond this time the 
electromagnetic component with some 
superimposed oscillations of minor import 
is the dominating factor. In the chopped- 
wave test, the electromagnetic compo- 
nent practically disappears. The tests 


Bey. 
CG, =O0.01 PF 


O; =0.02 IF 


Figure 8. Oscillograms for test condition’ H 
(Figure 2) 
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: et 
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Figure 9. Oscillograms for test condition | 


(Figure 2) 


Applied voltage ey as in Figure 3 


were repeated with a 100-foot section of 
cable connected to the low voltage as in 
B of Figure 1. In these tests the crest 
voltage developed was sufficient to flash 
over the cable at the end. 

In the course of the many commercial 
impulse tests applied to transformers at 


Sharon, the effects of surges transferred” 


through windings have been much in 
evidence. Bushings of windings not under 


test often require protection from flash- - 


over. In this connection, it is well to 
point out that unusually high surge volt- 
ages can be transferred to high-voltage 
terminals when low-voltage windings of 


high insulation level are being tested. For — 


instance, a 110-kv full-wave surge ap- 
plied to the low-voltage windings of a 
6,600/132,000-volt power transformer 
(ratio 20 to 1) is certain to flash over the 
high-voltage bushing. 

The experience from commercial im- 


Figure 10. Oscillograms for test condition J 
(Figure 2) Ag 


Applied voltage ey as in Figure 3 


Figure 11. Oscillograms for test condition A 
(Figure 1) with 4,500-kva 144,000/12,000- 
volt single-phase shell-form transformer 


Circled dots are calculated values of electro- 
magnetic component 


pulse tests at Sharon bears out also that 
surges may be transferred through a 
number of transformers in succession. 
In the commercial tests, power excitation 
is supplied from a 5,000-kva, 2,300-volt 
generator of old design through a 2,000- 
kva 2,300/6,900-volt transformer, a 1,000- 
foot cable, and again through another 
2,000-kva transformer which serves to 
adjust the 6,900-volt cable supply to the 
primary voltage of the transformer under 
impulse test. Depending on the nature of 
the commercial impulse test, transferred 
surges of various intensities would reach 
the rotating machine. These seriously 
damaged the machine windings on three 


Figure 12 (right). 


T= 1 pSEC 


occasions in the course of the first few 
years. Suitable capacitances and other 
protective devices have since been ap- 
plied and no further difficulties experi- 
enced, 


Electrostatic Component and 
Oscillations 


The factors which affect the electro- 
static component are several. These are 
discussed here in simple practical terms 
with reference to the typical examples in 
Figures 12 and 13. The electrostatic 
voltage induced in the low-voltage wind- 
ing depends upon the capacitance rela- 
tion between the high and low-voltage 
windings and to ground. In turn, the 


Figure 13. Electrostatic effect—calculated 
and test data for 4,500-kva shell-form trans- 
former 
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voltage induced in the low-voltage wind- 
ing is discharged through the inductance 
of part of the winding into the terminal 
impedance. Thus from the simplified 
circuit in C of Figure 13 for the abrupt 
surge ex, 


to § il 72 
C They AE AKI: iG. aes 
ran GEG, pee 2 a 
Ce 
(1) 


The calculated values from this simplified 
approach are in fairly good agreement 
with the test results. A more rigorous 
analysis requires that account be taken 
of the additional circuit elements shown 
in Figures 12 and 13 but in so doing the 
solution becomes quite complex. 

Simply stated, the electrostatic com- 
ponent depends on the ratio, Z divided by 


W/L/ Cy, and on the length of the front of 
surge é@, with respect to the natural 


period Qa LCp, In the case of a long 
cable where Z is small or for a segment of 
cable of large capacitance, the electro- 
static component disappears. The elec- 
trostatic component needs be considered 
only where the low-voltage winding con- 
nects to aerial lines, to highly inductive 
apparatus or machinery, to loads of ei- 
fectively high impedance, and where the 
capacitance to ground is small. The 
physical characteristics of the transformer 
windings are a factor, but these do not 
bear any simple relation in terms of the 
usual design constants. The ratio of the 
insulation test levels of the windings is 
a measure of the factor C;/(Ci+ C2) and, 
other things being equal, of the relative 
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Table II. 
1000-Kva Core-F 
Test 
Condition 


Terminal Impedance 


Figure2A,.......4)™979 Ohms,.... 


Figure 2B ont aero CO:ONME curacao 
Pigure:2F ivi vcs ds Co @=0.00468 microfarad,,...... 
Pigure-2B css cits Co+-Cyr@0,.0498 microfarad,... 


Electromagnetic Component—Comparison of Calculated Data With Tests for 
orm Transformer 
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* Data calculated from equations 2 and 3, transformer constants in Table I, and terminal impedances in 


column 2 above, 


amplitude of the electrostatic component, 
The calculations and tests in Figures 12 
and 13 and in the preceding oscillograms 
are quite indicative of the amplitude and 
duration of the electrostatic components 
expected in general. 

As it may be seen from the oscillo- 
grams, the electrostatic impact sets the 
low-voltage winding oscillating. In addi- 
tion oscillations in the high-voltage wind 
ing are induced electromagnetically in the 
low-voltage winding, and these in turn 
appear in the transferred surge. Simpli 
fied calculations of these effects are beset 


Table Ill. Comparison of Period of Oscilla- 
tion for Various Cable Capacitances 


Period of Oscillation 
Calculated 


Short- Experi- 
Circuit Cable (Te mental 
Inductance Capacitance 27 VL8Co) (Figure 8) 
(Lain Micro- (Co in Micro- (Micro- (Micro- 
henrys) farads) seconds) seconds) 

Li SOU ii we OURO S nie ae monte curs ek} 
LOGO cn kits SUJAL ONCOL rabremenmer tts AR eceneraticeceyse ts 
fo a 0.0158 cae Witkin wee 
1,850 .,.0,02568 yD Uo anette 
1,350 0.0498, OL xine la Oe 


TEST H 
C.*0.0446pF 


Figure 14, Electromagnetic effect—calcu- 
lated (circled dots) and test waves of e, for 
1,000-kva core-form transformer 


Test conditions A, E, F, and H (Figure 2) 
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Wave form of ey in calculations approximately as in tests, 


with difficulties. In general, however, 
the superimposed oscillations are not of 
primary importance, 


Electromagnetic Effect 


SuRGE TRANSFERRED TO A LONG LINE 
OR CABLE 


The general solution for the electro- 
magnetic component is treated in the ap- 
pendix. From a_ practical standpoint, 
refer to the equivalent simplified circuit 
of Figure 15D and let 
ey, = Ke~“' =impulse voltage 

high-voltage winding 
Lg =short-circuit inductance of transformer 
(referred to low-voltage side) 
N=turn ratio 
Z=surge impedance of line or cable 


applied to 


the 
transferred to the line or cable is 


Zz ae a ie 
ey => e~tlie Ls |= 
Z—alg S N 


In Figures 11 and 14 and in Table II 
are compared the calculations for three 


Then electromagnetic component 


(2) 


typical cases with the corresponding ex- 
perimental data, It is apparent that for 
these conditions the electromagnetic com- 


Figure 15. Typical circuits 
for surges transferred through 
windings 


Simplified circuits D, E, and F 
represent low-voltage terminal 
connected, respectively, to 
long line or cable (Z), to cable 
section (Cy) and to cable 
section (Ce) terminating at 
induction apparatus (Ly) 
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“at 


Ve UE 
ponent is conducive to fairly good pre- 
determination, The preceding equation 
can be adapted readily to similar condi- 
tions such as those shown in tests B, C, 
and D of Figure 2. The behavior for 
shorter lengths of cable and line is con- 
sidered in the following section. 


ve 


SuRGE TRANSFERRED TO SECTION OF 
CaB_p (or LINE) 


For this condition the simplified circuit 
of Figure 15E applies. Let the applied 
voltage ¢,,= He~ *, then 


. i w 
sin { wt— tan7! - 
e7 at a 


ez =| —— yt ne N (3) 
1+(®) \ 1+(£) 
w w 
where w=1/WLsCo and Cg=capaci- 
tance of cable section. 

On the whole, the comparison between 
the calculated and experimental data in 
Figure 14 and in Table II for the 106-foot 
section of cable is good, Equation 3, how- 
ever, does not takeinto account the attenu- 
ation due to losses, nor does it consider 
the capacitance of the windings and other 
effects which apparently are responsible 
for the “‘beat-note’”’ phenomena present 
in the oscillations, 

As shown in the oscillograms of Figure 
7, the cable section terminating im a 
lumped impedance equal to the surge 
impedance of the cable behaves essentially 
as a continuous long cable. In the case 
where the cable section connects to a 
long overhead line, the cable voltage no 
longer is oscillatory. The reason for this 
lies in the fact that the line surge im- 
pedance (Z=401 ohms) appears in Figure 
15E as a circuit element shunting the cable 
sapacitance (Cg=0.00468 microfarad), 
and its value approaches closely the 
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critical damping impedance 1/ “VV. Ls Co= 
270 ohms. 

In test H of Figure 2, the load capaci- 
tances amount in effect to extending the 
cable section. The surge transferred 
to these sections is given by equation 3 
where the cable capacitance in the 
equation now becomes Co=Ce+Cy. In 
Table III are compared the calculated 
and experimental periods of oscillation 
for the various cable capacitances. 

In Figure 14 and Table II are compared 
the calculated and experimental data of 
the transferred voltage for C,=0.0446 
microfarad. This load capacitance is 
equivalent to extending the cable to 1,120 
feet. In an actual section of this length, 
the cable would have an inductance less 
than ten per cent of Ls. For a much 
longer section, it is apparent that, be- 
sides the capacitance, the inductance of 
the cable need be considered. That is, 
in Figure 15E& for segments of cable 
where the total inductance Le=Z?Co 
(constants of cable) is small relative to 
the transformer short-circuit inductance 
Ls, the cable may be treated as a lumped 
capacitance. For longer sections where 
the cable inductance becomes appreci- 
able but is not excessively large compared 
to Ls, the cable may be replaced with 
good approximation by its equivalent 
circuit. For still longer sections of cable 
(or line), transferred surges should be 
dealt with in terms of traveling-wave 
phenomena. 


SURGE TRANSFERRED TO SECTION OF 
CABLE AND TERMINATING INDUCTIVE 
APPARATUS 


For this condition the simplified circuit 
is given in Figure 15F. The capacitance 
Cg includes the capacitance of the con- 
necting apparatus, or, in the absence of a 
cable section, it represents the capaci- 
tance of the apparatus alone. For an 
applied surge e,= Ee, the transferred 


surge is 
w 
sin (a tan! =) 
(soa a 
en = ap x 
a\? a\? 
w Ww 
ib, E 
te (4) 
LgtL, N 


where Ly is the inductance of the connect- 
ing apparatus, and the period of oscilla- 
tion is 


In the investigation, L, varies from 
approximately 25 to 325 per cent of the 
short-circuit inductance of the trans- 
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Table IV. Comparison of Calculated Data 

With Tests—Cable Section and Inductive 

Apparatus Connected to Secondary of 1,000- 
Kya Core-Form Transformer 


Crest 

Period of Voltage 

Oscillation ei in 
(Micro- Per Cent 

seconds) ey Crest 

SS ist 

ey aa 

o vo o o 

S & @ g 

Test Terminal 3 % 3 5 

Con- Inductance 3 & 3 2 

dition (Henry) oO Q 16) Q 
Figure-21. £7 =0).000354... 7.2... 8. ..1.20. 1.1 
Figure 21..22,=0.000894..10. ..11. ..2.4..2.6 
Figure 21..£2,=0.001727..12. ..12.5..3.4..3.4 
Figure 21..2,=0.004400. .14 Op: eee Ss ae We 


* Calculated data based on equation 4, and circuit 
constants in Table I, Figure 2I, and column 2 
above. Crest voltage was determined from equa- 
tion 4 simplified to (2E/N)\(Li/L +Lz). 


former (Lg), and therefore these values 
comprehend a wide range of inductances 
of the connecting apparatus (trans- 
formers, rotating machines, and so forth). 
In Table IV are compared the calculated 
and experimental data of the transferred 
surges appearing at the connecting appa- 
ratus. The good agreement again con- 
firms the applicability of the simplified 
methods for practical calculations. 


Application Problems 


The problems encountered in practice 
are of a varied character, but in general 
they can be reduced to one of the several 
conditions in Figure 2 or to modifications 
and combinations of these. The electro- 
static component need be considered only 
when terminals are left open or connected 
to an overhead line or other high- 
impedance circuits, The method is out- 

' lined in a previous section. In many of 
the cases examined, the electromagnetic 


Table V. Typical Short-Circuit Inductances 
(Ls) for Power Transformers Values Referred 


| to Low Voltage 
| 


Line 
Voltages Kva Per Per Cent Lg in 
(Kilovolts) Transformer Impedance Henrys* 


220/13.2..... 20; O00 nr ternere 14.8.....0.00342 
220/13.2..... LO; O00 Orie ara 12.5.....0.00578 
154/13.2..... TO;O00 tenon 11.7.....0.00540 
132/13.2)..... LO} OOO renter 9.2.....0.00425 
110/13.2..... LOSOOO Frnt: 8.7.....0.00402 
110/13 52 eo DOU ecereten: 8.1.....0.00748 
66/13.2..... 10;000.. 5... 8.1.....0.00374 
G6/18 2) sar. DLOOW deer cts 7.5.....0.00692 
G6 a2. ce 2; SOO meaPeveks 7.0.....0.01292 
44/13.2..... TO, 00 Oe taemner 6.2.....0,00286 
BAY aNO Olean 2) O00 saa 6.2.....0.00286 
22/ECO) 00-10 10; 000% ie 6.2.....0.00072 
22/ 6.6..... 2,500...... 6.2.....0.00286 


* These values correspond to 60-cycle ratings and 
for the low-voltage connected delta in three-phase 
bank. For wye connection reduce values to one 
third, 
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component alone required attention. The 
transferred surge then is conducive to 
calculation according to the foregoing 
equations 2, 3, and 4, or similar deriva- 
tions from the equivalent simplified cir- 
cuit applicable to the problem (Figure 
15). The crest voltage of the trans- 
ferred surge is related to the turn-ratio 
relation, e;,/N, by a factor A which de- 
pends largely on the terminal conditions, 
the short-circuit inductance (Lg), and 
the wave of the surge applied (ey). 
Typical values of the short-circuit induct- 
ance for power transformers are given 
in Table V. 

In practice, transformers usually are 
installed in three-phase banks, a condition 
which results in a transferred surge of 
equal or lower amplitude than for the 
single-phase connection previously dis- 
cussed. For a surge eg on one phase or 
simultaneous surges on two phases, the 
transferred voltage to ground is related to 
the single-phase transformer connection 
by the conversion factor Ky in Table VI 
for the various three-phase bank con- 
nections. Correspondingly, the duration 
of the front of the transferred surge is 
affected by the factor Ky indicated in the 
table. For simultaneous surges on all 
three phases, the electromagnetic com- 
ponent disappears (except for the wye- 
wye bank connection with both neutrals 
grounded). Thus the crest voltage of 
the transferred surge is given by the 
expression 


e 
ey (electromagnetic) rit ‘Ky (5) 


A typical example will serve to illus- 
trate the application of equation 5. A 
wood-pole line connects to a 115,000/ 
13,200-volt, grounded-neutral wye-delta 
transformer bank. »The secondary sup- 
plies, through a 125-foot cable, an indus- 
trial network which consists of a number 
of transformer units each feeding indi- 
vidual loads. On a single-phase basis, 
the circuit corresponds in effect to Figure 
15F. In this case, the effective load in- 
ductance L,, and the short-circuit induct- 
ance Ly are of the same order so that the 
amplitude factor A in equation 4 is close 
to unity. The conversion factor for the 
three-phase bank is K,=0.33. The ad- 
vantage of arrester protection on the high 
side in limiting the transferred voltage is 
apparent. In the event of a severe light- 
ning surge on the wood-pole line, a full- 
rated high-voltage arrester limits ey to 
450 kv or to a proportionally lower value, 
provided an 80 per cent arrester is per- 
missible. Then from equation 5 the trans- 
ferred voltage is (450/5)1x0.88=30 kv. 
In the absence of arrester protection on 
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the high side, and should the industrial 
load become disconnected, the transferred 
surge across the secondary terminals 
and the cable may well reach 100 kv. 
Similar problems arise in connection 
with rotating machines. These often 
supply transformer banks which connect 
on the high side to overhead lines exposed 
to lightning. The protection of rotating 
machines against surges requires that the 
voltage to-ground at the machine should 
be limited to approximately the low- 
frequency test voltage of the machine, 
and, in order to limit the voltage between 
turns, the front of the surge appearing at 
the machine should as a rule exceed ten 
microseconds. The protection of ma- 
chines is discussed in detail elsewhere.*? 
The methods presented here are helpful 
in determining the transferred surge that 
may appear at the machine. In general, 
the transformer bank in conjunction with 
lightning arresters on the high side, as 
well as cable sections in the low-voltage 
circuit, usually provides substantial pro- 
tection to machines. However, each 
ease must be examined individually and 
on its merits. In important installations 
or for machines of older design located in 
vital zones, the addition of special protec- 
tion at the machines may be justified. 
In the problems on transferred surges 
that have been examined: in some, no 
protection was found necessary on the 
nonexposed circuit; in others, adequate 
protection on the exposed circuit also 
would provide protection to the nonex- 
posed circuit; in some instances, the ad- 
dition of protection on the nonexposed cir- 
cuit appeared desirable. Amn analysis of 
the problem in each casé provided the basis 
for sound engineering recommendations. 


Appendix 


Referring to Figure 165A where rectangular 
surge ¢ is applied to the primary winding 
over a transmission line and the secondary 
connects to a line, the transferred surge e is 
derived from the circuit equations (expressed 
operationally) 


 =Lypi+Z i, — Mpi, 
0 = Lopiz+Zoiz— M pi, 


The solution is 
2MZ, 
o> = = 
AGHA —1,Z,)°+-42Z,Z,M2* 


Ly Zo4+L2Z, 
pa 1 

2(1, Ly — M2 
ek ) 


a (EZ, SZ, 42. 
sinh — — t-e, (6) 
2(LiL,— M?) 


In the usual case L)>M>>L», so that, in 
effect, equation 6 reduces to 


ba BUCA, 
atl te LL, — M? je (7) 
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Table VI. Factors Applied to e; for Conversion From Single-Phase to Three-Phase 
L 
Connections* 
= = 2 . 
Bank connections Grounded wye ae ...Grounded wye a BaP. ES Nei ne. Chri a Wye to delta 
high-voltage to grounded wye wye 
low-voltage Delta to grounded \ ... Wye to as apr -.. Delta to delta. 7. . 5 Grounded wye 
winding wye to delta 
Delta to wye.......5. Wye to wye 
Ka (amplitude)...... LSO0e oe Sere ere ee 0,67. .ci kei epee Cha sy eed ae, Fo 0.33 
KrF (front length)...... 1 OOM arcisralesseearete erro LOO: Ao acs, 7 eens 0-38 ge leors ah ces 0.33 


rr 
* For derivation, see paper by Palueff and Hagenguth, reference 1; also see appendix of this paper. The 
Application is discussed in equation 5. 


conversion factors correspond here to turn ratio. 


That is, in the usual practical problem Z; is 
of secondary or no importance because of the 
relatively high value of Z;. Circuit A sim- 
plifies to B or its equivalent C which, in 
terms of the turn ratio (V) and short-cir- 
cuit inductance of the transformer (Ls), be- 
comes circuit D. For a steep-front, ex- 


. ponential-tail surge ey, the solution of e,, is 


equation 2. 

Should the secondary in Figure 15A con- 
nect to a cable section of capacitance (>, 
from the circuit 


and 


(10) 


so that, K4=1/3 and Ky; =1/3. 


The conversion factors for other three- 
phase bank connections can be derived in a 
similar manner or by, methods described 
elsewhere.! Their values for the various 
connections are given in Table VI. 


M 
a * 
ems TERED TyeN AL oa Wlaiz 
armas ) (Ly) Ly— M2) Co (L,L2— M?)C, 
M p 
es References 


(ils) Cr (EN [(o+8)? el 


and the solution is 


Ta 
(Lila — MCs 
(A—B)?-be? 


[e+ (ra—p)e—F* sin wt—€F! cos wt} e: (8) 


For the common case L)>M>> Lz, the 
circuit simplifies to Figure 15E. Fora steep- 
front exponential-tail surge ey, ey is given 
by equation 3. Similarly, for a cable sec- 
tion and inductive apparatus, we have Fig- 
ure -15F and equation 4. The transferred 
surge e, for other terminal conditions can be 
derived in like manner. 

For three-phase bank connections the 
solution of the transferred surge is the same 
form as for the single-phase, except that the 
conversion factors Ky and Ky appear, re- 
spectively, in the amplitude and time con- 
stant of the equations. Consider for in- 
stance the wye-wye connection (see Table 
VI), a rectangular surge e¢ applied to one 
terminal, and for the practical case con- 
sidered here neglect Z;. Current % flows in 
the phase to which e isapplied and 7,/2 in 
the other two phases, all in the same direc- 
tion. In the corresponding secondary wind- 
ings the currents are 2, 12/2 and 12/2. We 
then have the circuit equations 


oe 
“5 pu 3 pr 


3 eS, ae eee 
Oi plobhe eh de ho 212 


The maximum voltage to ground is 


2 M i adders 
3 ee ae —¢E€ IWle2—M? ‘h (9) 


1 


Thus for this connection K ,=?/3;and Kp=1. 
For the wye-delta connection the circuit 
equations are 


€:=3/2Lipi; —3/2M pin 
0) = Lopiy a Mpi; +3Zol9 
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Effect of Wave Form on Let-Go 


Currents 


CHARLES F. DALZIEL 


Synopsis: This paper is a continuation of 
“Effect of Frequency on Let-Go Currents’’”? 
and concludes studies made to determine 
let-go currents. This paper extends the 
analysis to cover various wave shapes and 
includes a method of determining reason- 
ably safe currents for men, women, and 
children, for sine waves, direct current, and 
complex wave forms containing both a-c 
and d-c components. As in previous papers, 
conclusions regarding reasonably safe elec- 
tric currents are based on the criterion that 
a safe current is the let-go current for 99!/, 
per cent of a large group of healthy subjects. 


LTHOUGH it has been demon- 

strated that let-go currents, and 
hence the electric-shock hazard due to 
relatively small electric currents, are 
controlled by the crest value of an a-c 
wave and not by its root-mean-square 
value, the significance of this fact has 
received little attention. Previous pa- 
pers on the general subject)? have been 
concerned chiefly with developing a 
method of analysis and establishing con- 
cepts of reasonably safe sine-wave electric 
currents for various frequencies and for 
direct current. The procedure disclosed 
in this paper extends the analysis to per- 
mit estimating reasonably safe let-go 
currents for practically any commercial 
wave form, from sine-wave alternating 
current on one hand to pure direct cur- 
rent as the other extreme. The results 
of the analysis are believed to be impor- 
tant in increasing the safety of certain 
electronic devices, filters, and communica- 
tion circuits, to the end that the sustained 
shock current obtained from parts of the 
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circuit readily accessible to an operator 
may be held within reasonably safe or 
known limits. Also, the results may have 
value in specifying allowable leakage cur- 
rent to the chassis of radiobroadcast re- 
ceivers; for improved design of high- 
voltage television power supplies; for 
defining the permissible magnitude of the 
components in the sustained output cur- 
rent from capacitor-discharge electric- 
fence controllers, and other similar ap- 
paratus. Although the conclusions have 
been based largely on experiments made 
with 60-cycle alternating current and 
direct current, the results may also be 
used for cases involving higher fre- 
quencies, but with increased factor of 
safety. 


Results 


Mean let-go current values obtained 
from tests made with various wave shapes 
follow the same curve if the crest value of 
the a-c component is plotted on one axis 
versus the d-c component on the other. 
Two conditions must be met in order to 
have the experimental data fall on the 


same curve. These conditions are: 


1. The reference axis for measurement of 
the alternating component must be the 
average value or the direct component. 


2. The peak or crest value of the alternat- 
ing component must be measured in the 
direction of the maximum total current. 


These requirements are illustrated in 
Figure |1, which gives sketches of the 
wave forms used in these experiments. 
When measurements were made ac- 
cording to these two conditions, points 
representing the mean let-go current ob- 
tained from groups of subjects tested on 
sine-wave alternating current, direct 
current, and the four complex wave forms 
of Figure 1 fell closely on the top curve 
of Figure 2. The fact that the points fell 
on the same curve is important, because 
it permits estimating let-go currents for 
other wave forms as well as those used to 
locate the curve. Thus, from two simple 
measurements one may determine the 
probable shock hazard for electric cur- 
rents of any assumed wave form. The 
99.5 percentile curves for men and women 
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were computed from equations 3 and 4, 
reference 2. In the absence of experi- 
mental data, the reasonably safe current 
for children was taken as 50 per cent of 
the safe values for men. Percentile 
curves for either more conservative or 
more liberal probabilities may be com- 
puted readily by using a similar pro- 
cedure. 

In these experiments sine waves were 
superimposed on pure direct current to 
give the wave forms illustrated in Figures 
1B and 1C. In these tests crest A was 
equal to crest B, and the requirement that 
the peak of the alternating component 
be measured in the forward direction, or 
in the direction of the maximum total 
current, was unnecessary. The current 
wave of Figure 1B was similar but not 
identical to that obtained from the 
filtered output of an ordinary rectifier. 
Measurements were made to determine 
the alternating component of two recti- 
fiers using a shunt and a crest vacuum- 
tube voltmeter calibrated to read milli- 
amperes. Considerable difference in the 
magnitude of the opposite crests was ob- 
tained, which emphasized the importance 
of selecting the proper crest of the a-c 
ripple when using the method for practical 
problems. 

The importance of determining the 
crest of the alternating component in the 
direction of the maximum total current 
is further illustrated from consideration 
of the wave forms of Figures 1D and 1E. 
These current waves represent the output 
from a half-wave and a full-wave recti- 
fier, respectively. Consider crest B for 
either case. The vacuum-tube crest 
milliammeter indicated a definite reading 
when connected to measure crest B, even 
though the total current was zero. This 


Table |. Effect of Wave Form on 180-Cycle 
Let-Go Current 
Triangular Wave Sine Wave 
Crest Rms Crest Rms 
Subject Milli- Milli- Milli- Milli- 
No. amperes amperes amperes amperes 

Ae eta are PPT il be A rin UAE ep iy 214. dx 15.1 
Lays Seen 2256s 0.6.5 18:0 sa QL Oa sae 15.5 
QU ane OsOssaanes LAAs Seno ae BD Bere ave 30.0 
PERCE Lat (ease QOS Bae ake PLIAGIA can rin) 25.7 
Q8e he AO ee gil lets V4 Oger e 287 Biante 16.4 
2 BA 2X citers » Li Bienes 20K Dr aaa 14.2 
30 ST Ses 24h BT eos 22.4 
31 Aor eatin 14.7 PLP sacceie 17.8 
Sabine On Olacrsiels iNT UES 28) Oieis ss 16.5 
BOn ee tars 26.0 a DELOr ee VAS Crate 18.2 
37 34.4..... RO Si: den is Velo Seana) 23.0 
40 RD Pe ae CU ie, ee ADI Olevia 18.0 
ABA tawane BO Ocean Bio a Breas QS TO sco we 16.6 
OAeeheatets UY ane NG Oren, SS vice y 23.2 
Bonds usa CLABES n i BOT, cachet DAN UR ac 18.4 
Oe 5 BT cnn st ae LBS irre DOAN stirs 20.8 
Oy exo can BOLO eet 1; Ragen SOO Nop 21.2 
Gy ree noo 24 Oren dats. 226 Bie Orr wee 16,2 
74 DATA scares Ut Es eae 23/5 sss wn 16.3 
Mean,.... Ar ety Oe ROO: coms pl ie eel a 19,3 


TRANSACTIONS 739 


/\ i! 
ZERO ete eset ee 
\t/ 1B. 50 per cent offset 
wave 


1A. Sine wave 1=QWmtlm cos wt 4C. 141 per cent off- 
jal, cos wt = eShs set Wave 
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(ie 4| 
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eas eLO TR 6 cos 4wt... 
Tv 
ks Ino =crest B=2" 
= ps LG 7 
loa cies 1 Crest A =In—Ipo= Figure 1. A few of the wave 


CrestA=Im—Ilne 
=Ipnoa@—1) = 2.14 loge 


was due to the fact that the alternating 
component and the direct component 
were equal and opposite for the instant 
considered. It would be surprising in- 
deed if let-go currents were controlled by 
crest B. As far as determined, there are 
only two important factors which control 
let-go currents. These are crest A of the 
alternating component and Jpg, the aver- 
age value, or the direct component of 
the wave. The required measurements 
may be made easily with direct reading 
instruments. The direct component may 
be measured with an ordinary d-c milliam- 
meter, and the alternating component 
may be measured with a half-wave crest 
vacuum-tube instrument in conjunction 
with a cathode-ray oscilloscope. The 
latter is used to permit selecting crest A 
instead of crest B. Of course, the values 
may be obtained from a calibrated os- 
cillogram, but this procedure is cumber- 
some and requires photographic proc- 
esses. 

Although the curves of Figure 2 were 
determined from six series of tests using 
60 cycles and direct current, it is believed 
that conclusions based thereon will be 
conservative for wave forms containing 
higher harmonics or other wave forms 
likely to be met in practice. Let-go 
currents for sine waves have a broad 
minimum from about 15 cycles to 100 
cycles. The reasonably safe current 
curves of Figure 3 indicate that human 
tolerance increases slowly at first and 
then quite rapidly for frequencies below 
or above this range. Predictions made 
from the curves of Figure 2 for alternating 
components having frequencies outside 
the middle band in reality assume that 
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forms used in the let-go-current 
tests 


the let-go-current curves are straight 
lines tangent to the curves of Figure 3 at 
their lowest points. The predictions may 
therefore be conservative and well on 
the side of safety. 

The relative-discomfort curve of Figure 
3 was obtained by plotting the reciprocals 
of the average let-go current values for 
each frequency, that is, the reciprocal of 
the corrected mean currents, Table I, 
reference 2. The vertical scale was ar- 
ranged so that the discomfort would be 100 
per cent for 60 cycles. The curve indi- 
cates the relative discomfort caused by a 
given current for the frequency range in- 
cluded in the graph. Although a subject’s 
let-go current increases considerably at 
the very low frequencies, his muscles 
follow the current variations, and the 
sensations, presumably caused by the 
peaks of the current wave, are more pain- 


ful than those experienced on the 60-/ 


cycle tests. At very high frequencies, sen- 
sations of heat rather than pain pre- 
dominate. The term ‘“‘relative discom- 
fort’? must therefore be given a broad 
interpretation, and, in the absence of a 
means of specifying varying degrees of 


/ 


pain, the curve may be taken to show in . 


a general way the discomfort or the rela- 
tive danger of a given current as a func- 
tion of frequency. 


Experimental Data and Analysis 


Errecrs or A-C WaAvE Form on Let-Go 
CURRENTS 


Before investigating the reactions pro- 
duced by composite currents, it was con- 
sidered desirable to make an additional 
investigation of the effect of wave form 
on let-go currents for complex alternating 
currents, that is, for wave forms contain- 
ing no direct component. As previously 
reported, let-go currents appeared to be 
controlled by the crest and not by the 
root-mean-square (rms) value of the 
current. In these tests, comparisons 
were made for 60-cycle sine-wave current 
alone and in combination with a third 
harmonic equal to approximately 37!/» 
per cent of the fundamental. In one case, 
the third harmonic was phased so that 
the resultant wave was sharply peaked. 
For the other case, the third harmonic was 
shifted 180 degrees to produce a relatively 
flat-topped wave. Inspection of the data 
obtained from 26 subjects indicated that 
let-go currents were controlled by the 
peak of the current wave and not the 
root-mean-square value.! 

A second series of tests was conducted 
subsequently in which let-go currents 


Figure 2. Let-go-current curves plotted as a 
function of a-c and d-c components 
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let-go currents and 


: REASONABLY SAFE CURRENTS: 
MEN (99.5 PERCENT RESPONSE) 
WOMEN (99.5 PERCENT RESPONSE) 
CHILDREN (ESTIMATED) 


LET-GO CURRENT, MILLIAMPERES (RMS) 


500 
FREQUENGY, CYCLES PER SECOND 


for 19 subjects were measured using sine 
and triangular waves of 180 cycles fre- 
quency. An oscillogram of the triangular 
current wave is shown in Figure 4. The 
triangular wave was obtained from a 
rheostat connected across the terminals 
of the interphase transformer of a small 
six-phase hot-cathode thyratron recti- 
fier supplying a resistance load. Sine- 
wave 180-cycle currents were obtained 
from a beat-frequency oscillator and 
power amplifier. Experimental data for 
this test are given in Table I. The 
number 6 copper-wire electrode wet with 
salt solution was used for this test and for 
all other tests discussed in this paper. 
Although the let-go values were slightly 


1000 


relative discomfort 
curves versus fre- 
quency 


RELATIVE DISCOMFORT 


60-cycle wave-form tests, comparison of 
most individuals’ values and the mean 
values for the group corroborate the con- 
clusion that the crest of the a-c wave is 
the major factor which controls the let-go 
current. 


REASONABLY SAFE 60-CYCLE SINE-WAVE 
CURRENTS FOR ADULTS 


The following data and analyses were 
taken from reference 2. The mean sine- 
wave 60-cycle let-go current for men was 
15.87 rms milliamperes= 22.4 crest milli- 
amperes. The 99.5 percentile= 15.87 
(1—0.432)=9 rms _ milliamperes=12.7 
crest milliamperes (from equation 1). 
The mean sine-wave 60-cycle let-go cur- 


more erratic than those observed for the rent for women was 10.5 rms_ milli- 
Table II. Let-Go Currents—Sine-Wave and 141 Per Cent Offset-Wave Tests 
Hand Electrode Positive Hand Electrode Negative 
Sine-Wave Offset-Wave Sine-Wave Offset-Wave 
Control 60-Cycle A-C Component Control 60-Cycle A-C Component 

Subject (Rms (Rms Subject (Rms (Rms 

No. Milliamperes) Milliamperes) No. Milliamperes) Milliamperes) 
2 See Os Zinnia eis Nod U3? on NR ARR RSet, thst eee ict LSP ited nea car geo 7.5 
MA a aan ts Sei DANG RE rr agen Reet A MORO Se riitacts ore: nc bY 0) i Eee 2 Gime ered etesy sue 8.0 
1197.15) oe TB Div manswntne eae LOMO each tolene be ed Rie TY get Seyi wey! sieleeneats 8.8 
BIS My ete ci o\eush wists HSE aster venice 5 Sees Ui ge east eusiress QBs [A einuectelens Dir Olona ve cence sea 9.3 
US be oOo LOB Gendt sat ee WAG sarees duces eras QOS 55 Loy stedarsisters LE Sire ie ha aie 9.4 
BO Mra crs ioe ms 16 ).9 oor wre tiers venue Ze oratyanstebae teyard USOLR as iicnetvergetars DG 2D eo get svt cea she: s 10.4 
AD Oe ee LQinOe ite eel ser wes 3 ey ci AI Dd ee Gaines are DN Bees tticardhs) eat 10.5 
ce Ae ee. sksict Ns VSL ee akts esate LS Oeste os. « Loo ricta cierto oust MOAR eeettnas ste 11.5 
Rey tT. Ry ha\e ci, = VT ey con PRP CRC 130 Sear eraets 2h 28 ipa cies en TSN Din. teeen octets: 11.6 
29% oe ind oe chee LG ON a tetccs chores 12.0 
134 VO Lnts pieteaeers, etane 12.3 
BVLCAN eis cere er. VA S9Gerance-sicite a LUE D Ti autiie hi etocs bree eroe emugett LG SY So petarea« k)s 10,12 


Corrected mean: 


D-c average and a-crms, .11.2715.87/14.96 =11.96 milliamperes 


.10.12X15.87/15.81=10,16 milli- 
amperes (equation 2, reference 2) 


PREMCROSG reese lictsy i \sicis 2 o"eis 0 y2X11.96=16.91 milliamperes....... «...¥2X10.16 = 14.37 milliamperes 


991/2 percentile: 


(see Figure 1C) 


A-e crest men........... 16.91(1.0—0.432) =9.60 milliamperes. ...14.37(1.0—0.432) = 8,16 milli- 


D-c average men,......... 


amperes 


11.96(1.0—0.432) = 6.79 milliamperes. ..10.16(1.0—0.482) = 5.77 milli- 


amperes (equation 3, reference 2) 


A-c crest children....,.. 0.5X9.60=4.8 milliamperes............. 0.5 X 8.16 = 4.1 milliamperes 
D-caveragechildren..... O7o5<6..79—3.4 milliamperes... cis ele eters 0.5 X 5.77 = 2.9 milliamperes 
A-c crest women........ 9,6010.5/15.79=6.4 milliamperes;..... 8.16 XK 10.5/15.87 = 5.4 milli- 

amperes 
D-c average women...... 6.79 X10.5/15.87 =4.5 milliamperes...... 5.77 X10.5/15.87=3.8 milliam- 


eta CCT. fy; 's cov 0) sis 0 0.0 10.16/11.96 =0.85 


peres (equation 4, reference 2) 
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amperes= 14.8 crest milliamperes. The 
99.5 percentile=10.5 (1—0.432)=5.95 
rms milliamperes=8.4 crest milliamperes. 
These values were plotted on the vertical 
axis of Figure 2 to anchor the curves at 
this end of the graph. 


REASONABLY SAFE 60-CYCLE SINE-WAVE 
CURRENTS FOR CHILDREN 


Obtaining let-go currents for young 
children appears difficult if not impossible 
of accurate determination. In addition 
to the reluctance of parents to permit 
experimentation on their children, limited 
experience indicates that children are 
likely to refuse to volunteer for a sufficient 
number of trials to permit determination 
of their let-go current with any degree of 
accuracy. As previously mentioned? 
let-go currents appear related to the mus- 
cular development of the wrist and fore- 
arm. However, all attempts to find a 
correlation, other than general appear- 
ance, with age, weight, strength of grip, 
or arm measurements were without con- 
clusive results. In view of the early de- 
velopment of the grip of children it 
might be expected that their let-go cur- 
rents would be relatively large; moreover 
it is a common observation that children 
appear to be very hardy in their ability 
to withstand a variety of conditions which 
would be disastrous to adults. In the 
interest of establishing a reasonably safe 
current for normal healthy children, and 
in the absence of experimental data, it 
seemed reasonable to estimate the prob- 
able safe current for children as 50 per 
cent of the safe value for normal adult 
males. Reactions caused by currents of 
this magnitude were unobjectionable to 
the men, and they were found to be amply 
safe for three small boys tested. The 
following are the 60-cycle sine-wave let-go 
currents obtained on the boys: 


ea 


Agena. Sars <5 sn Let-go current 7 rms 
milliamperes* 

Age 9 years 3..Let-go current 7.6 rms 
months milliamperes 
Age 10 years 11..Let-go current 9 rms 
months milliamperes 


Accordingly, the reasonably safe sine- 
wave value for normal children was com- 


* Determined by Royce E. Johnson, director, elec- 
trical standards laboratory, University of Wis- 
consin, Madison, Wis. 


Figure 4. Triangular current wave used to 
determine effect of wave form on let-go cur- 
rents for complex a-c wave forms 
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puted as 0.50 X9=4.5 rms milliamperes = 
6.3 crest milliamperes. 


REASONABLY SAFE DIRECT CURRENTS 


The foilowing d-c release currents were 
taken from reference 2: 


Men, corrected average =76.1 d-c 
milliamperes 

99.5 percentile =62.0 d-c milliamperes 

Women, 99.5 percentile=41.0 d-c 
milliamperes 


Using the reasoning of the preceding 
paragraph, the reasonably safe direct 
current for healthy children was com- 
puted as 0.5062.0=31.0 d-e milli- 
amperes. These values were plotted on 
the horizontal axis of Figure 2 to fix the 
lower limits of the curves. At the con- 
clusion of the a-c let-go-current tests, 


the two boys used in this investigation’ 


released the following direct currents 
easily and without comment. Higher 
values were not attempted: 


Age 9 years 8 months. ..15 d-c milliamperes 
Age 10 years 11 
BTIONULUSS . Airs eee oee 26 d-c milliamperes 


141 Per Cent OFFSET-WAVE-ForRM LET- 
Go-CuRRENT TESTS 


In these tests 60-cycle sine-wave alter- 
nating current was superimposed on 
direct current to produce the current 
wave forms shown in Figure 1C. The 
proper proportion of the alternating 
current to direct current was maintained 
by connecting an ordinary d-c milliam- 
meter in series with a shunt to which was 
connected a General Radio type 726A 
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141 per cent offset-wave let-go- 


current deviation curve 


Figure 5. 


Hand electrode negative 


vacuum-tube voltmeter. Adjustments 
were made so that the d-c milliamperes 
were always equal to the root-mean-square 
a-c milliamperes, resulting in a wave hav- 
ing a ripple equal to 


crest a-c milliamperes 


Ripple = a 
average milliamperes 


\/2 rms milliamperes 


— 1.41 
d-c milliamperes 


Experimental values and analysis are 
given in Table II, and the corresponding 
deviation curves are shown in Figures 5 
and 6. Three determinations of let-go 
currents were made; one test with the 
wire electrode negative, one with the 
wire electrode positive, and one test with 
commercial 60-cycle sine wave to serve as 
acontrol. The three tests were conducted 
on the same afternoon to obtain compar- 
able results. The sequence of the tests 


Table III. Let-Go Currents—Sine-Wave and 50 Per Cent Offset- Wave Tests 


Hand Electrode Positive 


Hand Electrode Negative 


Sine-Wave Offset-Wave Sine-Wave Offset-Wave 
¢ Control 60-Cycle A-C Component Control 60-Cycle A-C Component 
Subject (Rms (Rms Subject (Rms (Rms 
No. Milliamperes) Milliamperes) No. Milliamperes) Milliamperes) 
DD SiWeb ie lle a evans ote LR O bere re coer fae re eh, ree OB eka wee ee LE Ze aie mat eer ieee 6.0 
TS F2 Nileten testes LO So Rare voetraie. Viste erat oat aye ean DDS) Rechte sake meee Li Ot Mia eent 6.3 
D8 eee TEs ote ates te ete aes ORY 1) etl, ae 132: hGH ee 1S Oy em Ba 6.8 
SSRs ee RGM rae. bora ae BuO sacs Se 25 Aes oncae cae 19: Bi tines de ee sce en 
1 2G an sinc aeunene AB eae Sel Woe area SAN ec pcuctgass travels 129), create tare USS Oe Ais Pate tot 7.8 
UDA sealone RA pret Cae SOB sheen Meee LSA OH MR ake ree Bc a L302 a Abus ren es LG 6.8 Olen ate 7.8 
13 Dian Weiaterter gy Aas oP Bis Oudcad icc tek eee 82 EEN Eee Mies ott Sruces tuck 8.1 
IPF a eae aekee ats ZL ieee oto a ae I Aha Bebe 124 re Nan CLR anee DLO erases 8.3 
SO stareaehcynehc ae LG iarere. eee 0 OL Ate eG ei eecranee 135i. rel act VG 9.7246 sa beac Seem 8.6 
U4 Sele ocianede Rees TONS peeeen etc zich Ont 4g akauictineareee 134; Poe ee EOS) cea caceeene 9.8 
WMiedin shares smc eee APRS tox OREN ee tae: CS: Wear Pen tein ce ary, 0 kre Bee MALT, ey Orin 6 7.66 


D-c average...... 


991/2 percentile: ! 
A-c crest men 


a atepaeneets 10.61(1—0.432) =6.02 milliamperes . 


So ate een v2 X8.47 X15.87/17.92=10.61 milli-. V2 X 7.66 X 15.87/17.92=9.60 milli- 
amperes 
....2X%10.61=21.22 milliamperes 


amperes (equation 2, reference 2) 
Fotis etar} 2X9.60=19.20 milliamperes 
(see Figure 1B) 


-9.60(1 —0.432) =5.45 milliamperes 


D-c average men. vane .21,22(1—0.432) =12.05 milliamperes ..19.20(1 —0.432) =10.92 milliamperes 


(equation 3, reference 2) 
shone Heuston 0.5X5.45=2.7 milliamperes 


D-c average children. ..0.512.05=6.0 milliamperes........ 0.5X10.92=5.5 milliamperes 


-+,-6.02X10.5/15.87=4.0 milliamperes. .5.4510.5/15.87 =3.6 milliamperes 


D-c average women... .12.0510.5/15.87=8.0 milliamperes .10.9210.5/15.87 =7.2 milliamperes 


Polarity effect........... 9,60/10,.61=0.90 


(equation 4, reference 2) 
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1 
was alternated among the subjects to 
randomize the effects of fatigue. It will 
be noted that the experimental points 
fell closely about the 60-cycle standard- 
deviation curve. This was interpreted 
to mean that a sufficient number of sub- 
jects had been used to permit predictions 
of acceptable accuracy to be made for a 
large group of subjects. 
mean of the sample was computed from 
equation 2, reference 2. Equations 3 and 
4, reference 2, were then used to predict 
reasonably safe currents for men and 
women. The reasonably safe current for 
children was taken as 50 per cent of the 
safe value for men, using the data ob- 
tained with the wire electrode negative 
to give conservative results. Experi- 
mental and computed points for the wire 
negative were then plotted on Figure 2 to 
assist in locating the mean and safe let-go 
current curves. 


50 Per Centr Orrset-WAvVE-Form LeEtT- 
Go-CuRRENT TESTS 


A similar procedure was used to deter- 
mine the let-go currents for a wave having 
50 per cent a-c ripple. For these tests 
the proportion of alternating current to 
direct current was maintained so that 
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current deviation curve 


Hand electrode positive 


The corrected” 


ie 


the d-c milliammeter read exactly twice | 


the crest a-c milliamperes. Experimental 
values and analyses are given in Table III 
and the corresponding deviation curves 
in Figures 7 and 8. 

Although the experimental points, (es- 
pecially the 60-cycle control points) did 
not follow the 60-cycle standard-deviation 
curve as closely as desired, this was the 
best that could be done with the available 
data. At the beginning of the investiga- 
tion some six years ago, it was planned to 
obtain values for at least 25 subjects for 
each test in order to eliminate possible 
criticism due to deriving conclusions from 
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Table IV. Let-Go Currents—Sine-Wave and 
Six Per Cent Offset-Wave Tests 


Hand Electrode Negative 


“@ Offset-Wave 
®& Components 
oo 
Be 
; os oo HS 
() ois be wok 
pom o uo 
Re aes 2G 5s 
‘2 es o Ms <i 
3 5 8§ of oS 
7) Boe «3 As Remarks 
BD ie, «sls 16.2...2.3...53 ...Let-go current 
1B4 8%. 15.1...2.9...70 ... Limit of endurance 
140..... 15.8...3.2...73 ...Limit of endurance 
Mean:. .15.7...2.8...65.3 
A-ccrest=2.8 ¥2=3.96 
S 3.96 
Per cent ripple= 75 3 0.06 


insufficient data. Conclusions based on 
available data are therefore submitted, 
subject to slight adjustments, should this 
be found desirable when conditions per- 
mit resumption of the project. Experi- 
mental research was stopped when the 
nation became involved in the war, and 
it will not be resumed for the duration. 


Srx Per CENT OFFSET-WAVE-ForM LeEtT- 
Go-CurRRENT TESTS 


The results of let-go current tests made 
with a composite wave having a ratio of 
crest alternating current to direct current 
equal to 0.06 are given in Table IV. This 
was the last test made before the experi- 
ments were terminated, and only three 
subjects were used. Three values are 
too few in number to warrant drawing 
conclusions, and the point representing 
this test was omitted from Figure 2. 
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Figure 7. 50 per cent offset-wave let-go- 
current deviation curve 


Hand electrode negative 


However, if the point representing the 
average for the group is inserted on 
Figure 2, it will be found to be well above 
the mean curve. This is consistent with 
the conjecture that the lower end of the 
curve, which was determined from tests 
using pure direct current, is well on the 
side of safety. These data are instructive, 
since one of the three subjects reached his 
let-go limit while the other two did not. 
Although two subjects could still release 
the electrode, they refused higher cur- 
rents because of the severity of the shock 
at the instant of releasing the electrode. 
This is the only case where let-go currents 
and release currents weré encountered in 
the same test. These observations stress 
the importance of considering the alter- 
nating component, regardless of how small 


Table V. Let-Go Currents—Sine-Wave and Rectified-Half-Wave Tests 


Hand Electrode Positive 


Sine-Wave Control 


Rectified Half-Wave 


Subject 60-Cycle 
No. (Rms Milliamperes) (Average Milliamperes) 
BED ori t ys ene tsh cue (AS ee ates oe LS OM ren iia see yeate 6.7 
MM ade 0x2 Pa SA ee VE eBay Fea an pa SE ee nO! 
BR etch iryesy: a4 e ahenay ne aes Trae aL Se Ae 2 8.5 
Oa end vata as vucy alls teow ier tie eh NOR Olapi ives Meet eter ee sire! pes 8.6 Determination of 
ORR Siarss crate Sia scs Sete eeseabe LSND Ree ere Met i a2 8.9) polarity correction factor 
11D Sas oer oa ae eres RSE ARMORED Maret. One 9.1) From Table II 0.85 
Meee lasek the oe eee TIDEG Martens pete tides oe 9.1 From Table IkI 0.90 
BE SR MOLD Soiree Ss Ra ee LIS thee ee aa 9.5) Mean 0.875 
MEUM weiss Ue char CLUE Mo ncdesct a: teh 6 hte cee 9.8 
SPAR We cee he cj acetic yeas OB rs Seer a2. 10.0 
Pees ie al sits greta cop Meals Les rao ae one 10.1 
DUS ATR Ss foch ets): eros. aieits ser servala ey 1842S ak. © Rein ett 8.84 
Corrected mean: 
HU-CVAVICLAGe IED ei vy vole oa ae 8.84 15.87/18.13=7.74 milliamperes, hand electrode positive 
(equation 2, reference 2) 
TNETS To of Xi 6212) BE a ra 2.147.74=16.57 milliamperes, hand electrode positive 
(see Figure 1D) 
DECABVELA Ge MEN... ee ete ew tes 0.875X7.74= 6.77 milliamperes, hand electrode negative 
(using polarity correction factor =0,875) 
ECHOLS ETON 8 fie ssaie otis a clea sue etauele 2.14X6.77=14.49 milliamperes, hand electrode negative 
(see Figure 1D) 
991/2 percentile: 
PRE CYCLeSPeIMen 6 cf Atlee s aie ss.a claeleere evemvel 14.49(1—0.432) = 8.22 milliamperes, hand electrode negative 
ID-c-dverage men. beh s css once wes 6.77(1—0.432) = 3.85 milliamperes, hand electrode negative 
(equation 3, reference 2) 
ECiGCrest Children... re % oie we eleveve oe 0.5X8.22= 4.1 milliamperes, hand electrode negative 
-c'average children, -. sce cere ss 0.5X3.85= 1.9 milliamperes, hand electrode negative 
PXRCICREStWONTED : des slo leos le citictelne due/sne 8.22 10.5/15.87= 5.4 milliamperes, hand electrode negative 
WDSC TA V CLARE. WORMED. cpeieisteiefaye tse aaa cis 3.85%10.5/15.87= 2.5 milliamperes, hand electrode negative 


(equation 4, reference 2) 
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Table VI. Sine Wave and Rectified Full- 
Wave Tests 
Hand Electrode Positive 
Rectified 
Sine-Wave Full-Wave 
Subject Control 60 Cycle (Average 
No. (Rms Milliamperes) Milliamperes) 
BQ vats: wi c.¥ sis oe SR oe eo 15.0 
BOB aco cra the behind LS ahiryie ata x 16.0 
AS MPONEN RAP daeicee Hea et serk bie ee. 18.5 
BY ric ee leet GSA Es a ahiee se ks 18.5 
PER ota coe aerate ee POSS aang oasis 19.0 
Oe thle! Aalict oan Mle NG Als ont Stine 19.8 
UV.) Sher, te a as 1 De, Res imate 20.2 
DEO atecre ac 10 itis LES abo te Sane ee eae ean 21.0 
Ae dha atte VY oe A es are 21.5 
OOO cca es 1 SRY erecta 22.1 
WE Dither cotghe o tiesie in cam Peirce ete ura cree 23.4 
HOO a ak ay aint as PATEL Sev etpty Tiere at 26.4 
SEM a pars fa a haccber uns laces cisterns 26.4 
ROD Faeisra ae as soe oes DS Oy tte ea eiton 27.5 
BMeamritoa ch cic nes VE O2 i ae te Le e2L09 
Corrected mean: 
D-c average men......21.99X15.87/17.02= 


19.66 milliamperes, hand 
electrode positive 
(equation 2, reference 2) 
AS GYCV ECG MEME. tarsi) sists 4 a 0.571 X19.66= 
11.22 milliamperes 
(see Figure 1E) 
.. .0.875 X19 .66 = 
17.20 milliamperes, 
hand electrode negative 
(using polarity correction 
factor =0.875) 
ASC GFESTPTIBEH «fey a ake czy ayers 0.571 X17.20= 
9.82 milliamperes, hand 
electrode negative 
(see Figure 1E) 
991/2 percentile: 
A-c crest men..........9.82(1—0.432) = 
5.58 milliamperes, hand 
electrode negative 
D-c average men...... .17.20(1 —0.432) = 
9.77 milliamperes, hand 
electrode negative 
(equation 3, reference 2) 
A-c crest children............0.5X5.58= 
2.8 milliamperes, hand 
electrode negative 
D-c average children......... 0.5X9.77= 
4.9 milliamperes, hand 
electrode negative 
A-ccrest women......5.58X10.5/15.87 = 
3.7 milliamperes, hand 
electrode negative 
D-c average women...9.77X10.5/15.87= 
6.5 milliamperes, hand 
electrode negative 
(equation 4. reference 2) 


it may be in comparison to the direct com- 
ponent, when studying shock hazards. 
Sensations produced by the filtered out- 
put of a B eliminator, in which the a-c 
ripple was so small that it was thought 
negligible, were much more painful than 
the same current obtained from a battery. 


RECTIFIED FULL- AND HALF-WAVE LET- 
Go-CuRRENT TESTS 


Let-go current tests were conducted, 
using the output of a single-phase mer- 
cury-are rectifier. The results obtained 
using one anode are given in Table V 
and Figure 9. Similar data obtained for 
both anodes are given in Table VI and 
Figure 10. These tests were conducted 
with the hand electrode positive. Sixty- 
cycle sine-wave let-go tests were also 
conducted to serve as a control for com- 
puting the response for a large group, as 
previously discussed. 


TRANSACTIONS 743 


It was found that the sensations pro- 
duced by the current were more painful 
and the let-go current was less when the 
hand electrode was negative in compari- 
son to tests made with the hand electrode 
positive. The tests using the rectified 
waves were conducted with the hand 
electrode positive, and it was necessary to 
determine a correction for polarity, in 
order to compare the points representing 
these tests with the preceding data. The 
effect of polarity was determined from 
the 141 per cent and the 50 per cent 
offset-wave tests. A polarity correction 
factor was taken equal to the ratio (mean 
let-go current, hand electrode negative) + 
(mean let-go current, hand electrode posi- 
tive). The average ratio obtained from 
these two tests was taken as the polarity 
correction factor =0.875. This factor was 
used in the analysis of the data of Tables 
V and VI, and the points determined 
thereby were given due consideration in 
locating the curves of Figure 2. 
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Figure 8. 50 per cent offset-wave let-go- 


current deviation curve 


Hand electrode positive 


The polarity effect, which was found to 
decrease the average let-go currents 
12"/, per cent when the hand electrode 
was negative, may have value from a 
safety standpoint. The decrease in both 
the sensations and the shock hazard for 
a given current when the hand electrode 
is positive may be helpful in arriving at 
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Figure 9. Rectified half-wave let-go-current 
deviation curve 


Hand electrode positive 


a decision whether to ground the positive 
or the negative side of a circuit.” 

As can be seen from inspection of Fig- 
ure 10, the experimental points for the 
full-wave-rectifier test followed the 60- 
cycle standard-deviation curve closely. 
In comparison, the points for the half- 
wave-rectifier test were somewhat more 
scattered about the deviation curve (see 
Figure 9). It should be noted that the 
scattering about the deviation curve was 
about the same for both the wave form 
under investigation and the 60-cycle con- 
trol. The seattering was explained as 
due to the limited number of subjects 
tested rather than to suggesting a differ- 
ent response for rectified half-wave cur- 
rents. It is believed that data from a 
larger group of subjects would have re- 
duced the discrepancies and resulted in 
the points following the 60-cycle deviation 
curve as closely as that found for the other 
tests. 


Smooth curves were drawn through 
the computed points (wire negative) to 
give the curves of Figure 2. Several other 
attempts were made to analyze the data, 


* It is well known to physiologists that during pas- 
sage of direct current through a nerve the regions in 
the neighborhood of the electrodes are altered with 
respect to 

1. Sensitivity to stimulation. 

2. Ability to conduct nerve impulses. 


The negative region becomes more sensitive and a 
better conductor. 
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Figure 10. Rectified full-wave let-go-current 
deviation curve 


Hand electrode positive 


but for each case tried at least some of 
the computed points failed to follow a 
common curve. Points obtained from 
the analysis described in the foregoing 
paragraphs closely follow the same curve, 
and for this reason it is believed that the 
procedure is sufficiently general to permit 
predicting reasonably safe currents with 
acceptable accuracy for wave shapes simi- 
lar as well as those actually used in the 
experiments. Although one must use 
caution when arriving at conclusions, the 
good agreement between the experimental 
points and the theory suggest that the 
analysis should be valid for predictions 
involving complex or composite waves 
containing a-c components and d-c com- 
ponents in the proportions likely to be 
met on commercial apparatus or asso- 
ciated circuits. As previously discussed, 
it is believed that errors due to wave 
forms containing high-frequency com- 
ponents should be on the safe side, and 
the resulting currents should be on the 
side of safety. 
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Synopsis: This paper on electric shock 
covers the subject of sine-wave let-go cur- 
rents for both men and women and contains 
an analysis which permits improved accu- 
racy in predicting the response for large 
groups based on experiments made on a 
relatively small number of subjects. It 
should be of especial interest to persons who 
have had accidents in which they barely 
escaped “‘freezing’’ to an electrified con- 
ductor and also to those interested in elec- 
trical safety. The range of frequencies 
covered is from 5 to 10,000 cycles and also 
direct current. The paper is the most com- 
prehensive treatment of the subject yet 
published as the analysis permits predicting 
currents of a specified degree of safety for 
both men and women for this wide fre- 
quency range. 


HIS paper presents the results of a 

study to determine the effect of fre- 
quency on let-go currents made on 134 
men and 28 women at the University of 
California. Let-go currents are impor- 
tant, because it has been found that an 
individual can withstand, with no ill 
aftereffects, repeated exposure to his let- 
go current for at least the time required 
for him to release the conductor. Larger 
currents are dangerous, because release 
from the circuit during accidental con- 
tact is problematical. A reasonably safe 
current for normal men and women is 
defined as the let-go current for 99'/, 
per cent of a large group. A knowledge of 
let-go currents is important for the forma- 
tion of safety codes, for explaining acci- 
dents, and for the design of electrical de- 
vices with exposed electrodes. 

The majority of the data was presented 
in a preliminary report before the Insti- 
tute in 1941.1 The number of male sub- 
jects for the 60-cycle test now totals 134, 
the data on females are new, and an im- 
proved analysis is disclosed. Use of the 
new analysis permits improved accuracy 
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in predicting results for a large group from 
tests made on a small but representative 
sample. The paper includes an example 
in which the method is used to predict 
probable let-go currents for all normal 
men and women for a frequency range 
from 5 to 5,000 cycles. Estimates are 
given for 10,000 cycles and also for direct 
current. 


Determination of Let-Go Currents 


An individual's let-go current is defined 
as the maximum current he can tolerate 
when holding a copper conductor in one 
hand and yet let go of the conductor by 
using muscles directly affected by that cur- 
rent. No material changes in experimen- 
tal procedure, safety precautions, selec- 
tion of subjects, or equipment were found 
to be necessary, and, in general, the ex- 
periments were continued as described in 
the preliminary report. The following 
résumé is included for convenience. The 
subjects held and then released a test 
electrode consisting of a number 6 copper 
wire, and the circuit was completed by 
placing the other hand or foot on a flat 
brass plate, or by clamping a conducting 
band lined with moist cloth firmly on the 
upper arm. After one or two preliminary 
trials to accustom the subject to the sensa- 
tions and muscular contractions produced 
by the current, the current was increased 
to a certain value and the subject was 
commanded to let go of the wire. If he 
succeeded, the test was repeated at a 
slightly higher value. If he failed, a lower 
current was used, and the values were 
again increased until the subject could 
no longer release the test electrode. The 
end point was checked by several trials. 
The agreement between those trials was 
within about two to five per cent, and 
the highest value was taken as the in- 
dividual’s let-go value in order to elimi- 
nate the effects of fatigue. 

The tests reported here were conducted 
with hands wet with a common saltwater 
solution to secure uniform conditions and 
to reduce the sensation of burning caused 
by high current densities at tender spots 
and at the instant of releasing the elec- 
trode. Other tests were made with dry 
hands, hands moist from perspiration, and 
hands dripping wet from weak acid solu- 
tions. The effect of the size of the elec- 
trodes was also investigated. As reported 
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previously, the location of the indifferent 
electrode, the moisture conditions at the 
points of contact, and the size of the elec- 
trodes had no appreciable effect on an 
individual’s let-go current. It is believed 
that conclusions based on tests using 
the wet copper electrode may be used to 
predict reasonably safe electric currents 
with an accuracy sufficient for most 
practical purposes. 

There was considerable variation in an 
individual’s value on succeeding trials, 
the trend usually being toward higher 
values. Therefore the largest current re- 
leased on the first test on any frequency 
was taken as the let-go current for that 
frequency. This was done to include the 
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Figure 1. 60-cycle let-go-current distribution 
curves for men and women 


Electric currents of a specified degree of 
safety for normal men or women may be ob- 
tained directly from the curves 


element of surprise to as great an extent 
as possible and to give conservative re- 
sults. Psychological factors, especially 
fear and competitive spirit, were the most 
important causes for the variations. 
Physiological factors also played an im- 
portant part, but so far their exact 
mechanism remains unknown. It seemed 
that let-go currents in both sexes were 
related to the muscular development of 
the wrist and forearm. Husky subjects 
having low let-go values could almost in- 
variably be persuaded (or heckled by 
other subjects) to continue the test until 
their values were in line with others of 
similar physique. Although attempts 
were made to quantitate this relationship 
by correlating let-go currents with the 
strength of grip and with forearm and 
wrist diameters, the results were incon- 
clusive. Perhaps this was because of the 
narrow range and lack of precision in- 
volved in the physiological measurements ; 
moreover, forearm and wrist diameters 
are determined to an uncertain degree by 
fat and bone as well as by muscular tissue. 

Sixty-cycle let-go currents were meas- 
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ured on 27 additional women, bringing 
the total to 28. The subjects ranged in 
age from the late teens to the early 
twenties, were light in stature, and obvi- 
ously not accustomed to hard physical 
work, and their forearm muscles were not 
particularly well developed. Although 
the women volunteered freely for the 
tests, it proved impossible to develop 
enthusiasm or any degree of competition 
at high currents. The results are prob- 
ably representative for the sedentary 
type; however, from observation of the 
reactions of subjects having the greatest 
muscular development, it is likely that 
the values were considerably lower than 
those which would have been obtained, 
had a typical group of mature healthy 
women used to physical labor been used. 
Results based on these data therefore 
should be conservative and on the side 
of safety. 


A Safe Electric Current 


The principle of biological variability 
is recognized so universally that no at- 
tempt should be made to specify any elec- 
tric current as safe for all people. The 
press frequent accounts of 
fatalities ascribed to heart failure caused 
by overexcitement, intense emotion, or 
shock (shock of injury, not electric shock). 
Some of the subjects volunteering for 
these tests became frightened and trem- 
bled all over; some even complained of 
pain when holding the test electrode 
before the current was turned on. AlI- 
though these persons were not used in the 
experiments, the experiences dramatically 
illustrated the possibility that a person 
with a diseased heart might succumb 
from any contact, or even the fear of con- 
tact, with an electric circuit. This possi- 
bility must be recognized, and an occa- 
sional death is to be expected as a result of 
casual contact involving electric currents 
known to be harmless to the great ma- 
jority of healthy individuals. 

Quite aside from determining an ab- 
solutely safe electric current for all human 
beings is the practical problem of deter- 
mining a current which would be reason- 
ably safe for most normal healthy adult 
men and women. In certain cases, eco- 
nomics or special applications may neces- 
sitate the use of current values which are 
hazardous to only a small percentage of 
a large group. This is particularly im- 
portant at the present time, because of 
the widespread use of electric devices 
having exposed electrodes.”* 

Several factors must be considered in 
deciding what constitutes a reasonably 
safe electric current. The victim of a 
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severe accidental electric shock can often 
release himself by using muscles little 
affected by the current. The muscular 
reactions produced by the current may 
tend to break the circuit rather than to 
improve it, or loss of balance may free 
the victim. However, it is doubtful if 
any of these methods would be of avail 
when contact is established by gripping 
an electrified conductor so that the path 
of the current was across the body. The 
hazard due to electric shock depends upon 
several factors, the most important being 
the magnitude of the current, the current 
pathway through the body, the time of 
contact, and the physical condition of the 
victim. 
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Figure 2. Five-cycle deviation curve for men 


Conclusions regarding reasonably safe 
electric currents were based on the fac- 
tors mentioned in the preceding para- 
graphs, together with the results of care- 
fully conducted experiments made on a 
total of approximately 250 men and 28 
women, and involved several thousand 
individual tests. Without a single ex- 
ception, it was found that an individual 
could withstand, with no ill aftereffects, 
repeated exposure to his let-go current 
for at least the time required for him to 
release the conductor. The current path- 
way for the majority of the tests was be- 
tween the hands. A few experiments 
were made with current pathway between 
one hand and one or both feet; in other 
tests the pathway was between the hand 
and an arm band.” 

It is the authors’ studied opinion that, 
for most practical purposes, the maximum 
electric current which is safe for an indi- 
vidual is the greatest current he can re- 
lease by using muscles directly affected 
by that current. From this, it was con- 
cluded that a reasonably safe electric 
current for most normal healthy physi- 
cally fit adult men and women is the let- 
go current for 99!/, per cent of a large 
group. Numerical determination of reas- 
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onably safe currents from the let-go cur- 
rent tests will be discussed later at an 
appropriate point in the text. 


Analysis of Let-Go Currents 


Let-go currents were obtained for 
groups of male subjects ranging in num- 
ber from 25 to 134 using sine-wave alter- 
nating currents from 5 to 10,000 cycles 
and also direct current. The let-go cur- 
rents for each test were then plotted on 
probability cross-section paper, and the 
straight line governed by the majority of 
the points was drawn to obtain the normal 
distribution curve for the sample. An 
advantage of this method is that points 
obviously not conforming to the sample 
may be disregarded by inspection. The 
procedure is illustrated in Figure 1 which 
gives the 60-cycle let-go-current distri- 
bution curves for 134 men and 28 women. 
Distribution curves for the other fre- 
frequencies were similar, except for the 
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current scale or the slope of the distribu- 
tion curve, 

It was found that, when let-go currents 
were plotted as per cent deviations from 
the mean of any test, the slope of all the 
resulting straight lines was the same, 
This was true for both men and women on 
the 60-cycle tests and for other tests from 
5 to 5,000 eyeles. Deviation curves for 


the 60-cycle tests are given in Figures 5 — 


and 5A. Since only a small number of 
subjects was used for other than the 134- 
men 60-cycle test, the straight line re- 
sponse of Figure 5 was drawn on each 


curve as the probable response for the 


other frequencies also. Within the range 
of 5 to 5,000 cycles, the straight line 
representing the 60-cycle response was 
the best line that could be drawn through 
the majority of the points (see Figures 2 


to 10 inclusive). The fact that let-go cur- 


rent values follow the same deviation 
curve may be illustrated in a rather strik- 
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ing manner if all the points (excluding the 
60-cycle values, to avoid confusion) are 
plotted on the same curve sheet. The 
wide discrepancies of one or two points 
from the deviation curves were due to the 
relatively small number of subjects used. 
The reason that let-go currents follow the 
saine curve for this range of frequencies 
may be related to the similarity of the 
physiological phenomena, which were 
characterized by painful muscular con- 
tractions. Outside of this frequency 
range, sensations of heat predominate. 
Strictly comparable measiirements are 
not possible for direct current. 

In previous studies, the mean of a test 
was taken as the most reliable measure 
for the sample, and the accuracy of pre- 
diction was chiefly dependent upon the 
number of subjects used for a particular 
test. Improved accuracy for small sam- 
ples results from plotting the data as 
percentage deviations from the mean of 
the sample and comparing the response 
with the slope of the 134-men 60-cycle 
deviation curve of Figure 5. In the 
five-cycle test, shown in Figure 2, two 
points deviated from the rest of the data 
sufficiently to suggest that they should be 
discarded. Accordingly, the points were 


recomputed after the data from these: 


two subjects had been rejected, leaving 
a total of 24 points. Such rejection was 
not found to be necessary in the other 
tests, 

Predictions for any percentile rank are 
obtained from 


Percentile rank = mean of sample + 


deviation from mean Xmean of sample 
or 


Percentile rank = mean of sample (1 + 
deviation from mean) (1) 


It is evident that the accuracy of pre- 
diction depends to a large extent upon the 
accuracy of the 134-men 60-cycle devia- 
tion curve and upon the subjects being a 
true random sample of the population. 
The data upon which this curve was con- 
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structed were obtained from carefully 
conducted tests made during a six-year 
period. Although care was taken to ob- 
tain only subjects in good physical condi- 
tion, they were not selected especially 
with respect to age, weight, or muscular 
development. They represented a wide 
variety of normal men, with an age range 
of from 21 to 46. The close agreement 
between the 134 points and resulting 
straight line indicates that the response 
actually followed a normal distribution. 
This is exactly what should have been ob- 
served, had an infinite sample been tested. 
This close agreement is presented to sub- 
stantiate the conclusion that a sufficient 
number of subjects has been examined to 
permit determination of the response of 
a large sample. Proceeding to the limit, 
it is assumed that a sufficient number of 
subjects has been tested to obtain the 
representative response of all normal men 
with an accuracy sufficient for engineering 
purposes. 

An important factor controlling the ac- 
curacy of predictions for other tests is 
the necessity of procuring a representa- 
tive sample. It is entirely possible that 
any small sample may have a mean con- 
siderably above or below that of an aver- 
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age sample, irrespective of agreement 
with the standard deviation curve. This 
is particularly important in experiments 
such as this, because it was usually 
found that let-go currents on the same 
frequency had a tendency to increase as 
the number of tests increased. This was 
attributed to the subject’s becoming ac- 
customed to the ordeal. Let-go-current 
tests should be conducted for the given 
test conditions and also on sine-wave 60 
cycles to serve as a control. The order 
of the tests among the subjects should be 
changed frequently to randomize effects 
of fatigue. 

The corrected mean, that is, the mean 
for an infinite sample equals 


Corrected mean of sample 


Mean 60-cycle let-go current of all men 


~ Mean 60-cycle let-go current of sample 


mean of sample for given test conditions 


or 


Corrected mean of sample 
-: 15.87 
~ 60-cycle control 


Xmeanofsample (2) 


The percentile rank for an infinite 
group is obtained from 


Percentile rank = corrected mean of sample X 
(1+deviation from mean) (3) 


For example, the 1/, or 991/2 per cent 
response for any frequency between 5 
and 5,000 cycles is given by 


Deviation from the mean for !/, per cent or 
991/. per cent = +0.432 (from Figure 5) 


1/5 or 991/ percentile rank = corrected mean 
of sample X (1 +0.432) 


Figure 14 shows the effect of frequency 
on let-go currents. Significant data are 
included in Table I to illustrate the 
method of analysis. At the time these 
data were obtained, no 60-cycle control 
was taken, but the subject’s mean 60- 
cycle let-go current was used to give an 
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Figure 6. 180-cycle deviation curve for men 
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approximate correction. Computed 
points lie close to smooth curves, the data 
appear to be consistent, and the curves 
should represent the response for a large 
group of normal men, ‘The curves read 
from below upwards illustrate the prob- 
ability that the current they represent 
will be dangerous. As previously dis- 
cussed, a reasonably safe current for nor- 
mal male adults is proposed as that repre- 
sented by the lowest curve which indi- 
cates values safe for at least 99'/» per cent 
of the group tested, 
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Figure 9. 2,500-cycle deviation curve for men 


A safe current for normal women (Fig- 
ure 5A) was computed as follows: 
991/, percentile rank for 60 cycles 
=10.5 (1—0.432)=6.0 milliamperes rms 
from equation 1 
The response for normal women on any 
frequency or wave form is obtained from 


Percentile rank 
corrected mean of sample for 
men on desired frequency or |% 
wave form 
(1 «deviation from mean) (4) 
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Figure 11. 


from which it is apparent that the let-go 
current for women is equal to 10.5 
15.87 = 66 per cent of the corresponding 
percentile values for men. Hence the 
safe current for normal women is equal 
to approximately two-thirds of the bot- 
tom curve of Figure 14, This procedure 
is predicated on the assumption that the 
physiological phenomena associated with 
let-go currents for both normal men and 
women are similar and that the ratio of 
the let-go currents is the same at all fre- 
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quencies. It is believed that discrepan- 
cies due to sex differences are too small to 
affect practical conclusions with regard 
to electrical safety. 

Sensations at the higher frequencies, 
especially those on 10,000 cycles or higher, 
were less painful, and the severity of the 
muscular contractions was less than that 
on' the lower frequencies. Alarming sen- 
sations of internal heating were produced, 
muscular control was sluggish, and the 
time to let go the conductor increased 
considerably. These differences in physi- 
ological phenomena were associated with 
a deviation curve having a greater slope 
(see Figure 11). A straight line was 
drawn through the majority of the points 
to determine the deviation curve. The 


(PERCENTILE RANK) 


represents the limit of voluntary endur- 
ance rather than the let-go limit. The 
deviation curve for these tests is shown in 
Figure 12 and the release curve in Figure 
13. At the conclusion of the 60-cycle let- 
go-current tests on 27 women, the ex- 
periments were terminated with one or 
two release tests using direct current. 
After one or two preliminary trials, the 
current was increased to a maximum of 35 
milliamperes. Each subject released the 
electrode without complaint or dif- 
ficulty. As previously reported, a single 
woman was tested at the time the d-c 
tests were made on the men. She re- 
leased 56 milliamperes direct current 
before refusing more. 

The data for the d-c tests were analyzed 
in the same way as those for alternating 
currents but with less certain justifica- 
tion: 


(iS ted f s le = —— X73.7 
orrected mean of sample 15.37°° 


= 76.1 milliamperes direct current 
(from equation 2) 


Deviation from mean for 991/, percentile 
rank = —0.185 (from Figure 12) 


991/. percentile rank for men 


PERCENTAGE 
ow 


0.5 
50 60 70 80 90 
RELEASE CURRENT — MILLIAMPERES (D-C) 


Figure 13. D-c release-current distribution 
curve for men 


60-cycle response was sketched on the 
curve for comparison. Although the 
experimental points fell close to the de- 
viation curve, the accuracy of predicting 
the response for a large group is less than 
that for the lower frequencies, since it 
depends upon the accuracy of the small 
amount of data available on this fre- 
quency alone. However, the data were 
analyzed in a manner similar to that used 
for the other frequencies and are included 
in Table I. 

Tests on steady or gradually increasing 
direct currents produced sensations of in- 
ternal heating rather than muscular con- 
tractions. Sudden changes in current 
magnitudes produced muscular contrac- 
tions, and interruption of the current 
produced a very severe shock. The 
muscular reactions when the test elec- 
trode was released at the higher values 
were objectionable, and sooner or later 
all subjects declined to take more punish- 
ment. Tests were made on 28 men, and 
in each case little difficulty was experi- 
enced in releasing the electrode. The 
maximum a subject would take and re- 
lease was termed the release current. It 
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=76.1(1—0.185) =62.0 milliamperes direct 
current (from equation 3) 


991/, percentile rank for women 


10.5 
=— X76.1(1—0.1 =41, illi S 
15. 37° (1—0.185) = 41.0 milliamperes 


direct current (from equation 4 


Based on the preceding data it is con- 
cluded that 62 and 41 milliamperes is a 
reasonably direct current for men and 
women respectively. Undoubtedly the 
maximum direct currents which are 
reasonably safe are in excess of these 
values. However, it would be unwise to 
suggest higher values as safe until addi- 
tional experimental research is available 


Electrical Safety 


Although current and not voltage is the 
proper criterion of shock intensity, the 
danger of accidental electric shock on 
commercial circuits is due almost entirely 
to the voltage of the circuit. Rather than 
that the layman or the public should be 
confused with a technical argument, he 
must be warned that all power circuits 
are dangerous. Many deaths are caused 
each year from accidental contacts with 
ordinary 120-volt lighting circuits. Con- 
tacts with house circuits are especially 
hazardous in moist or wet locations. 


Conclusions 


1. A reasonably safe electric current for 
normal healthy adults is the let-go current 
which 99!/, per cent of a large group can 
release by using muscles directly affected 
by that current, 


2. The reasonably safe 60-cycle current for 
most normal healthy adult men is about 
nine milliamperes; the reasonably safe 
60-cycle current for most normal healthy 
adult women is about six milliamperes. 


3. Let-go currents are affected by fre- 
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Some Measures of Electrical-Brush 


Disintegration 


M. S. COOVER 


FELLOW AIEE 


Synopsis: “So far as can be determined, the 
development of the concepts of wear re- 
sistance, wear resistivity, wear susceptance, 
and wear susceptibility as given in. this 
paper is thoroughly new and _ original. 
These concepts are believed to be significant 
and useful tools that may further an under- 
standing of the basic problems of sliding 
electrical contacts. For example, they offer 
means for making a valid comparison of 
brushes and brush materials insofar as 
wearing qualities are concerned. Moreover, 
they provide a clue to the proper considera- 
tion and evaluation of the large number of 
variables that are at work as brush dis- 
integration takes place. 


HE subject of wear itself is beset by 

many complications arising from the 
fact that the subject, at best, is largely 
statistical. It is accepted generally 
among authorities that there is no such 
thing as a perfect sliding contact, in 
which all sliding. phenomena are continu- 
ous and uniform. Only grossly macro- 
scopic data appear to be continuous, while 
data approaching microscopic proportions 
reveal discontinuities that are more or less 
periodic, It is conceded generally that a 
sliding contact consists of a number of 
minute point contacts, whose behavior is 
extremely individualistic. All of the 
characteristics of the macroscopic contact 
originate at these minute points; and it is 
logical, therefore, to infer that extreme 
conditions, such as excessive pressures, 
excessive current densities, excessive tem- 


Paper 43-136, recommended by the AIEKE com- 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943. Manuscript 
submitted March 30, 1942; made available for 
printing July 8, 1943. 

M. S. Coover is professor and head of the depart- 
ment of electrical engineering, and E. E, JONES is 
research assistant, electrical engineering depart- 
ment, engineering experiment station, both with 
Iowa State College, Ames, lowa, 


quency. Unfortunately, the power fre- 
quencies appear to be the most dangerous. 
Larger currents may be tolerated for both 
the higher and the lower frequencies and 
for direct current, 


4. The public must be warned continually 
of the danger of accidental contact with 
power circuits and against using defective 
home appliances. 
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peratures, and others, exist at these points. 
It is exceedingly difficult, therefore, to 
obtain a true picture of a sliding contact 
by means of the macroscopic data that are 
available to most experimenters and engi- 
neers. This paper is intended as an aid in 
the efforts to study sliding-contact mate- 
rials by means of these macroscopic data. 

Further complications arise when the 
term wear is applied to the undesirable de- 
struction of all surfaces, whatever the 
manner in which the destruction may oc- 
cur. The wear of shoe soles and heels, 
the wear of piston rings and cylinder 
walls, the wear of bearings, the wear of 
cutting edges, and many other types of 
wear, each involves a peculiar and, per- 
haps, unique combination of forces that 
provide the mechanism of wear. There- 
fore, when discussing wear, it is neces- 
sary to specify the particular kind that is 
being considered as well as the multitude 
of conditions that influence it. 

This paper is intended to include only 
the type of wear that is encountered in the 
use of continuously sliding contacts, par- 
ticularly the end wear of brushes riding on 
collector rings. Even in this simple case, 
however, it is impossible to comprehend 
the true mechanism of the wear of a slid- 
ing contact in all its details. As evidence 
of the great complexities that exist in a 
sliding contact, an abbreviated chart of 
the known variables that enter into the 
phenomenon of the wear of electrical 
brushes is shown in Figure 1, It is beyond 
the scope of this paper to discuss the part 
that each variable has in the whole proc- 
ess of brush wear, but it is not difficult 
to conceive by means of this chart the 
truth that the whole process is highly in- 
volved and cannot be disentangled very 
easily, if at all. 
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Comparative 


Nevertheless, it is desirable that elec- 
trical brushes be compared on the basis of 
relative wearing qualities as well as on the 
bases of contact resistance, current-carry- 
ing capacity, and other performance char- 
acteristics. V. P. Hessler has made a 


successful attempt within limitations to Wy 


study the effects of various operating 
conditions upon electrical-brush wear as 
well as on brush contact drop.'~* He 
considered chiefly the effects of current 
density, ring speed, brush pressure, and 
relative humidity. That material has 
been distinctly useful in advancing toward 
a better understanding of basic relation- 
ships. 

However, further progress could be 
made if a concept of wearing quality were 
developed that would apply strictly to 
the brush and not include the properties 
of the external system of which the brush 
is a part. No fair comparison can be 
made of brushes at the present time with- 
out testing all of them on the same test 
equipment and under identical conditions. 
Since many different grades of brushes 
are made for use under widely different 
conditions, testing them under like condi- 
tions is not always useful. Even though 
they be tested under like conditions, there 
is yet the problem of distinguishing be- 
tween the effect of the conditions imposed 
on the interface by the whole sliding sys- 
tem, including the brush, and that of the 
structural properties of the contact faces. 
It is the intended purpose of this paper to 
develop a means whereby this distinction 
between the conditions responsible for 
producing wear and those responsible for 
resisting wear can be made. The latter 
conditions shall be implied in this paper 
by the term wear resistance. 

The wear of a contact face is caused 
by the frictional forces that are present 
when sliding occurs. The structural char- 
acteristics.of the contact specimen deter- 
mine the resistance of the latter to wear 
when sliding occurs. Thus, the numer- 
ous variables of wear as evidenced by 
Figure 1 may be classified into two im- 
portant groups—those which affect the 
frictional forces in one way or another, 
and those which affect the wear resistance 
of the contact specimen. The first group 
is associated with the whole sliding system 
while the second group concerns only the 
contact specimen itself. Of course, a 
particular variable may belong in both 
groups, as, for example, brush current. 
It is the means for measuring the effects 
of the second group on wear that are to be 
considered. 

There is a philosophical truism that 
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Elements of electrical-brush wear 


Figure 1. 


asserts that the magnitude of any phe- 
nomenon is directly proportional to the 
magnitude of its cause and inversely pro- 
portional to the magnitude of that which 
resists or impedes the occurrence of the 
phemonenon. This truism is the basis for 
Ohm’s law in the electrical system and 
for the analogous relationships in the 
magnetic and mechanical systems, re- 
spectively. It is proposed that it be ap- 
plied to the phenomenon of wear. Since 
frictional force is the direct cause of wear, 
and the amount of wear is best measured 
as a time rate, it is suggested that that 
property whereby wear is resisted be 
defined so that the following relation will 
hold: 


fi frictional force 
—— (1) 


Rate of wear = : 
wear resistance 


It is believed that this equation represents 
a relationship that is just as fundamental 
and just as basic as is Ohm’s law. In the 
light of this belief the efforts found in the 
literature to date to define wear resistance 
will be considered next. 

It is interesting to note that the subject 
of wear has been studied from many dif- 
ferent viewpoints, particularly in the field 
of metallurgy, and that many ingenious 
machines and other devices have been de- 
signed and built to test the wearing quali- 
ties of a variety of materials under con- 
trolled conditions that were intended to 
simulate actual working conditions. Only 
two papers have been found in the litera- 
ture to date in which an attempt is made 
to define wear resistance by a mathe- 
matical expression. Neither of these ex- 
pressions excludes wholly the properties 
of the external system. The first expres- 
sion is defined by R. B. Freeman* as 
“unit wear,’’ which he set equal to the 
expression obtained by “dividing the loss 
of weight experienced by the specimen 
during the run by the projected area of 
contact and the length of travel.’’ This 
unit wear is measured in grams per square 
inch per foot and is expressed dimension- 
allyas ML~?T~*. The chief disadvantage 
to this concept of unit wear is that it is a 
function of the density of the contact 
material being studied. Thus, if two 
specimens of differing densities should be 
tested under identical conditions and 
found to have the same volume of wear, 
the preceding expression would show the 
heavier specimen as having greater unit 
wear. It might be suggested that this 
definition be revised by substituting the 
loss of volume for the loss of weight. 
Such a ratio would then be equivalent to 
the ratio of length of end wear to the rela- 
tive distance traveled by the contact 
faces and would be dimensionless. Both 
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definitions, however, are functions of the 
coefficient of friction and, therefore, do 
not provide a true comparison between 
different specimens for even the same 
contact area and contact travel. Thus, 
if one brush wears twice as much as 
another for the same ring travel and 
brush size, its unit of wear would be 
double that of the other, regardless of 
unequal surface conditions and other un- 
like conditions that influence the coeffi- 
cient of friction. 

The second expression that was found 
for wearing quality is defined by D. S. 
Clark and R. B. Freeman’® as the energy 
required to overcome resistance to motion 
per unit volume of wear and is expressed 


ference between the force applied and the 
summation of the frictional forces is the 
net force that produces acceleration. 

The normal and tangential forces in- 
volved in sliding friction contribute me- 
chanical energy to both wear and heat in 
unknown and quite variable proportions. 
The total energy delivered to the sliding 
contact is equal to the integral of the 
product of the average tangential force 
times the differential of the tangential 
distance traveled and of the product of 
the normal force times the differential of 
the depth of the wear or distance of cut, 
measured in the direction of the nor- 
mal force. For ordinary sliding contacts 
where gouging is absent, the second prod- 
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Resistance. 


dimensionally as ML“!T~*, The energy 
required to overcome resistance to motion, 
however, is a function of the coefficient 
of sliding friction as well as other proper- 
ties that depend on the whole sliding sys- 
tem, The concepts of resistance to motion 
and of the energy required to overcome 
this resistance are treated later in this 
paper, 


Analytical 


The frictional forces available for 
measurement are the tangential and nor- 
inal forces, respectively, and the work 
done by (or against) each is the product 
of that force by the component of the 
relative motion of the contact member in 
the same (or opposite) direction of that 
force. Whenever force is applied to pro- 
duce relative motion, the discrepancy be- 
tween the applied force and the reactive 
forces due to the acceleration of the body 
is determined by frictional forces that 
produce heat and wear, 

This statement may be represented by 
the following equation; 


. dy r 
F ars +K qv (2) 


where /’is the applied force, mis the mass 
of the system to which the force is applied, 
v is the velocity of the system, and Ky is 
the resistance to motion. 

This may be illustrated by the motion 
of a streetcar on tangent level track dur- 
ing the accelerating period with constant 
torque output from the motor. The dif- 
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uct is negligible, while for the action of 
cutting tools the first product is negli- 
gible. 

If resistance to motion be defined as 


Resistance to motion 
frictional force opposing motion 


= (3) 


rate of motion 


(or simplified this becomes Ky=F/v), 
then its dimensions are MT}, and the 
energy needed to overcome this resistance 
to motion may be defined as follows: 


J (frictional force opposing motion)(rate of 
motion)di= (rate of motion)?(resist- 
ance to motion)dt (4) 


Note the similarity of equations 3 and 4 
to the electrical equations R= H/I and 
energy = fEldt= fI?Rdt. Since the 
process of wear is brought about both by 
weakening the structure of the contact 
face to an unknown extent and by over- 
coming through sheer force an unknown 
part of the remaining strength of this 
structure, it is impossible to set up an 
exact expression for the energy absorbed 
by wear. Tostateitin another way, wear 
energy consists of heat, mechanical, and 
chemical energies and so far is beyond the 
reach of the experimenter’s measuring 
devices. The definition of wearing quality 
given by Clark and Freeman may now be 
expressed as 


J (frictional force opposing motion)(rate of 
motion)dt 
J (projected area of contact)(rate of 
end wear)dt 
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Before wear resistance can be defined 
more explicitly than is shown in equation 
1, it is necessary to determine what shall 
be meant by rate of wear. Rate of end 
wear can be measured in three ways: 


1. Rate of loss of weight. 
2. Rate of loss of volume. 


3. Rate of loss of length (measured normal 
to the contact face). 


It has been shown already that the rate of 
loss of weight is a function of the density 
of the contact material and is, therefore, 
unsuitable as the basis of comparison 
between unlike materials. The choice 
between rate of loss of volume and rate 
of loss of normal length can be made more 
easily by comparing two hypothetical 
contacts of the same homogeneous mate- 
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Figure 2. Analogy between wear and elec- 
trical resistances 


rial, one of them having twice the contact 


area of the other. Reference to Figure 2 
should assist with a visualization of how 
the hypothetical contacts may be ex- 
pected to function. 

It may be helpful at this point to com- 
pare the concept of wear resistance to 
that of electrical resistance. First of all, 
the R of Ohm’s law (J=E/R) is a func- 
tion of both the properties of the mate- 
rial and the dimensions of the electrical 
specimen. Secondly, that property of 
resistance to electrical conduction which 


-is characteristic of the material alone is 


called resistivity and is related to R by 
means of the dimensions of the specimen. 
In like manner, it is desirable that wear 
resistance be dependent solely on the 
characteristics of the contact specimen, 
while wear resistivity, another new con- 
cept of wearing quality, be dependent 


solely on the properties of the contact 


os 
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if 
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material. The sttiking similarity between — 


wear resistance and electrical resistance is 
shown by juxtaposition of their corre- 
sponding systems in Figure 2. It should 
be pointed out that this analogy between 
sliding contacts and electrical circuits has 
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the same limitation that all analogies 
have—that it can be carried too far, 
yielding some absurd results. 

The requirement of identical conditions 
for these two hypothetical contacts im- 
plies that both of them must have the 
same normal pressure (say, pounds per 
ysquare inch) and, hence, that the larger 
contact have twice the normal force of the 
smaller. Since both contacts are of the 
same material, their coefficients of fric- 
tion (u) may be assumed equal; therefore, 
the tangential force of the larger contact 
will be twice that of the smaller contact. 
Since the larger contact may be consid- 
ered as two contacts like the smaller one 
fastened together, it may be assumed that 
both hypothetical contacts will have the 
same depth of end wear. Accordingly, 
the larger contact will lose twice as much 
volume as the smaller one. The limita- 
tion of this assumption will be treated 
later. 

If the wear resistance be defined as the 
ratio of the tangential force to the rate of 
loss of normal length, the larger contact 

will appear to have twice the resistance 
of the smaller one. If, however, the wear 
resistance be defined as the ratio of the 
tangential force to the rate of loss of 
volume, both contacts will be indicated 
as having the same wear resistance. The 
first definition is a function of the proper- 
ties of the whole contact specimen, while 
the second is a function of the properties 
of the contact material. Therefore, it has 
been chosen to call the ratio of the tan- 
gential force (F) to the rate of loss of 
normal length (W) the wear resistance 
(A), whose dimensions are now MT™—!. 
Likewise, wear resistivity (k) is to be de- 
fined as the ratio of the tangential force 
to the rate of loss of volume (WA) and 
is expressed dimensionally as ML~*T™. 
Therefore, it follows that 


Wear resistance = 
(wear resistivity) (contact area) (5) 


This can be clarified readily by refer- 
ence to the four cases illustrated in Figure 
2, in which the expressions for wear resist- 
ance are given. The expressions for wear 
resistivity for these four cases are, respec- 
tively, as follows: 


(fee 

WA A 
b= pa a 
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The analogy to a parallel-resistance 
electric circuit is a multiple sliding-con- 
tact system and will not be treated in this 
paper. 

It is proper at this point to consider the 
limitations of the hypothetical contact 
when applied to actual cases. It being 
assumed that the foregoing developments 
are logical, it is considered perfectly valid 
to let these concepts of wear resistance 
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Figure 3. Wear resistance and wear suscept- 
ance versus current density for metal-graphite 
brushes—types A, B, C, and D 


and wear resistivity absorb all of the 
variations in the physical properties of 
the contact member just as electrical re- 
sistance and electrical resistivity do for 
the case of electric conduction through 
any conductor. Thus, just as R under 
operating conditions is equal to 


| 
7 x K(temperature) X K(stranding) X 
K(skin effect) X K(etc.) 
so wear resistance may be set equal to 


(Wear resistivity)» X (contact area) X 
K(contact temperature) X 
K(contact dimensions) X 
K(contact pressure) X 
K(sliding system) X 
K(ambient conditions) X K(etc.) 


It should be pointed out that the adapta- 
tion coefficients for wear resistance as 
already given are not as simple as are 
those for the electric circuit. In the lat- 
ter case these coefficients are both fairly 
simple and quite dependable. For wear 
phenomena, however, these coefficients 
are extremely variable and interdepend- 
ent. <A study of Figure 1 will verify 
this statement to a large extent. 

The reciprocal of wear resistance, which 
may be called wear susceptance, has been 
found, in the case of electrical brushes, 
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to be more easily understood than wear 
resistance. Since wear is the result of 
friction, it is more intelligible to think of 
the rate of wear per unit of friction than 
of the amount of friction per unit of wear 
rate. Likewise, the reciprocal of wear 
resistivity, which may be called wear 
susceptibility, is more useful than is wear 
resistivity. 


Experimental 


The curves shown in Figures 3 and 4 for 
four kinds of metal-graphite brushes were 
calculated from experimental data ob- 
tained at the Iowa Engineering Experi- 
ment Station and represent the average of 
repeated tests at each current density 
between 0 and 100 amperes per square 
inch at intervals of 20 each. The cur- 
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versus spot temperature for metal-graphite 
brushes—types A, B, C, and D 


rent used was 60-cycle alternating current. 
The measured data included frictional 
torque of the test brushes, their wear, 
and the spot temperature in a representa- 
tive brush of each group tested. The 
wear is measured in mils and the wear rate 
in mils per hour. 

The test equipment consisted of two 
units of similar construction, each having 
a slip ring of standard material driven by 
a separate motor. Each slip ring, to- 
gether with its brushes, was enclosed so 
as to permit the control of atmospheric 
conditions. Eight brushes were placed 
radially on each ring with a normal pres- 
sure of three pounds per square inch of 
contact area and were tested at an aver- 
age speed of 4,200 feet per minute. 

The duration of each test run was the 
same, and data were recorded at regular 
intervals throughout eachrun. All values 
except brush-wear data used in the cal- 
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culations of the curves of Figures 3 and 4 
represent the averages of these recorded 
data for a set of runs at each current 
density except for that obtained during 
the first hour ofeachrun. This first hour’s 
data were influenced by transient condi- 
tions that accompanied the start of every 
test run, but the rest of the data for each 
run were, for the most part, steady state. 
Both test units, which had previously 
been compared and checked for similarity 
of results on like brushes, were operated 
simultaneously in all runs. The brushes 
were tested as follows: 


Types A and B simultaneously on units 1 
and 2, respectively. 


Types C and D simultaneously on units 1 
and 2, respectively. * 

Each series of tests was preceded by a 
process of stoning and sanding followed 
by an operating period of sufficient length 
to wear in the brushes properly and estab- 
lish a well-developed characteristic ring 
film. The film was henceforth undis- 
turbed until the series of runs had been 
completed, and it was necessary to make 
a similar preparation for the next set of 
brushes. Experience has shown that the 
film formation on a ring is a function of 
the brush current as well as of other oper- 
ating conditions and that large changes 
of current density produce results that 
are not characteristic of either the original 
or the final current density. It was found, 
however, that an increase of current den- 
sity in steps of 20 amperes per square 
inch each permitted tests that were wholly 
reliable within the limits of experimental 
error. Several runs were conducted at 
each current density before proceeding to 
the next. 

The frictional force, which is measured 
in pounds, was obtained by converting the 
electrical input to the driving motor into 
the torque required by the brushes. The 
efficiency data required for these conver- 
sions were revised for every test run, so 
as to prevent, insofar as possible, the er- 
rors due to the variable losses of the test 
equipment. 

The brush-wear data were obtained by 
making four micrometer measurements, 
each to the nearest 0.0001 inch, on each 
of the eight brushes, before and after 
each run. The difference between succes- 
sive readings for each of the 32 points 
helped to determine the average brush 
wear for that set of brushes. 

The spot temperature was measured by 
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a thermocouple junction placed in a hole 
drilled in the top of one brush in the group 
being tested. It has been found that 
consistent use of the same point in all 
tests gives approximately the same com- 
parative results as a group of thermo- 
couples placed at various accessible points 
on a brush. This temperature, which is 
plotted as abscissa in Figure 4, does not, 
however, represent the true temperature 
of the contact face. There are three im- 
portant temperature ranges in a sliding 
contact member—the body temperature, 
the face temperature, and the local spot 
temperatures at the points of most inti- 
mate contact. Each of these ranges is 
exceedingly variable, both in intensity 
andextent. It isa truly difficult problem 
to obtain a true picture of the tempera- 
ture conditions in the contact and its 
members. Nevertheless, it is believed 
that the curves shown in Figure 4 are not 
totally devoid of significance and that 
they may be used for rough but very 
useful comparison. 


The values of wear resistance and wear 
susceptance are plotted against current 
density for practical reasons and against 
temperature for theoretical reasons, Prac- 
tically, the similarity of the curves of 
wear susceptance and wear resistance in 
Figure 3 to those obtained for rate of 
brush wear and its reciprocal, brush life, 
respectively, indicates that friction alone 
was not responsible for the variations in 
wear rates. The phenomenon of wear is a 
function of both its cause, which is fric- 
tion, and the binding strength of the ma- 
terial, which restrains it to a varying de- 
gree. The binding strength is, in turn, a 
function of the temperature of the brush 
material, weakening as the temperature 
increases. Since the brush temperature 
increases with an increase in current den- 
sity, it is reasonable to expect the ratio 
of the wear to the friction to increase. 
likewise. 

Theoretically, the curves of Figure 4 
indicate the relative strength or weakness 
of the binding materials of the respective 
brushes for similar ranges of temperature. 
It is easy to recognize the superiority of 
the binding materials in brushes A and B 
and the great inferiority of the binder in 
brush C. It should be noted again that 
this ratio of wear to friction is almost 
completely independent of the external 
system and is almost wholly a property of 
the brush itself. 
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Conclusions 


The development of concepts of wear- 
ing quality based on the truism that the 
magnitude of a phenomenon is propor- 
tional to its cause and inversely propor- 
tional to that which resists it has been 
given, and two of these concepts are 
shown for the actual cases of four kinds 
of metal-graphite brushes. Since elec- 
trical resistance, resistance to motion, and 
wear resistance are based on the above 
truism, it is no surprise that electrical, 
mechanical, and wear phenomena should 
be analogous to some extent. The table 
shown below illustrates the extent of the 
analogy for all three phenomena insofar 
as can be determined at present. 

It is believed that these concepts, to- 
gether with the chart of variables affect- 
ing brush wear shown herein, provide a 
more solid foundation for the furtherance 
of the study of wear of electrical brushes. 
It is recognized that a subject so inher- 
ently complex as an electrical sliding con- 
tact cannot be made simple. It is pos- 


re 


sible, however, to analyze the total phe- 


nomenon into its component parts and, 
where these component parts are also 
exceedingly complex, to analyze them fur- 
ther into simpler components, repeating 
the process until components that can be 
determined readily are obtained. The 
first step in this process of analysis has 
been suggested in this paper by the sepa- 
ration of the characteristics of the contact 
specimen itself from those of the outside 
system. 

Apart from abstract analysis, however, 
wear resistance, wear susceptance, wear 
resistivity, and wear susceptibility are 
believed to provide new and important 
tools for the comparison of brushes or 
other materials used in sliding contacts. 
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Parallel Operation of Airplane Alternators 


D. W. EXNER 
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Synopsis: The increase in airplane elec- 
trical loads has made necessary an increase 
in the distribution voltage to avoid excessive 
copper weight. Difficulties in the use of 
higher d-c voltages are mentioned, and 
past experience with a 400-cycle three-phase 
system is outlined. In the light of this ex- 
perience and of new developments in prog- 
ress, requirements are outlined for a larger 
400-cycle system with multiple generating 
units operating in parallel. 


LECTRICAL loads on military air- 

planes have increased tremendously 
in the last three years because of the sub- 
stitution of electric power for hydraulic 
power to drive auxiliaries, or the use of 
motor-driven instead of engine-driven 
hydraulic pumps, and because of the de- 
velopment of new flight and combat de- 
vices. 


The Trend Toward Higher Voltage 


First in use because of its simplicity, 
the d-c system progressed through the 6- 
and 12-volt stages until, in 1939, new air- 
planes were designed with a 24-volt sys- 
tem.! As the loads increased, the weight 
of wiring required for the lower-voltage 
systems became prohibitive. Now, in 
1943, the economical limit of the 24-volt 
system has been exceeded, with new air- 
planes demanding 1,600- to 2,000-ampere 
peak loads. A further increase in voltage 
is therefore necessary. Because of the 
continued upward trend of the load-de- 
mand curve, and because of the increasing 
transmission distances in the larger air- 
planes, the next step will be above 100 
volts. 

Unfortunately a change to 115 volts 
direct current on high-altitude airplanes 
introduces at least one problem to which a 
completely satisfactory answer has not 
yet been found. This is the difficulty of 
are rupturing in the switching equipment 
at present and contemplated flight-alti- 
tude maxima for combat airplanes. Fault 
currents may be higher than for a-c equip- 
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ment of equivalent rating. On small 
motors at this voltage, commutation at 
high altitudes is another problem. Partly 
for these reasons, the United States Army 
Air Force has selected a 208/120-volt 
400-cycle three-phase four-wire system for 
the large combat airplanes now under 
development. 


The XB-19 Installation 


Early experiments by the Air Corps 
with a-c auxiliary power on the XB-15 
resulted in procurement of auxiliary- 
engine-driven 400-cycle three-phase power 
plants for the XB-19. Figure.l is a sche- 
matic view showing the circuit arrange- 
ment. The design of the engine and alter- 
nator was co-ordinated to result in the 
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CONTROL STATION 
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LAMPS 
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CIRCUIT 
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ALTERNATOR ALTERNATOR 
TO LOAD 
Figure 1. Schematic view of the auxiliary 


power plants used on the XB-19 airplane 


package unit shown in Figure 2. The 
pancake proportions of the alternator do 
not give the optimum weight of electrical 
parts, but, in conjunction with the alumi- 
num fan, provide the necessary flywheel 
effect for the engine. The use of 14 poles 
gives a synchronous speed of 3,430 rpm. 
The short-circuit ratio is 0.60, a figure 
which may seem low to a designer of 60- 
cycle machines, but which has proved 
satisfactory in operation. Heavy damp- 
ers with continuous end rings limit oscil- 
lation caused by engine-torque pulsation. 
They also help support the voltage until 
the regulator responds to a load incre- 
ment. With a self-excited system, this 
materially assists in prompt recovery of 
voltage if the regulator is fast enough to 
take advantage of it. 

The design rating of the alternator is 
120 volts, 12.5 kva, 0.8 power factor, 
although, to conform to the Air Corps 
specification, the name-plate rating is 10 
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‘at normal voltage.’ 


kva, 0.75 power factor. As the system is 
operated ungrounded, the neutral is not 
brought out. 


The rotating field of the alternator is 
designed for overhung mounting on the 
engine crankshaft, which makes the use 
of a d-c exciter difficult. Chiefly for this 
reason, it was decided to use self-excita- 
tion. An electronic voltage regulator, 
using RO-585 diodes to control a three- 
phase half-wave thyratron rectifier, pro- 
vides the fast-acting field supply so neces- 
sary in a self-excited system. 


The RO-585 filaments are operated from 
a positive-phase-sequence network which 
delivers a single-phase voltage propor- 
tional to the average of the root-mean- 
square values of the three line voltages. 
As the regulating action is a function of 
the filament temperature in these tubes, 
the regulator is responsive to the average 
of the three root-mean-square phase volt- 
ages. An incidental advantage in using 
the positive-sequence network is the ac- 
complishment of excellent temperature 
compensation by using in the resistance 
element of the network a material having 
a positive temperature coefficient of re- 
sistance.” 

The flight engineer’s panel, the installa- 
tion of which is shown in Figure 3, con- 
tains the instrumentation and manual 
controls. The panel compartment houses 
the voltage build-up and reactive-load- 
equalizer circuits, the wattmeter current 
transformers, and the manual circuit 
breakers. Voltage is built up initially 
from an alternator residual voltage of 
approximately nine volts by means of a 
copper-oxide rectifier and a small multi- 
contact Silverstat voltage regulator, both 
of which are intermittently rated to 
supply no-load excitation. A small high- 
reactance step-up transformer overcomes 
the initially high resistance of the rectifier 
without resulting in excessive excitation 
By this means the 
voltage overswing is reduced. For each 
alternator a three-position multicontact 
manual cam switch controls the starting 
sequence. This switch must be in the off 
position before the auxiliary-engine- 
starter circuit can be completed. With 
the engine at normal speed, the switch 
may be turned to the warm-up position, 
which allows the voltage to build up and 
be maintained under the control of the 
auxiliary regulator. After 45 seconds a 
thermal relay energizes a tripping mag- 
net on the cam switch, automatically 
advancing the switch to the run position, 
although it may be returned to the off 
position at any time. The two cam 
switches are mutually interlocked to pre- 
vent an attempt to build up both alter- 
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Figure 2. The 12.5-kva alternator assembled 
on the Ruckstell-Burkhardt auxiliary engine 


nators at the same time, as only one build- 
up circuit is provided. As soon as one 
alternator is transferred to electronic 
regulation, it may be connected to the 
load bus by closing its manual circuit 
breaker, although, particularly at low 
ambient temperature, it is desirable to 
operate at no load for a few minutes to 
allow the thyratrons to reach normal 


operating temperature. 
Operating Experience on the XB-19 


With no load on the first alternator, and 
with the governors of the two engines 
closely matched, it has been found fairly 
easy to synchronize manually at full 
voltage on every attempt when the syn- 
chronizing lamps are flashing not faster 


ig» 


Ek 
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than three cycles per second. At rates 
of slip up to six or eight cycles per second, 
it is possible to synchronize on approxi- 
mately 75 per cent of the attempts with 
random closure of the breaker. With 
more than two or three kilowatts of load 
on one alternator, it is necessary to close 
while the lamps are dim or dark. Test 
experience with these power plants in- 
dicated the necessity of manual control 
of the engine governors, and this feature 
was added when the equipment was in- 
stalled in the airplane. After some prac- 
tice, and with the engines in smooth run- 
ning condition, it was then possible for 
the operator to synchronize with full load 
on one alternator, although he would 
occasionally miss. When the engines 
have been run for a number of hours 
after an overhaul, momentary speed 
changes during attempts to synchronize 
make it difficult to do so with more than 
six kilowatts of load. 

During the development stage, tests 
were made to determine if it were practical 
to synchronize by bringing the incoming 
alternator up to approximately synchro- 
nous speed with zero or weak field and 
allowing it to pull into step by means of 
its damper winding and reluctance torque. 
This attempt was not successful, because 
the highly reactive load severely over- 
loaded the first alternator. While it is 
true that better results would have been 
obtained with separately excited machines, 


Figure 3 (left). Al- 
ternator and auxil- 
iary-engine __instru- 
ments and manual 
controls at the flight 
engineer's position 
of the XB-19 air- 
plane 


The two plunger 
knobs in the lower 
right-hand corner of 
the picture permit 
manual control of 
engine speed while 
synchronizing 


Photo courtesy of Douglas 
Aircraft Company 
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the shock would still be prohibitive when 
attempting to synchronize under load. 

When paralleled units are driven by 
auxiliary engines, it is necessary to cut off 
promptly an alternator whose engine has 
failed to carry load. Magneto trouble, 
fouled plugs, and vapor lock, or other 
fuel-system faults, will occasionally cause 
a short-time or sustained power failure. 
Any tripping means for isolating such a 
unit should have its action delayed suffi- 
ciently to prevent operation on a momen- 
tary misfire which can be sustained by the 
inertia of the machine. On this equip- 
ment, protection is afforded by a reverse- 
power contact on the wattmeter which 
actuates a shunt trip magnet on the cir- 
cuit breaker. This contact is set at three 
kilowatts, and the damping of the in- 
strument gives the necessary delay. A 
small pilot relay inside the instrument case 
relieves the pointer contact of the tripping 
current. 

Experience with the system has demon- 
strated the desirability of a uniform re- 
sponse rate of the several governors. If 
the rates differ materially, one engine 
tries to drive the other on the sudden 
removal of a large load, and faulty trip- 
ping of the reverse-power device may re- 
sult. A particularly bad performer is a 
governor which has sluggish response in 
correcting overspeed. Although the con- 
dition was reproduced during preliminary 
testing, no serious trouble has been ex- 
perienced in service operation. 

Experience with the scheme for auto- 
matically building up the alternator from 
its residual voltage has been generally 
good but subject to occasional failure 
caused by a reduction of normal residual 
flux. This usually follows a shutdown 
caused by loss of voltage resulting from a 
highly inductive overload, and may occur 
after an engine failure has transferred all 


Figure 4 (below). Standardized current- 

transformer interconnections for feeding the 

reactive load-equalizer networks of the vol- 
tage regulators 


Agreement on polarities is necessary to permit 
interchanging regulators of different manu- 
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of the load to the remaining alternator. 
It may also be discovered after the flight 
engineer has mistakenly shut down an 
engine without first opening the alterna- 
tor circuit breaker. To overcome this 
condition, a circuit has been added which 
permits the operator to ‘“‘flash” the field 
pavith battery voltage if necessary. 


Requirements for a Modern A-C 
Installation 


Having examined an existing a-c in- 
stallation, we may proceed to lay down 
the requirements of an airplane power 
system which will take advantage of the 
experience gained and the newer develop- 
ments which are available. It cannot well 
be denied that a successful system must 
involve parallel operation of a number of 
generating units. It is not acceptable 
that the loss of a single unit can shut down 
the whole system. The loss of one unit 
out of two is nearly as bad, unless the 
essential load is within the rating of one 
generating unit. This condition might 
exist in a noncombat airplane, but the 
greater hazards of combat operation dic- 
tate the use of at least three and prefer- 
ably four units where the size of the air- 
plane permits. Nonparalleled or isolated 
operation of the several generating units 
is a makeshift which does not use to the 
full the power capabilities of the system 
in starting heavy motor loads and self- 
clearing of faults; that is, the load factor 
with separate units is poor. Loss of a 
generating unit results in a delay before 
the load can be reapportioned among the 
other units. 


The ability to parallel alternators de- 
pends first on the characteristics of the 
prime movers. The earlier a-c aircraft 
systems used auxiliary gasoline engines 
governed to run at essentially constant 
speed. The governors are designed to 
droop the speed slightly as load increases, 
which characteristic automatically gives 
acceptable division of kilowatt load be- 
tween units. As the capacity of the prime 
mover is comparable to that of the alter- 
nator, and the inertia is relatively low, no 
difficulty has been experienced in main- 
taining synchronism under all conditions, 
including load transients. In the XB-19 
equipment, the use of low-resistance 
damper windings effectively prevents 
hunting caused by engine-torque pulsa- 
tions. Whereas the use of auxiliary engine 
drive may be satisfactory for medium- 
altitude transport and cargo airplanes, at 
the present time it seems to be impractical 
to supercharge the smaller engines to a 
critical altitude sufficiently high to permit 
their use on high-altitude bombers. 
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Constant-Speed Drives 


Until recently, no suitable means was 
available for driving alternators from the 
main engines and at the same time per- 
mitting parallel operation. Now several 
so-called ‘‘constant-speed’’ drives are 
under intensive development and promise 
to have the necessary performance. The 
input-output speed ratio is continuously 
variable, so that a constant output speed 
may be maintained over a wide range of 
input speed. This development gives the 
a-c electric-system prime movers of 
proved reliability and high-altitude per- 
formance. 

A number of difficulties must be over- 
come in adapting constant-speed drives to 
this application. Because of the large size 
of the main engine in proportion to the 
rating of the alternator, the engine is a 
rock-steady source whose speed is prac- 
tically unaffected by alternator loading. 
On the other hand the engine speed may 
suddenly be changed because of flight 
requirements; yet the alternator should 
not perceive this change. As a result, 
the drive or its governor must incorporate 
the load-dividing feature, and the gover- 
nor must be quick in coming into action 
and be able to change the drive ratio at a 
rate faster than the engine can accelerate. 
In a speed-converting mechanism the 
difference between the input and output 
torques appears as a torque reaction on 
the housing, and it appears to be unavoid- 
able that this reaction torque is trans- 
mitted principally through the ratio- 
changing mechanism. Consequently at 
high ratios the ratio-changing device must 
develop considerable power to alter the 
ratio. 


The necessary rate of change of ratio 
is determined by the maximum possible 
rate of acceleration or deceleration of the 
engine. Information from one of the 
engine manufacturers states that an ac- 
celeration rate of 3,000 rpm per second 
may) be found in normal operation, al- 
though it is considered detrimental to 
engine life, and that a rate of 3,500 rpm 
per second is possible under some combat 
conditions with hand control of the pro- 
peller pitch. The drive should be capable 
of responding at a rate somewhat faster 
than this to have a reasonable factor of 
safety. It seems probable that the engine 
deceleration rate will be appreciably less 
than 3,000 rpm per second, although no 
confirming data are known to the author. 


Because of the rigidity of the prime 
movers, it is essential that the drives in- 
corporate overrunning clutches to permit 
the alternators to remain in synchronism 
in spite of momentary deviations in drive 
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ratios or failure of the drives to compen- 
sate promptly for rapid changes in engine 
speed. Partly for the same reason, it is 
desirable that the drive have some internal 
slip, either inherent or introduced by the 
use of a slip coupling such as a fluid fly- 
wheel. 

Unless the drive has an inherent slip 
which is consistently reproducible and is 
independent of the ratio setting, 
necessary that the governor be made load- 
responsive to provide the speed droop 
which is required for division of kilowatt 
load between paralleled alternators. 
Methods are known for obtaining load 
division by controlling the relative phase 
position of the alternator rotors without 
producing a change in the steady-state 
speed, but they lack the simplicity and 
reliability of the speed-droop method. 
Though the governor may be the droop- 
determining means, it will have some de- 
lay in adjusting itself to a new load level. 
For this reason some inherent slip in the 
drive will assist in the maintenance of 
synchronism during sudden large load 
transients. Internal slip will also reduce 
the effect of engine and drive torque pulsa- 
tions. 

While the governor must have a rapid 
response rate, it must also be well damped 
to obtain system stability during load and 
fault transients. Keeping the force- 
inertia quotient of the ratio-changing 
device high will make the damping prob- 
lem easier. 


it is 


Alternator Design 


Experience with the self-excited a-c 
system has demonstrated a degree of over- 
load capacity and system stability in- 
ferior to that which may be expected 
with separate excitation. The load char- 
acteristic of the self-excited machine has 
a definite knee beyond which the voltage 
is not self-supporting, with the result 
that a suddenly applied heavy load may 
cause loss of voltage, whereas the same 
load gradually applied may be sustained. 
Synchronizing difficulty is increased, and 
the ability to burn minor faults clear or 
blow limiters is distinctly reduced. Al- 
ternators of current design have integral 
d-c exciters to overcome these handicaps. 

Low-resistance damper windings are 
necessary to ensure freedom from oscilla- 
tion excited by driving torque pulsation 
or load transients. Some assistance is 
given in synchronizing by the full-voltage 
method because of the damping effect on 
oscillations caused by closing the circuit 
breaker at inexact synchronous speed and 
phase position. When synchronizing is 
performed by the synchronous motor 
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method, that is, bringing the incoming 
machine up to approximate speed with no 
field or with weak field and closing the 
breaker, low-resistance damper windings 
are essential, and some benefit is obtained 
by using continuous end rings. The 
latter feature will also increase the ability 
of the alternator to pull back into step 
automatically under some conditions of 
out-of-step operation. 


It has been suggested that aircraft 
alternators Should be designed with a 
short-circuit ratio around unity because 
60-cycle practice has shown that this 
gives high inherent stability which will 
be a benefit in parallel operation and in 
starting heavy motor loads. The sugges- 
tion has merit, but unfortunately it re- 
sults in a heavy machine. Much of the 
benefit may be obtained with lighter over- 
all weight by increasing the capacity of 
the exciter to supply heavy excitation 
when needed and by making the regulator 
as fast as possible. Satisfactory experi- 
ence with self-excited alternators having 
a short-circuit ratio of 0.60 discounts the 
necessity of accepting the higher weight of 
the design which has a higher ratio. 


The Voltage Regulator 


The use of an exciter brings the regula- 
tor duty within the capacity of existing 
designs of aircraft d-c regulators which 
have undergone extensive development 
and combat service during the past two 
years. What modifications are necessary 
can readily be made to adapt them to the 
requirements of the a-c system. If the 
operating coil is supplied from a three- 
phase dry-plate rectifier, the regulator 
will respond to the average of the three 
average phase voltages. The fact that 
this is an average rather than a root- 
mean-square response is not expected to 
be objectionable with alternators whose 
harmonic voltage output is within the 
limits set by the Army Air Forces tenta- 
tive specifications. The tentative speci- 
fication for the voltage regulators recog- 
nizes the necessity for this average re- 
sponse by stating that the voltage will be 
checked on type test with a rectifier-type 
voltmeter calibrated to read root-mean- 
square values of sine-wave voltages. 

The regulator includes a network de- 
signed for use in a series-type differential 
reactive load-equalizer circuit for causing 
the regulators to equalize the circulating 
reactive current between alternators ope- 
rated in parallel. The network is con- 
nected to a 125/1-ratio current trans- 
former in the 73 lead from the alternator. 
Zero-power-factor lagging current from 
the transformer develops across the net- 
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work a voltage which is in phase and in 
series with the line voltage applied to the 
regulator-coil-circuit rectifier. Since this 
increases the voltage applied to the regu- 
lator coil, the regulator acts to decrease 
the alternator excitation. Conversely, 
the presence of zero-power-factor leading 
current will cause the regulator to in- 
crease the excitation. Inphase line cur- 
rent produces a network voltage at a right 
angle to the voltage applied to the regu- 
lator and therefore does not affect the 
operation. Figure 4 illustrates the dif- 
ferential equalizer circuit which has been 
selected as standard by the interested 
manufacturers to ensure interchange- 
ability, and this has been incorporated 
in the tentative specification by the Army 
Air Forces. With this connection, if the 
line currents of the respective alternators 
are equal in magnitude and phase angle, 
the transformer secondary current circu- 
lates solely through the secondary cir- 
cuits and produces no voltage drop across 
any of the regulator networks. If one 
machine delivers more than its share of 
current, the secondary difference current 
divides proportionately in the parallel im- 
pedance paths formed by the regulator 
network of the overloaded machine as one 
branch and the other regulator networks 
in series as the other branch. With an 
excess of lagging current delivered by the 
first alternator, the phase angle of the net- 
work voltages in the two branches is such 
that the excitation of the overloaded ma- 
chine is reduced and that of the others is 
increased, with the result that the reactive 
load balance is restored without affecting 
the voltage of the system. This lack of 
effect on the system voltage while correct- 
ing a reactive-load unbalance is the ad- 
vantage which the differential method 
holds over the somewhat simpler scheme 
in which balance is achieved by drooping 
the voltage of each alternator in propor- 
tion to the lagging reactive component of 
current which the machine is delivering, 
thus producing a droop in system voltage. 
The differential scheme is identical in 
principle with the load-equalizing method 
which is used in present aircraft d-c sys- 
tems. An improvement over the d-c 
circuit is the use of a normally closed 
interlock on the alternator circuit breaker 
to short-circuit the secondary. winding of 
its associated current transformer when 
the breaker is open, and so avoid a reac- 
tion of the idle alternator circuit upon the 
regulated voltage of the other loaded ma- 
chines. To be effective always, this inter- 
lock should be designed with the knowl- 
edge that it must effectively short-circuit 
a low voltage. Proper choice of contact 
materials and contact pressure and the 
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use of several contact points in parallel 
will avoid trouble caused by contact film 
and dirt. . 

Special antihunting or damping means 
are necessary in the a-c voltage regulator 
because of the additional field circuit de- 
lay which is introduced by the use of an 
exciter. A very effective method uses a 
transformer to introduce into the d-c 
circuit of the regulator coil a voltage pro- 
portional to the rate of change of exciter 
voltage or the rate of change of alternator 
field current. When introduced with the 
proper polarity, this voltage causes the 
regulator coil to anticipate the response of 
the line voltage, which effect tends to 
damp out a tendency to hunt or over- 
shoot. 


Choosing a Synchronizing Method 


The choice of a synchronizing method is 
somewhat dependent on the prime movers 
which are used. If the system is driven 
solely by constant-speed auxiliary engines, 
a manual or semiautomatic method may 
be acceptable, because synchronizing is 
performed infrequently and at a time 
when the flight engineer is less occupied 
with other duties. It may be permissible 
to drop all or part of the load before syn- 
chronizing. With main-engine drive, on 
the other hand, fully automatic syn- 
chronizing is definitely desirable, because 
the availability of electric power is de- 
pendent on engine speed conditions, which 
in turn are determined primarily by warm- 
up, ground-maneuvering, and flight re- 
quirements. When the several alterna- 
tors come up to speed, the flight engineer 
may have other duties requiring his at- 
tention. With automatic synchronizing, 
each alternator becomes available for 
loading as soon as it reaches synchronous 
speed. 


Automatic Synchronizing 


Automatic synchronizing equipment 
has been used in unattended substations 
and small power stations for many years 
with excellent service records. For air- 
craft use the same principles can be ap- 
plied, but many refinements may be elimi- 
nated because of the presence of super- 
vision and the necessity of saving weight. 
The essential features may be stripped 
down to means for performing the follow- 
ing functions: 


of 
1. Determine when the alternator fre- 
quency has approached normal, and initiate 
the succeeding sequence. 


2. Indicate whether the bus is dead or 
already energized. 
circuit-breaker closure; 
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If it is dead, initiate _ 
or if it is alive, 


“y 
at 


/} 


re 


initiate the 
follows: 


synchronizing sequence as 


3. Act on the incoming governor to adjust 
the speed until the difference frequency 
approaches zero. 


4. Close the circuit breaker when the dif- 
ference frequency is less than about two 
cycles per second and the alternator and 
bus voltages are closely in phase. 


5. Advance the governor to the normal 
load setting. 


6. Open the circuit breaker at any time 
when the system frequency drops below the 
acceptable minimum. 


Automatie synchronizing by this full- 
voltage method may be accomplished with 
a load on the system, because the human 
elements of indecision and reaction time 
are eliminated from the operation. 
Nevertheless manual controls are pro- 
vided so that the flight engineer may select 
the units to be paralleled, or he may 
trip any alternator circuit breaker at any 
time. After a machine has been connected 
to the bus, the flight engineer may, at his 
leisure, correct any inequality in load 
division or error in frequency by a manual 
control which acts through the speed- 
matching device to adjust the governor 
setting. Thus he has full control over the 
operation of the system but is relieved of 
the necessity of performing the somewhat 
critical operation of simultaneously 
matching speed and phase position and 
closing the breaker at the correct instant. 
With four alternators he would otherwise 
have to go through this cycle three times 
in succession shortly before the time of 
take-off. 


Manual Synchronizing 


The weight of the control equipment 
can be reduced by using manual instead 
of automatic synchronizing methods, but 
the saving in weight must be balanced 
against the increased burden on the flight 
engineer, the increased chance of an out- 
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CHANGE IN LINE AMPERES (c 
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Figure 5. Rate of change of ammeter reading 
with respect to the reactive component of 
9 current plotted against power factor 


At normal power factors the ammeter is an 
insensitive indicator of correct voltage-regu- 
lator equalization 
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age caused by faulty manual technique, 
and the decreased availability of the 
generating equipment because of failure 
to connect it to the bus promptly. Per- 
haps the least objectionable in these -re- 
spects is a semiautomatic system which 
differs from the one previously described 
in that the automatic speed-matching 
feature is replaced by a manual control. 
This arrangement requires the attention 
of the flight engineer at each synchroniz- 
ing operation but greatly eliminates the 
factor of faulty manual technique, be- 
cause the automatic means for determin- 
ing when the breaker should be closed are 
retained. The weight saving in compari- 
son with the fully automatic system is 
approximately two pounds per alternator. 


Of the straight manual synchronizing 
schemes which have been proposed for 
airplane use, perhaps the most foolproof 
is the one in which the alternator is syn- 
chronized in a manner which is common 
for synchronous motors. The incoming 
machine is brought up to slightly below 
synchronous speed with zero or weak 
field, the circuit breaker is closed, and the 
machine accelerates toward synchronous 
speed because of the motoring effect pro- 
duced by its damper winding. When it is 
close enough to synchronous speed, it will 
be pulled into step by its reluctance 
torque. If thisis done with no field excita- 
tion, there is a 50-50 chance that it will 
pull into step with the wrong pole posi- 
tion and will have to slip a pole pitch 
when field is applied. If the breaker is 
closed with weak field on the machine, 
the pulsating current will be higher, but 
the machine will pull in with the correct 
pole position, An advantage in starting 
with weak field lies in the fact that syn- 
chronizing lamps may be used as an in- 
dication of slip speed while the speed is 
being raised by manual adjustment of 
the governor before the breaker is closed. 


An important disadvantage of this 
synchronizing method is the high motor- 
ing current which is drawn even at a low 
slip. |Calculations on the present design 
of airplane alternator indicate that this 
will equal rated full-load current at about 
one per cent slip and 160 per cent of full- 
load current at about five per cent slip. 
Furthermore, this current pulsates badly 
at slip frequency. The current calcula- 
tions were made with the assumption of 
an infinite bus, and the actual current 
will be somewhat less. This will increase 
the time of the system disturbance. The 
nature of this effect is substantiated by 
tests which were made during the de- 
velopment of the equipment for the X B- 
19 airplane. With one machine on the 
bus, synchronizing the second machine 
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by this method will be difficult with a 
load of more than 50 per cent of the alter- 
It may be found necessary 
in practice to remove the system load be- 


nator rating. 
fore synchronizing the second alternator. 


Adjusting the Voltage Regulators 


Experience has demonstrated the diffi- 
culty of convincing airplane crews that 
kilowatt load in an a-c system cannot be 
balanced between paralleled alternators 
by adjustment of the voltage regulators. 
Having had instruction and more or less 
extensive experience with d-c systems, 
they must be shown by example that the 
two systems are not alike in this respect. 
As serious misadjustment may be en- 
countéred, and as this will have an adverse 
effect on stability because of unequal field 
excitation, the process of regulator ad- 
justment must be made as simple as pos- 
sible. 

The fact that ammeters are not good 
instruments to follow when adjusting the 


Figure 6. Mock-up model of 40-kva alter- 
nator of current design 


regulators is emphasized by Figure 5, 
which shows how the ammeter reading 
varies with the changing reactive current, 
the inphase current remaining constant. 
At 0.75 power factor the ammeter re- 
sponds two thirds as fast as the reactive 
component, whereas at 0.87 power factor 
the response is only one half as fast as 
the change in the reactive component. 
The matter is further complicated at small 
loads by the fact that a-c ammeter scales 
are condensed in this region. At normal 
power factors the inphase component of 
current has a greater effect on the am- 
meter reading than the reactive compo- 
nent does, so that a change in power factor 
or a change in load balance caused by 
governor aberrations while the regulators 
are being adjusted will be extremely con- 
fusing. 

Because regulator adjustment directly 
affects the reactive current balance be- 
tween paralleled machines, varmeters 
(which read ‘‘volt-amperes reactive’’) give 
a positive indication of the condition of 
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Principles of Aiircraft Electric-Motor 


Protection 


V. G. VAUGHAN 


NONMEMBER AIEE 


Introduction 

N writing a paper of this kind for the 

AIEE, it is needless to say that one 
part of the aircraft electric-motor protec- 
tion problem is protection from excessive 
temperatures. The major problem with 
the aircraft electric motor is to make 
available its maximum output before the 
protector disconnects the aircraft electric 
motor from the line. 

The problem involved in applying an 
aircraft motor protector for maximum 
output under all conditions may be 
realized when it is considered that today 
an aircraft may be stationed on a field in 
the tropics and within 24 hours it may 
be moved to a field well within the Arctic 
Circle. Or, even more striking, an air- 
craft may be stationed on a field in the 
tropics with the sun beating down so as 
to cause temperatures as high as 70 de- 
grees centigrade in compartments where 
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electric motors are located. In a few 
minutes this aircraft may be flying at a 
high altitude where the ambient tem- 
peratures may be as low as —60 degrees 
centigrade, 

In domestic, commercial, and industrial 
uses of electric motors, it has been the 
aim to protect electric motors so they 
would not be personal or fire hazards. In 
accomplishing this, it has been good 
engineering practice to provide an ample 
margin of safety. In October, 1942, C. 
P. Potter presented a paper before the 
AIEE entitled “‘The Inherent Overheat- 
ing Protection of Single-Phase Motors’ 
from which I quote his comments re- 
garding the summary of the data for the 
tests under various loads, voltages, speeds, 
ambients, and amounts of ventilation: 


“‘CONCLUSIONS 


The variations in temperature shown in 
the table are small and lead to the conclusion 
that inherent overheating protective devices 
mounted inside fractional horsepower single- 
phase motors completely protect them 
against all abnormal operating conditions.” 


There are many engineers who believe 
that all motor protectors will limit the 


regulator equalization. Not being re- 
sponsive to real or kilowatt load, they 
will not give confusing readings because 
of governor misadjustment. A varmeter 
is nothing but a wattmeter with a reac- 
tive compensator to shift the potential coil 
voltage 90 degrees from its true position. 
Since wattmeters are already necessary 
in the system to permit supervision of 
loading and adjustment of the governors, 
the addition of reactive compensators and 
a simple switching arrangement make 
them useful for regulator adjustment also. 


Conclusions 


A background of experience exists to 
guide the development of 400-cycle power 
systems for airplanes, and this knowledge 
is being used to advantage in the present 
program of expanding the installed ca- 
pacity. To duplicate the reliability of the 
present d-c system, parallel operation of 
the alternators is required. — Parallel 
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operation of auxiliary-engine-driven units 
already has been accomplished, and, given 
constant-speed mechanical drives with 
the correct characteristics, this perform- 
ance can be duplicated with main-engine- 
driven alternators. The numerous duties 
of a flight engineer on a multiengine air- 
plane make it highly desirable to provide 
automatic synchronizing control to in- 
crease the availability of the power sys- 
tem and eliminate outages caused by man 
failure during thesynchronizing operation. 
Equipment for doing this is available or is 
being developed. 
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oy 
work output of electric motors, and they’ 
advocate that the operator should have 
the privilege of destroying the aircraft 
electric motor if by so doing he thinks he 
can accomplish his mission. It is ques- 
tionable if any operator has the ability 
to judge properly during the stress of 
emergency as to when he should or should 
not destroy a motor. 

A good automatic device will always 
repeat its performance, and in this paper 
it will be assumed that a properly de- 
signed and properly applied electric-motor 
protector must not place any limitations 
on the potential work output of the elec- 
tric motor. 

Stated in the simplest terms, the prob- 
lem is to establish principles to follow in 
protecting aircraft electric motors from 
destructive temperatures without limit- 
ing output regardless of the loads or the 
ambient encountered. 

While there are many classes of insula- 
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insulation 


tion in use in aircraft electric motors, 
many of these electric motors have some 
class A insulationin them. There is more 
information available on class A insula- 
tion, and for the purpose of this paper the 
consideration of any other class of in- 
sulation would be a matter of degree and 
would not change the principles to follow 
in having protection without limiting out- 
put. 
Since the first use of electric motors, 
there has always been this problem of 
temperature protection. First, fuses were 
used, then current-sensitive devices 
mounted remote from the electric motor, 
and since 1929 there has been an increas- 
ing use of built-in electric motor protec- 
tors. E. J. Schaefer, formerly of the 
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fractional motor engineering department 
of the General Electric Company, in a 
paper entitled “Protection of Automatic- 
ally Started Fractional Horsepower 
Motors,’ published in the September 
1940 issue of the News-Bulletin, of the 
International Association of Electrical 
Inspectors, shows that only with a 
properly built-in protector can there be 
protection and at the same time approach 
maximum motor output under any pos- 
sible load condition. 


Many aircraft electric motors have 
intermittent-duty cycles and in order to 
conserve weight the motors are operated 
at high speeds, and these intermittent- 
duty motors are regularly operated at high 
overloads as compared to a continuous 
running rating. This results in motors 
of small size which presents a space limi- 
tation for the location of the protector. 


Location of Protector 


It takes no data or lengthy discussion 
to convince one that theoretically the 
proper location for the protector would 
be at the danger hot spot where it would 
be responsive to the danger hot-spot 
temperature. Because of physical limi- 
tations, this is impossible; so, there must 
be a compromise by preparing a location 
when designing the motor body that will 
give the thermostatic element the best 
possible opportunity of absorbing heat 
from the danger hot spot. 


Temperature at Which to Protect 


Regardless of the kind of insulation 
used, insulation life is dependent on both 
time and temperature. This is best il- 
lustrated by the life-temperature curve 
for class A insulation, Figure 1 of this 
paper, copied from page 434 of the book 
“Insulation of Electrical Apparatus,’’ 
by Douglas Miner. 

Class A insulation is listed by AIEE as 
good for a maximum safe operating tem- 
perature of 105 degrees centigrade. From 
the curve, it can be seen that this will give 
a minimum expected life of 2,000 days. 
The tentative Army-Navy (AN-M-10) 
electric motor specifications require that 
the protectors provide a minimum life of 
five continuous hours of operation under 
locked rotor conditions without damage 
tothe motor. To provide sufficient manu- 
facturing tolerance, it would be desirable 
to select a temperature corresponding to 
a minimum life of five days. This gives a 
temperature of 178 degrees centigrade. 

Even with the selection of this high 
maximum allowable operating tempera- 
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ture for five days’ life of the insulation, 
it should be remembered that in normal 
applications the actual operating tem- 
perature of the motor will be far below 
this value. This is best illustrated by 
Figure 2. 

Line A represents room ambient of 
25 degrees centigrade. 

Line B represents the maximum wind- 
ing operating temperature of 105 degrees 
centigrade under normal loads and 25 
degrees centigrade ambient temperatures. 

Line D represents the maximum wind- 
ing temperature at which there is a 
tendency for most engineers to protect 
the motor. If this temperature of 120 
degrees centigrade were selected, it is 
obvious that a small overload or an ab- 
normally high amlient would cause 
nuisance tripping of the protector as there 
is very little winding temperature differ- 
ence between full load and the point 
where the protector would open. 


ROOM AMBIENT 


TEMPERATURE — DEGREES CENTIGRADE 


Figure 2. Chart of temperature levels in- 
volved in aircraft electric-motor protection 


Line E is the 178 degree centigrade 
temperature selected for a minimum of 
five days’ life from Figure 1. 

To get protection without limiting the 
work output of the motor, the protector 
must ‘control the motor winding tem- 
perature at 178 degrees centigrade, line 
i. The shaded area between the curves 
D and E represents the thermal capacity 
which most motor designers would not 
use. Thus, if protection were applied 
on the basis of line D, representing maxi- 
mum winding temperature, it would lead 
to the condition where the aircraft de- 
signers (and others) would know that 
there was additional capacity available 
in the motors as indicated by the shaded 
area, and he (or they) would then rather 
have the operator run the risk of burning 
out the motor than be limited in power 
output as indicated by line D. The 
values used in this paper are on the basis 
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that the winding temperature is the 
limiting hot spot; other hot spots would 
have different hot-spot maximum tem- 
peratures. 


The Danger Hot-Spot Temperature 


The temperature that will first cause 
damage to an aircraft electric motor 
need not be the winding temperature 
as indicated heretofore, or even the 
highest temperature in the motor. The 
first damage may be at the brushes, the 
solder, or the shunt leads to the brush- 
holder, and so forth. It is necessary to 
determine where the danger hot spot is 
and how hot it gets. This may be esti- 
mated at the time of designing, but the 
actual data can be obtained only by test 
with thermocouples and other tempera- 
ture-measuring devices located at every 
point of possible damage. 

Figure 3 is a photograph of such a test 
setup with eight thermocouples and four 
voltage-drop leads mounted in the motor. 
To be complete, these data should be ob- 
tained not only at room ambient but 
also at the maximum and minimum 
ambients at which the motor is expected 
to operate, and with various loads from 
the maximum continuous load the motor 
can carry without exceeding the maxi- 
mum allowable hot-spot temperature 
through and including locked rotor. 
This is necessary because, for example, 
under locked rotor the armature windings 
may be the danger spot, and during run- 
ning the danger spot may be shifted to 
the solder on the commutator. 


Thermal-Element Operating 
Temperature 


We know that the heat dissipation, or 
in other words the capacity of a motor, 
will vary with ambient. The accurate 
calculation of the capacity at different 
ambients would involve the use of a num- 
ber of empirical values based on test data 
which are not available today. As the 
major portion of the heat is generated in 
the copper windings, a simple method of 
indicating the trend would be to use the 
following formula: 


R, is the current rating at a given ambient. 

R, is the current rating at room tempera- 
ture (25 degrees centigrade). 

Tm is the maximum allowable temperature 
(178 degrees centigrade). 

Tn is the room temperature (25 degrees 
centigrade). 

T, is the given ambient temperature. 
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Aircraft electric motor equipped 


Figure 3. 
with thermocouples and resistance leads 


The maximum allowable winding tem- 
perature previously adopted in this paper 
was 178 degrees centigrade. It is as- 
sumed that an intermittent-duty motor 
when carrying 80 per cent of its rating 
continuously at normal room ambient 
(25 degrees centigrade) will have a tem- 
perature rise of 153 degrees centigrade, 
resulting in an operating temperature of 
178 degrees centigrade. 

The curve in Figure 4 is obtained by 
using these values in the formula. It has 
been assumed that this intermittent-duty 
motor when running continuously would 
only carry 80 per cent of its rating at 25 de- 
grees centigrade ambient. It would carry 
more load at lower ambients as indicated 
by the curve at —50 degrees centigrade, 
where it will carry 97 per cent of its rating 
continuously. At high ambients the 
‘motor output would be limited below 
the 80 per cent. At 70 degrees centi- 
grade ambient the curve shows the 
motor will operate continuously at 67.5 
per cent of rating. At an ambient of 
178 degrees centigrade, the motor should 
not operate at all because the hot spot is 
already up to the maximum allowable 
temperature. 

The information in this curve may be 
stated as follows: At any ambient there 
is one value of continuous load current 
that will bring the danger hot-spot tem- 
perature up to the maximum allowable 
value of 178 degrees centigrade (line £). 
If the protector is going to allow the 
motor to attain this temperature (178 
degrees centigrade) at all ambients be- 
fore removing the motor from the line, 
a protector will be needed that will have 
the same ambient characteristics as the 
motor it is to protect. As the operating 
temperature of the thermal element must 
be a fixed value, and if it is to match 
curve Figure 4, the thermal element must 
operate at 178 degrees centigrade when 
carrying zero load. This then establishes 
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the operating temperature of the thermal 
element at 178 degrees centigrade. It 
can be stated that theoretically for con- 
tinuous running loads the operating 
temperature of the thermal element of the 
protector should be the same temperature 
as the temperature of the hot spot to be 
protected. 


Function of the Heat Generated 
in the Protector 


When discussing the location of the 
protector, it was stated that it was physi- 
cally impossible to locate the protector 
at the hot spot. With the protector 
located in a compromise position, it can- 
not be expected that the protector will be 
heated by the temperature of the danger 
hot spot up to the hot-spot temperature. 
This is illustrated graphically in Figure 5. 

Curve M, the ambient temperature 
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Figure 4. Ambient versus per cent load curve 


versus motor continuous carrying capac- 
ity, is the calculated curve from Figure 
4, and with a protector mounted in this 
motor, the curve of the protector tempera- 
ture, that is, the temperature of the metal 
parts of the motor which surround the 
protector, would fall between curve MW 
and curve EL. The exact location of 
curve P would depend on how sensitive 
the protector was to the hot-spot tempera- 
ture itis to protect. As the protector is 
a part of the motor assembly, the shape 
of the protector temperature curve P will 
be similar to curve M. But, regardless 
of where the protector is mounted, the 
protector location temperature under 
continuous operation would be greater 
than the ambient temperature curve J 
and less than the operating temperature 
of the thermal element curve LE. 

-In order to use a thermal element op- 
erating temperature of 178 degrees 
centigrade, some method must be used 
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. ’ a 
to raise the thermal element temperature | 
from that temperature surrounding the 
protector, curve P, up to 178 degrees 
centigrade. This can be accomplished by 
generating heat in the protector. Figure 
6 is a schematic diagram of a protector 
with a heater built in for this purpose. 
This heater is connected so that the load 
current passes through it and the thermal +, 
element, and the heat generated in the 
protector is proportional to the current 
flowing at various loads, thus furnishing a 
variable temperature rise to the thermal 
element depending on the load current. 
Therefore, at any ambient there is a per 
cent of motor load current that will not 
only cause the hot-spot temperature to 
reach 178 degrees centigrade, but that 
same value of current can be used to 
cause the thermal element to reach the 
same temperature. 

To illustrate, take the point at 70 
degrees centigrade ambient. From curve 
4, 67.5 per cent rated current will raise 
the danger hot-spot temperature to 178 
degrees centigrade and from curve Figure 
5 at this same 70 degrees centigrade 
ambient, the motor heats the protector to 
125 degrees centigrade and the heat gen- 
erated in the protector must raise the 
thermal element up to 178 degrees centi- 
grade. Therefore, it can be seen that 
the horizontal crosshatched area indicates 
the temperature rise imparted to the 
protector by the heat of the motor and 
the vertical crosshatch indicates the 
temperature rise that must be imparted 
to the thermal element by the heater. 


Ultimate Trip 


So far, continuous performance of the 
motor has been discussed, and, if, after 
running sufficiently long to reach maxi- 
mum stable conditions for any given 
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ambient, there would be some change 
in these stable conditions, such as a rise 
in the ambient temperature or a slight 
increase in load current, both the hot- 
spot and the thermal-element tempera- 
ture would rise, but as the protector would 
operate at any temperature in excess of 
178 degrees centigrade, the motor would 
hive reached an ultimate running condi- 
tion as the protector would remove the 
motor from the line. This is called wlti- 
mate trip and may be stated as that value 
of load current which at a given ambient 
will cause tripping of the protector when 
the motor has reached a stable condition. 


Locked Rotor 


Locked rotor is the most severe load 
condition that can be imposed on the 
motor. Therefore, it is necessary that the 
protector take care of this condition in a 
satisfactory manner. For continuous 
running, the temperature of the protector 
would not follow the hot-spot tempera- 
ture. So, under locked rotor, the pro- 
tector temperature will lag still further 
behind the hot-spot temperature. This 
is illustrated in Figure 7. 

F is the time-temperature curve of the 
danger hot spot for locked rotor. Since 
the locked-rotor current is high, the tem- 
perature will rise so rapidly that the pro- 
tector (curve G) absorbs very little tem- 
perature from the motor before the hot 
spot has reached a dangerous tempera- 
ture. This means that when the rotor is 
locked, the heat generated in the pro- 
tector must furnish all of the temperature 
rise to the thermal element to bring it up 
to 178 degrees centigrade. The shaded 
area of Figure 7 shows this temperature 
rise that must be furnished by heat gener- 
ated in the protector for 25 degrees 
centigrade ambient. 

Some engineers think that locked-rotor 
protection is all that is needed for d-c air- 
craft electric motors. This thinking is 
based on the fact that the duty cycle of 
most aircraft electric motors is’ very 


short, and the major troubles come from | 
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Figure 6. Schematic diagram of heater-type 
motor protector 
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jammed mechanisms which cause stalling 
of the rotor. Then, as soon as the rotor 
stops, it heats rapidly as shown in curve 
F of Figure 7. With a constant voltage 
supply, the current falls off because of 
the increased resistance of the windings, 
and the motor starts losing torque. 

If protecting the motor from destruc- 
tive temperatures was all there was to 
consider, a protector that provided 
locked-rotor protection would be a satis- 
factory protector, and holding the motor 
on the line for only one second would be 
sufficient time to let the motor start if 
free to doso. In aircraft there are many 
times when mechanisms are not jammed 
but are damaged sufficiently to introduce 
loads approaching blocked conditions, 
and at the same time the motor is able to 
turn over slowly. While it may take a 
relatively long time for it to complete its 
work, the chances are that the motor will 
do some good if it can be kept operating 
without burning out. This means that 
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Figure 7. Heating curve for locked rotor 


for locked-rotor conditions, the motor 
should not be taken off the line until the 
danger hot spot has reached its maximum 
allowable temperature. In providing 
locked+rotor protection without regard 
to the maximum output, it is possible 
either to overprotect, ‘so as to cause 
nuisance trip-outs, or to underprotect 
so that the motor will burn out at normal 
loads or running overloads. 
Overprotection is illustrated in Figure 
8. Here the motor is carrying an exces- 
sive load but has not reached a stalled- 
rotor condition before the danger hot spot 
reached the maximum allowable tempera- 
ture. The curve J is the time-tempera- 


ture curve under a high running over- | 


load, and K is the time-temperature 
curve of the protector location. If this 
protector were one that took the motor 
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Figure 8. Heating curve at high overloads 


with locked rotor off the line in one 
second, then under this extreme running 
condition the protector would have taken 
the motor off the line in probably four 


* seconds, and the motor output would be 


limited to a small amount of work, and 
the danger hot spot would have been 
only 35 degrees centigrade. This kind of 
locked-rotor protection would not pro- 
vide the maximum possible output of the 
motor. By proper design of the pro- 
tector as to the heat generated in. the 
thermal element, the operating tempera- 
ture of the heater, the amount of heat, 
and its location with respect to the ther- 
mal element, it is possible to have some 
control over the rate of temperature rise 
of the thermal element so that regardless 
of the load conditions the protector will 
let the danger hot spot approach its 
maximum allowable temperature before 
disconnecting the motor from the line. 
Under these conditions, the motor can 
give maximum work output with protec- 
tion from destructive temperatures re- 
gardless of load current or ambient. 


Loads Less Than Maximum 
Continuous Running 


Any load below the continuous value 
that will not heat the danger hot-spot 
temperature up to its maximum allowable 
temperature has not been considered in 
this paper, for, obviously, no protection 
would be needed for this condition. 


Intermittent Loads 


Up to this point, the two extremes of 
load that would call for protector opera- 
tion to protect the winding hot spot have 
been discussed: 


1. The maximum continuous running load. 
2. Locked rotor. 
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Any value of intermittent load that would 
call for protector operation in protecting 
the winding hot spot would fall between 
these two extremes and need not be 
given any special consideration. 

Regardless of the ambient conditions 
or load above maximum continuous 
running, it would be expected that a 
motor with an inherent overheat pro- 
tector designed and applied according to 
the principles laid down in this paper 
would give a constant maximum danger 
hot-spot temperature as illustrated in 
Figure 9. 

Curve WN is the temperature of the 
danger hot spot for any value of overload 
or locked rotor and shows the same hot- 
spot temperature for all ambients. 

In following out these principles, pro- 
tector and motor designers are confronted 
with limitations, such as 


1. Applying protectors to existing motors. 
2. Limitations as to materials for the in- 
sulation of the protector. 

3. Space limitations. 


4. Physical properties of materials for the 
thermal elements and for the heaters. 


5. Manufacturing tolerance more particu- 
larly of the motor than the protector. 


In view of these limitations, some devia- 
tion would be expected from the theo- 
retical curve NV in Figure 9. 

The curves in Figure 10 (results of tests 
on a protected aircraft electric motor) 
show how surprisingly close a protected 
motor can come to the theoretical condi- 
tions when a protector is designed and 
applied in line with the principles of this 


paper. 
Conclusions 


In conclusion, these principles can be 
summarized as follows: 


1. Prepare a protector location when de- 
signing the motor. 


2. Select those points in the motor whi h 
are likely to be the danger spots and assign 
to each such point the maximum tem- 
perature possible. 


3. Locate the danger hot spot by test with 
thermocouples and resistance rise measure- 
ments. 


4. Adopt a thermal-element temperature 
as close as possible to the protection tem- 
perature of the hot spot' to be protected. 


5. Do not overprotect under any load con- 
dition; let tolerance be on the side of a pos- 
sible loss of a motor now and then rather 
than rob all motors of a given design of any 
potential capacity. 


6. Supply the difference in temperature be- 
tween protector location and the thermal- 
element operating temperature by a heater 
built into the protector. 
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Figure 9. (Theoretical inherent protected 
motor) ambient versus hot-spot temperature 
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7. When using a protected motor, do not 
undermotor an application. 


Men’s lives depend on the continued 
functioning of aircraft electric motors. 
Restricting the output of an electric 
motor is poor engineering; a burned-out 
motor is a total loss; protect them so 
that all allowable output of aircraft 
electric motors is available to the crews. 


Supplement 


Since writing this paper, I have had a 
number of discussions with various 
people, and as a result of these discussions 
I have made some theoretical curve 
sheets which are in this supplement. 
These curves have particular reference to 
the results of overprotection and to the 
results that are likely to occur when one 
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Figure 10. Actual results—inherent pro- 

tected motor—ambient versus hot-spot tem- 

perature for any maximum safe load or 
overload — 


makes an application for locked-rotor pro- 
tection only. 

On curve sheet Figure 11, at the left, 
is the theoretical time-temperature curve 
for an intermittent-duty 24-volt d-e 
motor, run at an ambient of 25 degrees 
centigrade and with full load current. 
It is to be noted that the duty cycle is 
30 seconds and that it takes 120 seconds 
for the hof spot to get up to the assumed 
dangerous temperature of 178 degrees 
centigrade. From the data on this curve, 
it is evident that as long as everything 
Figure 11. Theoretical time-temperature 
curves for intermittent-duty 24-volt d-c motor 
at 25 degrees centigrade ambient temperature 
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tuns normally no protection is required. 
The motor cannot be overloaded, and it 
cannot get too hot. 

At the extreme right is the theoretical 
time-temperature curve for locked rotor. 
Here, we see that the motor will be on the 
line 17 seconds before the hot spot reaches 
the assumed dangerous temperature of 
178 degrees centigrade. 

When a protector is applied to give 
locked rotor protection only, there is a 
tendency to set the protector down to as 
short a time as possible. 

In these d-c motors it only takes a 
fraction of a second for them to come up 
to speed so that a protector which cuts 
off at one second would allow ample 
time for the motor to start and come up 
to speed, providing there was no exces- 
sive load on the motor. A protector with 
this type of characteristic would give 
protection for locked rotor, and, if the 
rotor was definitely locked because of 
jamming in the mechanism, there is noth- 
ing to be gained by leaving the motor on 
longer than the one second. 

In the center curve of Figure 11 we 
have a _ theoretical time-temperature 
curve of this motor when the load is such 
that the current is approximately 90 per 
cent of the locked-rotor amperes. Here 
the motor is running and doing some 
work, although the speed may be very 
slow, yet, if kept on the line long enough, 
the duty cycle could be completed. This 
would be particularly true if the motor 
under this running condition were allowed 
by the protector to run up to its maximum 


assumed safe temperature of 178 degrees 


centigrade. In this case, you will note 
that it would take 40 seconds to attain 
this temperature. The protector would 
cut “on” and “‘off”’ and the motor would 
tun for a while, and then stand stationary 
for a while, and then run, and so forth, 
until the unit had an opportunity to 
complete the cycle. 

On the other hand, if this motor were 
protected with a protector that cut off 
at one second under locked conditions, 
then four seconds would be the maximum 
that we could expect the protector to let 
the motor run with 90 per cent of locked 


‘amperes, and here we would have such a 


short ‘‘on” cycle that the length of time 
required for the unit to complete its 
duty cycle would be so great that it is 
extremely doubtful if any useful work 
could be obtained from the motor at this 


or any other high overloads. 


On curve sheet Figure 12, these two 
types of protector performances are illus- 
trated by the ‘‘on” and “‘off”’ cycles. In 
the curve at the top of the page, the pro- 


_ tector allowed maximum output of the 
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HE design of mercury-arc rectifiers is 

based, as is that of all electrical ap- 
paratus, upon knowledge gained from 
fundamental principles, test data, and 
operating experience. Our knowledge of 
the physical action occurring within the 
rectifier is very limited. While the fun- 
damental processes which take place in 
an are discharge have been quite com- 
pletely described by physicists,! their 
complexity has prevented their expression 
ina form usable by the engineer. For this 
reason rectifier design depends, to a 
larger degree than does the design of most 
electrical apparatus, upon experimental 
data obtained from tests. 

Of the actions occurring within the 
rectifier, the phenomenon of are-back is 
particularly important as it plays a 
dominant role in the, testing, rating, and 
performance of mercury-are rectifiers. 
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Various theories have been proposed in an 
endeavor to account for are-backs, and 
the more recent of these appear to agree 
quite well with observations and experi- 
ence.?"> Despite these advances, the 
causes of are-back are not yet sufficiently 
well understood so that the effect of 
specific modifications in the construction 
may be reliably predicted. 

Special testing procedures are required 
to meet the unique conditions encoun- 
tered in rectifier operation. Arce-back 
behavior is a primary consideration in the 
formulation of load tests involving the 
determination of are-back rate. Some 
correlation has been observed between 
duty on the rectifier, condition and con- 
struction of the rectifier, and frequency of 
arc-back, but the occurrence of arce-back is 
essentially random in nature, not only 
under definite limiting conditions, but 
under all conditions of rectifier loading. 
The determination of arc-back rate from 
load tests is, therefore, a statistical prob- 
lem. The magnitude of the problem may 
be appreciated from the fact that one 
arc-back per month on a six-anode rec- 


motor and in the one at the bottom of the 
page, the protector was applied for locked- 
rotor protection only (one-second cutoff). 
By accumulating all of the ‘‘on’’ times, we 
see that at A we have an accumulated 
running time shown as the result for six 
cycles of protector operation, whereas at 
B we have the accumulated time for 15 
cycles, the 15 cycles having taken place 
in the same length of time as the six 
cycles shown. : 
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From experimental work done so far, 
it appears as if there is considerable like- 
lihood of obtaining the poor performance 
indicated by applying thermal protectors 
for locked-rotor protection only. There- 
fore, it is believed that one of the most 
important considerations in connection 
with aircraft electric-motor protection 
is to make sure that the protector allows 
the motor to give its maximum capacity 
under all conditions of load and ambients. 
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tifier operating at 60 cycles is but one 
failure per billion cycles. It is obviously 
impractical to check such performance by 
operation under normal conditions, so 
special testing methods must be devised.* 

The primary purpose of this paper is to 
describe the procedure used in testing 
mercury-are rectifiers during both de- 
velopment and manufacture. Tentative 
standards for testing rectifiers are covered 
by report on AIEE Standard 6 for “‘Ac- 
ceptance Tests for Metal-Tank Mercury- 
Arc Rectifiers,” issued in 1934. However, 
these standards do not cover recent de- 
velopments in testing technique. 

The nature of the electrical and me- 
chanical limitations of the rectifier is dis- 
cussed in an endeavor to provide a basis 
for the evaluation of results of tests in 
terms of expected operation in normal 
service. The basis for the rating of 
rectifiers is also discussed and data are 
presented showing the results of tests on 
standard rectifiers. 


Purpose and Scope of Tests 


Tests on mercury-arc rectifiers may be 
classified under three general heads, 
depending upon the purpose for which 
they are made; namely, developmental, 
commercial, and field tests. 


DEVELOPMENTAL TESTS 


Since the fundamental knowledge is 
not sufficiently complete to provide a 
satisfactory design basis, new rectifier 
designs are based upon experience gained 
from previous designs supplemented 
whenever necessary by tests bearing 
directly on the problem at hand. De- 
velopmental tests may range from general 
studies of the physical action to specific 
tests on a full-size sample of the new de- 
sign. 

Examples of such general studies are: 
heat transfer and the distribution of 
losses; vapor pressure, and vapor flow; 
ionization during the inverse cycle; in- 
verse current to the anode; phase occur- 
rence of arc-back; current distribution 
during the conduction period; magnetic 
effects; and so forth. Examples of 
specific tests are: mechanical, electrical, 
and thermal measurements on new mate- 
rials and new structural arrangements for 
component parts, load tests, control 
tests, and so forth. 

The development of a new rectifier 
design usually requires the construction 
of a full-size sample. Developmental 
tests are made on this sample in order to 
determine the modifications required to 
obtain the desired performance. The 
complexity of the physical action and the 
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lack of complete knowledge of the funda- 
mental processes preclude the use of 
scale models in making rectifier tests. 


COMMERCIAL TESTS 


These are tests made on commercial 
rectifiers during manufacture for the 
purpose of 


1. Checking the quality of manufacture. 


2. Determining the characteristics of the 
rectifier equipment. 


3. Checking the over-all performance. 


FIELD TESTS 


Despite the steady accumulation of 
rectifier knowledge and experience, it is 
still not possible to predict or guarantee 
in advance the exact performance of a 
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more, field tests must be arranged so that ’ 
they may be carried on concurrently dur- 
ing normal operation. — 


List oF TESTS 


A list of the more important tests used 
in the development and manufacture of 
mercury-are rectifiers follows: 


1. Shop tests. 
Vacuum tightness. 
Degassing. 
Dielectric tests. 


2. Load tests. 
Load-limit tests. 
Load runs. 
Duty cycle. 


3. Short-circuit tests. 
Current limit. 
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9. Increment, 100 amperes 
every half-hour, approximately 
five per cent of basic load 
3. Increase load until arc- 
back occurs 
4. Reduce load 200 amperes 
and continue as before 
5. Continue until three suc- 
cessive arc-backs are obtained 
at substantially equal loads, in- 
dicating that limit has been 
reached 


Procedure for load- 
limit tests 


Figure 1. 


thirds of continuous load 


limit 
2. “Initial peak, 200 am- 
peres greater than con- 


tinuous load limit 
3. Duty cycle—20-minute 
base load, five-minute peak, 
repeat 
4. Increment, 200 amperes 
on successive peaks 
5. If arc-back occurs, re- 
duce load 200 amperes and 
continue as before until 
three arc-backs are ob- 
tained at limit 


thirds of continuous load 
limit 

2. Initial peak—200 am- 

peres greater than five- 

minute load limit 

3. Duty cycle, 15-minute 

base load, one-minute peak, 
repeat 

4. Increment, 200 am- 

peres on successive peaks 

5. If arc-back occurs, re- 

duce load 200 amperes and 

continue as before until 

three arc-backs. are ob- 

tained at limit 


rectifier in the field, particularly as re- 
gards the frequency of arc-back. Recti- 
fiers of proved ample capacity and good 
design may operate with excessive arc- 
backs when first put into service in new 
installations, and it is sometimes found 
necessary to make minor adjustments in 
the field to obtain proper performance. 


Field tests are usually directed at 
factors not covered by the developmental 
tests, for example, the effects of longer 
periods of continuous loading than can 
be undertaken in the factory tests or 
different service conditions. Further- 
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D-c short circuit. 

Simulated arc-back. 

4. Control tests. 

Pickup action. 

Blocking action. 

Phase control. 

5. Performance characteristics. ; 
Efficiency. ; 

Voltage regulation. 

Power factor. ; 
Wave form. “A ) 


Shop Tests 


In the manufacture of pumped recti- 
fiers the first tests made upon the com- 


\ 
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pletion of assembly are vacuum tightness 
and degassing. These tests provide a 
check on the basic structural quality and 
condition the rectifier for full voltage 
operation. Together with the dielectric 
tests they comprise the ordinary short 
commercial tests. 


Vacuum-TIGHTNESS 


The vacuum tightness is checked by 
taking seepage tests. These tests provide 
a measure of the tightness of the tank 
materials, welds, insulating seals, and 
gasket joints and are usually made both 
before, and after degassing. The test 
procedure consists in evacuating the recti- 
fier, then shutting off the vacuum pumps 
with the rectifier at room temperature 
and noting the increase in pressure over a 
definite period, usually six hours. 


DEGASSING 


While the rectifier degassing may be 
considered an essential part of the manu- 
facturing process, inasmuch as the recti- 
fier must be conditioned before it will 
operate at full voltage, the degassing 
operation also serves as a test of various 
features of the rectifier. For example, 
it provides a further check on the sound- 
ness of the welds, as the steel parts of 
the rectifier vacuum tank are heated to 
operating levels for the first time. A 
weak weld which appeared tight on the 
first seepage test may show a leak on the 
second seepage test. The time required 
for degassing is a measure of the pumping 
speed of the vacuum pumps. Some in- 
dication of the current capacity of the 
component parts of the rectifier assembly 
may be obtained by observing the tem- 
peratures of the various parts during 
degassing. The operation of the cooling 
system may also be checked during de- 
gassing since the rectifier losses at any 
specified current are substantially the 
same as during full voltage operation. 


DIELECTRIC TESTS 


High-voltage tests are made in the 
same manner as for most electrical ap- 
paratus using a 60-cycle alternating volt- 
age. Such tests provide a check on the 
correctness of assembly and the sound- 
ness of the solid insulation. 

Present AIEE Standards® call for the 
application of high-voltage tests after the 
rectifier has been thoroughly evacuated 
and degassed. It is not always possible 
to make tests under this condition be- 
cause of the occurrence of breakdowns 
resulting from glow discharge. The volt- 
age required for breakdown between 
electrodes in a vacuum may differ con- 
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siderably from that required for break- 
down at atmospheric pressure. Where 
difficulty of this kind is experienced, it 
has been the usual practice to make di- 
electric tests with the rectifier filled with 
air at atmospheric pressure. 

Numerous attempts have been made to 
correlate the high-voltage break-down 
characteristics of a rectifier with the 
occurrence of arc-backs. Tests have 
been made with an alternating voltage 
and also with a negative direct voltage 
on the anode, increasing the voltage until 
breakdown occurred. Measurements of 
insulation resistance have also been made. 
While it is possible to determine the 
insulation strength and other character: 
istics of the solid insulation by such tests, 
they give no indication of the rectifier 
performance as regards the occurrence of 
arc-backs. 


Load Tests 


The purpose of load test on rectifiers 
is to determine their quality in terms of 
capacity and reliability. The simple 
structural abilities are readily evaluated 
by loading the rectifier and making ther- 
mal and mechanical measurements. But 
the are-back rate cannot be determined 
by operating at normal loading because 
of time limitations. Theory indicates 
and experience: has shown that the per- 
formance of a rectifier under normal con- 


ditions may be gauged from tests made | 


under more severe conditions of loading. 

There are two general types of load 
tests. One is the accelerated load test, 
or “‘load-limit test”’ as it has been termed, 
which is used primarily to determine the 
capacity of the rectifier. The other is the 
“Joad-run” or duty-cycle test, which is 
used for checking the reliability and qual- 
ity of manufacture. The inherent differ- 
entice between these tests lies in the 
method of loading. The procedure in the 
case of the accelerated test is to increase 
the loading gradually until failure occurs, 
either structural or arc-back, while that 
for the load-run test is to maintain a 
predetermined loading for a definite 
period and observe the operation. 

The loading or duty on a rectifier in- 
volves a number of factors, among which 
are the following: 


D-c voltage. 
Load current. 
Amount of phase control. 


Type of circuit and circuit reactance. 


CU rs ato 


Duration of loading. 


“All of these factors must be considered 
in the application of load tests. However, 
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the usual procedure is to make tests at a 
given d-c voltage, such as 600 volts, and 
vary the loading by changing the load 
current. The amount of phase control 
may also be varied. Tests are usually 
limited to a single d-c voltage and one 
transformer circuit. 

A further factor which is usually varied 
during load tests is the rectifier control 
temperature as the rectifier performance 
is a function of its temperature. 


Loap-Limir TEsts 


Load-limit tests are made by applying 
a gradually increasing load on the recti- 
fier until failure occurs, either structurally 
or because of arc-back. A typical loading 
procedure which has been used success- 
fully in the development of a number of 
new rectifiers is shown in Figure 1. 

Several factors must be considered in 
the choice of loading procedure. One 
of the more important of these is the 
duration of loading. The thermal storage 
capacity of a rectifier is small relative to 
its losses and the thermal time constant is 
about !/. to 1 hour. A one-half-hour in- 
terval was, therefore, selected for the 
continuous test. Shorter intervals were 
chosen for the five-minute and one- 
minute tests on the basis that substan- 
tially normal temperatures may be ob- 
tained by operating at reduced load be- 
tween peaks. A set of continuous five- 
minute and one-minute load-limit tests 
using these time intervals may usually 
be made in an elapsed time of two or three 
days. 

Another factor is the effect of aging 
upon rectifier performance. It is well 
known that the arc-back rate on a recti- 
fier, during initial operation at full volt- 
age immediately following degassing, 
may be greater than that obtained sub- 
sequently after several weeks’ or months’ 
operation. This improvement in opera- 
tion is due to further conditioning occur- 
ring under load. This conditioning effect 
is hastened by operation at heavy loads 
such as are applied during load-limit 
tests, and it is, therefore, desirable to 
obtain several arc-backs at approximately 
the same load values in order to insure 
that the load limit has been reached. 

It is not always possible to increase the - 
rectifier loading sufficiently to obtain arc- 
backs. In some types of construction, 
parts of the rectifier, particularly those 
in the arc path, may be permanently 
damaged by excess loading, and this 
damage may occur before arc-back is 
obtained. In multianode rectifiers the 
cathode construction is frequently limit- 
ing. However, it has been found desir- 
able, wherever practical, to design the 
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DOTS INDICATE ARC-BACK 


CATHODE AMPERES 


TEMP —C 5060 5060 5060 5060 5060 5060 


PHASE CONTROL O% I5% O% |IS% O% 15% 
DURATION CONTINUOUS 5-MINUTE — I-MINUTE 
O-C VOLTAGE Ego=662 VOLTS 


Figure 2. Results of load-limit tests on three 
ignitron tanks 


rectifier so that damage of this kind will 
not occur, and the load limit is fixed by 
are-back. A sturdy construction, ca- 
pable of operation until are-back occurs, 
facilitates testing considerably and per- 
mits full attention to the problem of arc- 
back. 

The results of load-limit tests on three 
ignitron tanks are shown in Figure 2. 
The standard rating for a rectifier unit 
consisting of six of these tanks is 2,500 
kw at 625 volts. The procedure described 
in Figure 1 was used in making these tests. 

Single anode rectifiers like the ignitron 
or excitron, may be tested in sets of three 
since each tank is separate and operates 
independently. The circuit action, inso- 
far as the voltage and current waves 
impressed on the anodes are concerned, 
is substantially the same when three 
tanks are operating on a single wye as 
when they are operating as a part of a 
multiple rectifier, for example, in a 
double-wye circuit. Three-anode opera- 
tion facilitates rectifier testing consider- 
ably and provides a substantial reduction 
in time, labor, and power requirements. 
A large amount of the developmental 
work on the ignitron has been carried out 
on three tank units. 

The results of load-limit tests on a six- 
anode multianode rectifier are shown on 
Figure 3. This rectifier has a standard 
rating of 1,500 kw at 3,000 volts. Al- 
though differing in detail, the procedure 
used for this test was similar to that al- 
ready described. 

In the case of multianode rectifiers, it 
is necessary to load the complete rectifier, 
inasmuch as the cathode and tank are 
common to all the anodes, and the general 
physical action in the tank is a function 
of the cathode current. Also, the ioniza- 
tion attributable to current in one anode 
affects the neighboring anodes. How- 
ever, a reduction in the power capacity 
required for testing a multianode recti- 

_ fier may be effected by passing current 
through some of the anodes at low voltage 
on degassing connection. 


768 TRANSACTIONS 


‘The effect of temperature upon recti- 
fier capacity is clearly shown by the load- 
limit tests for the multianode rectifier, 
Figure 3. These curves indicate that 
there is an optimum temperature at which 
the rectifier capacity is a maximum and 
that the capacity decreases at higher or 
lower temperatures. Research® has 
shown that in the lower part of the tem- 
perature range the rectifier capacity is 
defined by a ‘“‘current limitation’’ and the 
maximum current which the rectifier can 
carry is that which utilizes all the mole- 
cules in the mercury vapor as positive 
ions to neutralize the space charge. 
When this current is exceeded, the arc 
drop increases abruptly and arc-back 
ensues. In the upper part of the tem- 
perature range arc-backs occur as a re- 
sult of voltage breakdown because of high 
mercury-vapor pressure. The voltage 
which the rectifier will withstand without 
arc-back decreases as the vapor pressure 
increases with rise in temperature. At 
the higher temperature the rectifier capac- 
ity is defined by a ‘‘voltage limitation.” 
It is generally desirable to operate a recti- 
fier at as high a temperature as possible 
without incurring are-backs. 


Loap Runs 


Load runs are made by applying a pre- 
determined loading for a definite period 
and observing the operation, for ex- 
ample, counting the number of are-backs 
which occur. Such runs are usually made 
with a constant loading applied for a 
period of 12 or 24 hours. Load runs at 
rated load or at loadings in excess of 
rating provide a check on rectifier per- 
formance under conditions approximating 
those encountered in service. While the 
period of loading is too short to determine 
the arc-back frequency on a successful 
rectifier and the service conditions may 
not be fully duplicated, such tests do indi- 
cate the maximum arc-back rate likely 
to be incurred in service. ‘ 

In cases where load-limit tests cannot 
be applied because of structural or ther- 
mal limitations, lack of testing facilities, 
and so forth, the rectifier capacity may 
be determined by means of load runs. 
The procedure consists in making a series 
of load runs, increasing the loading on 
successive runs and determining the arc- 
back rate for each. 

Commercial tests on rectifiers include 
load runs when complete tests are re- 
quired. They may be made either with 
the transformer being furnished for in- 
stallation with the rectifier, or with a test 
transformer. However, such tests are 
costly and furthermore do not assure 
successful operation as regards arc-backs. 
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CATHODE CURRENT — AMPERES 


20 SOR 40 50 
CONTROL TEMPERATURE — C 


Figure 3. Results of load-limit tests on 3,000- 
volt multianode rectifier ; 


Curve A. Continuous load limit with current 
increased 100 amperes every two hours 


Curve B. 20-minute load-limit with current 

increased 200 amperes on successive trials; 

40-minute operation at 500 amperes between 
peaks 


Curve C. Five-minute load limit with current 

increased 200 amperes on successive trials; 

25-minute operation at 500 amperes between 
peaks 


For this reason, when a rectifier of a 
proved design or a large number of recti- 
fiers of the same design are furnished and 
only short commercial tests are required, 
load runs may safely be omitted. Often 
load runs are made on a sampling basis, 
for instance, by testing every tenth 
rectifier. : 


Duty CycLes 


The operating conditions incurred in 
electrochemical service are essentially 
the same as those obtained during load 
runs. In cases where the rectifier will 
operate under variable loads (as for ex- 
ample, railway or steel mill service), it is 
frequently desirable to make tests, apply- 
ing a duty cycle simulating the ‘actual 


operating conditions. This is particularly 
true where service conditions depart con- — 


siderably from normal. 

Faulty operation may be encountered 
in rectifiers at light loads as well as under 
overload conditions. One example of such 


trouble is mercury condensation on the 


rectifier anodes at low ambient tempera~ 


tures with exposure to a cold air flow. 


Such condensation causes are-backs on 
starting. Failures may also arise from 


the varying temperatures with changing &: | 
load, which result in mechanical failure 
attributable to the movement of parts’ _ 


_ 


. 
‘ 


during expansion and _ contraction. 
- Another difficulty which may be encoun- 
tered is failure to obtain stable or con- 
stant temperature control with varying 
loads. Duty cycles simulating the condi- 
tions obtained in service provide a fur- 
ther check on the rectifier operation prior 
to installation, and assist in the elimina- 
tion of such minor difficulties. 


Determination of Rectifier Capacity 


Many types of electrical apparatus are 
designed to meet definite temperature rise 
limits, for example, a 40 degree centigrade 
rise.’ A principal determining factor in 
establishing temperature rise limits is the 
thermal endurance of the insulating 
materials, although other factors must 
also be considered. Since the physical 
deterioration of insulation under the in- 
fluence of time and temperature increases 
very rapidly with temperature, the choice 
of temperature rise limit bears directly 
upon the probable life and reliability of 
the apparatus. The concept of tempera- 
ture rise as a basis for rating is a conven- 
ient and useful aid in the design of most 
electrical apparatus. 

In the case of mercury-are rectifiers 
the construction is usually such that 
time and temperature produce no ap- 
preciable deterioration and the life is so 
long that replacement will probably not 
be required before obsolescence occurs. 
The principal economic considerations 
are operating cost and reliability. These 
factors cannot be gauged from any meas- 
urement of temperature rise. However, 
the reliability may be expressed directly 
in terms of the frequency of arc-back 
while the cost factors, such as rectifier 
power losses and maintenance, are also 
a function of the are-back rate. Thus, 
it follows that rectifiers should be rated 
on a basis of arc-back frequency. : 

A high are-back rate results in increased 
maintenance on protective switchgear, 
increased strain on transformer insula- 


tion, added hazards to operation, and 


interruption in service. The allowable 
arc-back rate depends upon the class of 
service. Many rectifier applications are 
of such character that an arce-back fre- 
quency of the order of one per month is 
acceptable, and 10 to 30 times this fre- 
quency for short periods does not exact 
any considerable economic penalty. 
Most railway, electrochemical, and in- 
dustrial installations fall in this class. 
There are other applications where con- 
tinuity of service is so important that an 
are-back rate of more thai one per year 
is not acceptable. Public utility installa- 
tion involving essential service and in- 
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dustrial installations supplying power to 
gear cutting machines are examples of 
such applications. The two classes of 
service appear to necessitate different 
standards of performance. 

Rectifiers having an arc-back rate of the 
order of one per year or less are usual at 
the present time for 250-volt service. 
Experience has shown that such perform- 
ance is usually obtained when a 600-volt 
rectifier is operated at 250 volts. While 
it is possible to build rectifiers for 600- 
volt service having an arc-back rate not 
exceeding one per year, it appears that 
there would be certain economic penalties 
since the construction will entail consider- 
able improvement in baffling with result- 
ant arc losses, reduction in rating for a 
given size, and increased complexity of 
control. 

An important consideration in the 
operation of a rectifier is its stability as 
regards arc-back. It must be recognized 
that an acceptable arc-back rate is not 
always obtained when the rectifier is 
first put into service. When trouble is 
experienced on a rectifier installation 
because of high arc-back frequency, the 
question is immediately raised, will there 
be progressive deterioration with an in- 
crease in arc-back frequency until the 
equipment becomes inoperative? Ex- 
perience to date indicates that while the 
arc-back frequency may exceed the ac- 
ceptable or desired value resulting from a 
large variety of causes, stable operation is 
generally obtained at a definite arc-back 
tate. 


Short-Circuit Tests 


Knowledge of the short-time current 
capacity of a rectifier is essential to the 
proper application of protective switch- 
gear, and the choice of system reactance 
to limit fault currents. Short-circuit 
tests are of three general types: namely, 
single cycle current limit, d-c short cir- 
cuit, and simulated are-back tests. 


CURRENT-LimIT TESTS 


Basic data regarding the rectifier fault 
current capacity may be obtained by 
passing a single cycle of current through 
one anode with the d-c circuit shorted and 
increasing the magnitude of this current 
on successive trials until failure occurs. 
The behavior of the rectifier under these 
conditions is determined from oscillo- 
graphic records. 

The specific procedure for making 
current-limit tests is as follows: A 
single anode of the rectifier is connected 
to one phase of the rectifier transformer 


with the d-c leads short-circuited. The. 
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usual protective switchgear in a-c and d-c 
circuits may be provided but is arranged 
for delayed operation. The transformer 
is energized, but conduction is prevented 
either by negative grid voltage in the 
case of the multianode rectifier or by 
absence of ignitor excitation in the case 
of the ignitron. A single cycle or fault 
current may be caused to flow by ener- 
gizing the grid or ignitor for one cycle by 
means of a welder control. The magni- 
tude of the fault current is controlled by 
varying the phase of firing or by placing 
a reactance in series with the transformer 
circuit. In making these tests, the magni- 
tude of fault current is gradually in- 
creased until arc-back occurs. Tests are 
usually made at several temperatures. 
Tests.«may also be made with more than 
one cycle of fault current. 
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Figure 4. Results of current-limit tests on 

ignitron rectifier 


The results of current-limit tests on a 
standard ignitron tank are shown in 
Figure 4, while Figure 5 is a typical os- 
cillogram of a successful single cycle 
current-limit test. 

Failure of control may occur in the 
course of current-limit tests as well as 
arc-backs. Control failures may be of 
various types. For example, in the case 
of ignitron rectifiers, the anode may fire 
during the cycle succeeding the conduct- 
ing cycle without the ignitor being re- 
energized. In multianode rectifiers where 
voltage is applied to all the anodes but 
only one anode is permitted to fire, the 
other anodes may also fire because of fail- 
ure of their grids to block. The control 
characteristics will be more fully de- 
scribed in the section on control tests. 


D-C SHort Circuit 


D-c short-circuit tests are made for the 
purpose of checking 


1. The ability of the rectifier to withstand 
the fault currents. 


2. The operation of the protective switch- 
gear. 


. The testing procedure consists in connect- 


ing a definite low resistance across the 


od 
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d-c leads of the rectifier by means of a 
contactor or high capacity switch. The 
resulting short-circuit current may be 
interrupted by the rectifier cathode 
breaker, anode breaker, or the oil circuit 
breaker in the transformer primary cir- 
cuit. Or alternatively, the current flow 
may be suppressed by action of control 
grids or ignitors. The magnitude and 
duration of the short-circuit current as 
well as the operation of the protective 
switchgear-may be checked by oscillo- 
graph. 

The high currents flowing through the 
rectifier under short-circuit conditions 
cause the liberation of gas from the anode 
and other parts in the arc path. A meas- 
ure of the speed of the vacuum pumps 
may be obtained by noting the time re- 
quired to remove the gases liberated dur- 
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Figure 5. Typical oscillogram of successful 

single-cycle current-limit test (with negative 

voltage applied to grid to block firing on 
succeeding cycle) 


ing the short circuit. Short-circuit tests 
also provide a check on the sturdiness of 
the rectifier tank and the external bus 
structure and their ability to withstand 
short-circuit stresses. While the rectifier 
must be able to withstand repeated short 
circuit without damage, it is not essential 
that it be able to operate without arc-back 
under the most severe conditions. 


SIMULATED ARC-BACK 


Since the switchgear furnished with 
rectifiers is specially selected to provide 
protection during arc-back it is often 
desirable to check its effectiveness by 
direct tests. This may be done by apply- 
ing a short circuit between one anode of 
the rectifier and its cathode by means of 
a contactor or other shorting device, 
while the rectifier is operating under load. 
Such a short circuit simulates the condi- 
tions obtained when one anode of the 
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rectifier arcs back. The resulting opera- 


tion of the rectifier and its protective 
equipment is determined by taking os- 
cillographic records. 

Simulated arc-back tests may be made 
with the rectifier operating on either a 
water-box load or on a live load such as a 
motor generator set. In the latter case 
the load will feed current into the fault. 
The same is true where two or more recti- 
fiers operate in parallel. Simulated arc- 
back tests are usually made only where 
complete tests are required. Because of 
the limitations of factory facilities, such 
tests are frequently made in the field. 


Control Tests 


The starting of anode conduction in a 
rectifier is controlled by the auxiliary 
electrodes, such as starting and excita- 
tion anodes, grids, and ignitors. In 
general, these may be arranged to per- 
form the following three functions: 


1. To provide the conditions required for 
anode conduction; namely, a source of 
electrons (cathode spot) at the cathode, 
the propagation of ionization in the mercury 
vapor in the arc path, and a flow of elec- 
trons to the anode. These conditions de- 
termine the pickup action. 


2. To prevent the firing for one or more 
cycles by exerting a blocking action. 


3. To delay the starting of conduction for 
a definite time each cycle so as to obtain 
phase control. 


Rectifier control requirements vary 
from those of the simple shunt rectifier 
without control to those of a fully con- 
trolled rectifier with phase control for 
varying the output voltage and firing 
control for starting and stopping. The 
purpose of control tests is to obtain data 
regarding the various factors entering 
into the control action, and to check the 
effectiveness of the control means under 
the various conditions of operation. 


Pickup TEstTs 


Pickup tests are primarily of value in 
determining the excitation requirements 
of the rectifier and checking its light load 
operation. Pickup tests may be made by 
operating the rectifier at full voltage on a 
high resistance or counter electromotive 
force load. The pickup voltage is deter- 
mined by varying the load resistance or 
the value of counter electromotive force 
voltage and observing the d-c volt- 
ampere characteristics of the rectifier. 

In multianode rectifiers the arc is estab- 
lished at the beginning of operation by 
means of the starting anode and main- 
tained during operation by the excitation 
anodes which are usually continuously 
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we 
excited. The excitation arc must providé 
sufficient ionization to assure pickup of 
each of the main anodes when its voltage 
becomes positive. When the rectifier is 
equipped with grids, the grid may also 
be excited so as to assist anode pickup. 
In ignitron rectifiers the arc is established 
during each cycle by means of the igni- 
tor. The ignition current must both,, 
initiate the cathode spot and provide 
sufficient ionization to pick up the anode. 
As in the case of multianode rectifiers, 
the pickup characteristics are dependent 
upon the grid excitation. 

The voltage range of the auxiliary 
power supply is an important considera- 
tion in the determination of rectifier 
excitation requirements. Low voltage 
is frequently encountered in normal 
operating service. Sufficient excitation 
must be provided to obtain satisfactory 
pickup at the minimum expected auxiliary 
voltage. 

Poor pickup characteristics may result 
in a variety of troubles. Where several 
rectifiers operate in parallel and one recti- 
fier is taken out of service, difficulty may 
be experienced in causing it to pick up 
and share load with the other rectifiers 
when it is reconnected to the bus. When 
rectifiers are installed for automatic oper- 
ation, the control relay is sometimes ar- 
ranged so that its action is dependent. 
upon the pickup of the rectifier. In 
supervisory operation reliable pickup is 
essential to good operation. 

The pickup characteristics of a rectifier 
maybe influenced considerably by the 
condition of the rectifier tank. For ex- 
ample, it has been found that rectifiers — 
which picked up satisfactorily when new 
gave trouble as operation was continued 
and the tanks became freer from gas 
because of aging. . Also, the control tem- 
perature and the temperature distribution 
over the rectifier tank may have an im- 
portant bearing on the pickup behavior. 
In multianode rectifiers, poor pickup 
may result from leakage resistance be- 
tween rectifier tank and negative ground 
since the rectifier tank acts as a grid and 
tends to block the firing of the main 
anode. 


BLOCKING TESTS 


Blocking action may be applied under 
two conditions. In one case it is used to 
prevent conduction while the rectifier is 
being placed in service. In the other 
case it is used to interrupt the rectifying | 
action either at normal loads or under 
fault conditions. Effective blocking ac- 
tion is more difficult to obtain in the 
latter case, as the ionization carries over 
from the conducting cycle. 
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The minimum blocking voltage re- 
quired on the grids of a rectifier in order 
to prevent conduction during starting 
may be measured by applying a positive 
d-c voltage to the anodes and a variable 
negative d-c voltage to the grids. The 
voltage on the grid is varied until the 
anode fires. This type of test may be 
\\made on either single-anode or multi- 
anode rectifiers. A typical grid char- 
acteristic for an ignitron is shown on 
Figure 6. 

The effectiveness of the b'ocking action 
in interrupting the rectifier current under 
fault conditions may be determined by 
means of the same procedure used in 
anaking current-limit tests. 


PHASE-CONTROL TESTS 


The output voltage of a rectifier may 
‘be controlled by varying the phase of the 
voltage applied to the grids or ignitors. 
For proper performance of this control 
function it is essential that a definite rela- 
tion be accurately maintained between 
the control voltage applied to grid or 
ignitor and the anode firing. 

There are two possible causes of control 
failure, namely, loss of control or early 
firing of the anode, and delay in anode 
pickup. Some of the factors which may 
cause control failure are: high load cur- 
rent, high or low temperature, foreign 
gases, faulty construction. In order to 
determine the grid or ignitor control 
characteristics it is necessary to operate 
the rectifier on load under the various 
conditions and observe or record the 
voltage and current characteristics of the 
control electrode and the anode by means 
of an oscillograph. 

Loss of control is incurred when the 

_ anode fires either before or without the 
application of a control impulse. This 
aay occur in a multianode rectifier when 
the grid does not prevent ionization 
teaching the anode and so permits the 
anode to fire when it becomes positive. 
{In ignitron rectifiers the positive anode 
voltage acting on the residual ionization 
may initiate a cathode spot before the 
ignitor is energized. 

A variable time may exist between the 
firing of the grid and the main anode 
under certain conditions. This phenome- 
non has been noted on both multi- 
anode and ignitron rectifiers. The differ- 
ence in time of firing may be reduced to a 
negligible amount or eliminated by proper 
choice of firing circuit constants and oper- 
ating conditions. 

The control characteristics of the 
rectifier unit may be checked by making 
voltage-regulation tests with specified 
phase-control settings and comparing 
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Figure 6. Grid-blocking characteristic 
ignitron rectifier 
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the measured output voltages against the 
calculated values. 


Performance Characteristics 


The performance characteristics of a 
rectifier unit may be determined by direct 
measurement. However, such tests re- 
quire the assembly of the complete equip- 
ment and present other practical difficul- 
ties. ‘The performance © characteristics 
are, therefore, ordinarily determined from 
calculations based on measurements of 
rectifier and transformer losses and trans- 
former reactance. 


EFFICIENCY 


The “‘directly measured efficiency’’ is 
obtained from simultaneous measure- 
ments of input and output power. Elabo- 
rate precautions must be taken in order 


to obtain accurate results using this . 


method.® 

The “‘conventional efficiency” is ob- 
tained from the component losses deter- 
mined from loss tests. Since most recti- 
fiers have a high efficiency and the losses 
are only a small part of the total power, 
a given error in the measurement of the 
losses does not affect the efficiency as 
much as the same percentage error in the 
measurement of total input and output. 
For this reason the conventional effi- 
ciency method is preferred. 

The losses incurred in a rectifier equip- 
ment are classified as follows: 


(a). Rectifier arc-drop loss. 

(b). Rectifier auxiliary losses. 

(c). Rectifier transformer losses. 
Methods for measuring these losses 

follow: 

Arc-Drop Loss 


Various methods have been proposed 
for the measurement of the rectifier arc- 
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drop loss. See the report on AIEE Stand- 
ard 6.° Of these, the oscillographic method 
has found widest acceptance. How- 
ever, this method is open to the objection 
that the rectifier arc losses when operating 
at low voltage differ from those obtained 
in full voltage operation since the anode 
current wave forms are not the same. 
In order to overcome this objection an 
improved oscillographic method has been 
devised which permits operation of the 
rectifier at full voltage during arc-drop 
measurements. 

The improved oscillographic method 
employs a noninductive external resistor 
connected in series with the oscillograph 
element and a small mereury-arc-rectifier 
tube (or dry-type rectifier) in shunt with 
the “oscillograph. element as shown in 
Figure 7. The shunting rectifier is con- 
nected so as to limit the voltage across 
the oscillograph element during the in- 
verse period. This voltage may be 
further reduced by means of a battery 
connected in series with the shunting 
rectifier. 

A typical‘are-drop oscillogram of a 
large ignitron is shown in Figure 8, This 
oscillogram shows the are-drop voltage 
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Figure 7. Schematic diagram of oscillograph 
circuit for measuring rectifier arc drop 


and the anode current. The anode cur- 
rent wave is used to determine the limits 
of the. conduction period. On large 
pumped rectifiers, there is considerable 
inductive effect in the rectifier tank itself 
which results in an inductive voltage dur- 
ing the commutation periods. This in- 
ductive voltage is superimposed on the 
actual are-drop voltage so that the limits 
of the conduction period cannot be deter- 
mined directly from the are-drop voltage 
wave. 

The average arc-drop voltage is ob- 
tained from the oscillogram by deter- 
mining the average ordinate of the seg- 
ment of the are-drop voltage wave within 
the limits of the conduction period by 
means of a planimeter. The arc-drop 
loss is equal to the product of this voltage 
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multiplied by the total cathode current 
measured simultaneously with the taking 
of the oscillogram. 

On small rectifiers where inductive 
effects are negligible and the arc-drop 
voltage wave is essentially flat; the aver- 
age arc-drop voltage may be measured di- 
rectly on a d-c voltmeter by using a com- 
parison method. In this method the arc- 
drop voltage wave is observed on a cath- 


a 


ANODE TO CATHODE VOLTAGE 


DE CURRENT 


LIMITS OF PONOUGTION 


VOLTAGE REGULATION ; 


Asin the case of efficiency, the voltage 
regulation of a rectifier unit may be de- 
termined from direct measurement. The 
procedure consists in measuring the out- 
put voltage at various values of output 
current with a constant voltage applied 
to the primary winding of the trans- 
former. Since the reactance of the supply 
system effects the apparent regulation of 
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Figure 8. Typical oscillogram 
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of arc drop in ignitron rectifier 


Inductive voltage measured by 
passing anode current through 


duplicate tank. having copper 
bus connecting anode direct to 
bottom of tank in mercury pool 


ode-ray oscillograph, and the amplifica- 
tion is adjusted so as to obtain a suitable 
deflection on the screen. The oscillo- 
graph element is then switched to a cali- 
brating circuit consisting of a potenti- 
ometer with a d-c voltmeter. The 
oscillograph element is connected to the 
voltmeter terminals, and the d-c voltage 
drop is adjusted until the same deflection 
is obtained on the oscillograph as when 
viewing the arc-drop-voltage. 

The oscillographic method of measuring 
the are drop in rectifiers has one ad- 
vantage over other methods, in that it 
permits observation of the rectifying 
action during full voltage operation. 
This is useful in the study of rectifier 
action in the course of developmental or 
field tests. 


AUXILIARY LOSSES 


The auxiliary losses are determined by 
measuring the input power to the auxilia- 
ries. 


RECTIFIER TRANSFORMER LOSSES 


No-Load Loss Tests. Tests for no- 
load losses may be made in accordance 
with the standard methods 
other transformers, 

Load Loss Tests. The load losses for 
rectifier may be deter- 
mined by several methods. One of these 
is described in the AIEEE 
Standard 6.5 This method requires 
tests with two or more connections for 
some circuits. 


used for 


transformers 


report on 


An alternative method 
which requires only a single connection is 
deseribed in Appendix A. 
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the rectifier unit, the regulation cannot be 
determined accurately by direct measure- 
ment. Therefore, the regulation is or- 
dinarily deterntined from values of output 
voltage calculated by subtracting the 
voltage drops in the rectifier and trans- 
former from the rectifier no-load voltage. 
The method of calculating the output 
voltage is described in Appendix B. 


POWER FACTOR 


The power factor of a rectifier unit may 
be determined from simultaneous meas- 
urements of the input power and input 
volt-amperes. The reactance of the sup- 
ply system affects the power factor in the 
same manner as it does the regulation. 
For this reason direct measurement 
of power factor under test conditions 
must be considered approximate. The 
power factor is generally determined by 
calculations based on separately meas- 


“ured characteristics of the rectifier and 


transformer such as the transformer re- 
actance and magnetizing current. 


7 4 
wha omer 


WAVE FoRM 


The harmonie composition of the recti- 


fier input and output waves may be 
determined either by direct harmonic 
measurements or from analyses of os- 
cillograms. The over-all effect of all the 
harmonics may also be determined from 
telephone-influence-factor measurements 
The wave form of a rectifier is of impor- 
tance primarily as one of the factors of 
which a knowledge is desirable in evalu- 
ating the influence of the power system 
on neighboring communication circuits. 


Since the harmonics produced by a recti- 
fier are affected by the reactance of both 


the a-c and d-c power circuits to which 
the rectifier is connected, measurements 
made under test conditions in the factory 
may differ from those obtained in the 
field under actual operating conditions 
because of the different constants in 
the two circuits. Methods are available 
for calculating with reasonable accuracy 
the wave shape of the voltage and the 
current in both the a-c and d-c sides of a 


vf 


given rectifier installation when the cir- _ 


cuit constants are known.? 


Testing Facilities “ 


Extensive facilities are required for the 
testing of mercury-arc rectifiers. There 
must be provided a complete power sys~ 
tem capable of supplying and loading 
the rectifier to the limit of its capacity, 
an auxiliary power supply together with 
the essential rectifier auxiliaries, and an 
extensive assortment of both standard 
and special instruments. An arrange- 
ment of the rectifier test equipment is 
shown in Figure 9. 

The a-c power system used for testing 
rectifiers must be of sufficient capacity 
to maintain substantially sinusoidal wave 
shape at full rectifier loading and also to 
give short-circuit currents approximating 
those obtained in service. Inasmuch as 


rectifiers must be operated at and above 


their rated loads for considerable periods 
during the course of tests, motor genera- 


tor sets arranged to pump back into the 
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ment of rectifier test 
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a-c system are used for absorbing the 
rectifier output. 

The generous use of oscillographic in- 
struments is essential in rectifier testing. 
Oscillographic equipment must include 
both magnetic and cathode-ray types and 
must provide facilities for both visual 
observation and photographic recording. 
Special instruments and special instru- 
ment techniques have been developed 
for use in rectifier testing. Of these per- 
haps the most important are the arc-back 
indicators, the memory oscillograph, and 
the technique for measuring arc drop. 
The full use of all available instruments 
and the development of new instruments 
is essential to further progress in the 
analysis of rectifier action. 


Appendix A. Transformer Load 


Loss 


The transformer losses may be deter- 
mined from measurements made by short- 
circuiting all secondary windings and pass- 
ing rated sinusoidal current at rated fre- 
quencye into the primary windings. The 
losses absorbed by the transformer during 
this test represent the full-load copper losses 
when the current is sinusoidal. The total 
copper losses when operating with non- 
sinusoidal current in rectifier service may 
be calculated from this test value as follows: 


Symbols 


_ The symbols used in the formulas are 
defined as follows: 


I= rated primary current 
I,=rated secondary current 


(These primary and secondary currents are 
the rms values of current for a flat top wave 
without overlapping.) 


R,=ohmic resistance of primary winding 
« 
R,=ohmic resistance of secondary winding 


(These resistances are for copper tempera- 
ture of 75 degrees centigrade.) 


K,=rated kilovolt-amperes of primary 
windings 
K,=rated kilovolt-amperes of secondary 
windings 
n=turn ratio 
P,=losses absorbed by transformer during 
test 
P,=ohmic losses for sinusoidal current 
P;=stray load losses for sinusoidal current 
P;,=ohmice losses for rectangular current 
5 = total load losses for rectangular current 


- Calculation of Stray Load Losses 


The losses absorbed by the transformer 
during the test, P;, should be corrected to a 
temperature of 75 degrees centigrade. 

The current in the short-circuited second- 
ary winding of the transformer during the 
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test will be J;’=nJI, with rated sinusoidal 
current of value 7, flowing in the primary 
winding. The ohmic losses for sinusoidal 
currents of these values, Ps, are: 


P,= Che Recta (15’)?Rs =I,7(Rp+n?Rs) 


The stray load losses for sinusoidal cur- 
rents, P3, are then: 


P;=P,—P, 


It is assumed that these stray load losses 
are the same whether the current of the 
transformer is sinusoidal or has the rectangu- 
lar wave form obtained during the normal 
operation of the rectifier. This assumption 
is justified by a large number of tests carried 
out by different methods, the variations not 
being larger with this method than with 
other methods. With this method, however, 
it is assumed that the requirements of the 
various windings of the transformers as to 
symmetry are entirely fulfilled. 


Calculation of Total Load Losses 


The ohmic losses for rectangular current, 
P4, which are obtained during normal service 
of the rectifier are: 


Py=Tp?Rp+12Rs 


The total load losses of the transformer 
during normal service of the rectifier, Ps, are 
equal to the sum of the ohmic and stray 
load losses and: 


I,’\? 
reranenstnl (9) 
w Baia 
SPyeFAR | 1 (% : 

Sate gs Xs K, 


When making load-loss tests on the recti- 
fier transformer, the interphase transformers 
and anode reactors should be disconnected. 

For interphase transformers in which the 
load current is almost entirely direct cur- 
rent, the d-c resistance of the winding may 
be used in computing the load loss. 


Appendix B. Rectifier Output 
Voltage 


The formula for the calculation of the d-c 
voltage of the rectifier unit at a specified 
load current is: 


By = Eyp Hp Es Bi 
where 


Eq=d-c voltage at the specified load cur- 
rent 

Eq=theoretical d-c voltage (This is the 
voltage which would be obtained at 
no-load with no phase control. It is 


the voltage obtained at the intersec- 


tion of the regulation curve projected 
to the zero load line, neglecting the in- 
crease in voltage at light load.) 
E,=commutating reactance voltage drop 
E,=resistance voltage drop 
Ea=arc voltage drop 
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The theoretical d-c voltage and the volt- 
age drops may be calculated by using the 
following formulas: 


' = Ye. 
Theoretical d-c voltage Eg =1/2E,— sin a 
Tv 


Commutating reactance voltage drop 


W 
Resistance voltage drop E, ore 
d 


in which 


E;=secondary line to neutral voltage of rec- 
tifler transformer (rms value) 

P=number of phases in simple rectifier 

I,=direct current commutated 

X,=commutating reactance in ohms (line to 
neutral) 

W=load losses of main and interphase 
transformers 

Iqg=d-c load current 


The commutating reactance X;,, attribu- 
table to the main transformer, may be meas- 
ured by short-circuiting the primary wind- 
ings and passing sinusoidal current at rated 
frequency between two secondary anode 
leads between which a transfer of current 
occurs during commutation. The com- 
mutating reactance anode-to-neutral is 
obtained by dividing one half of the meas- 
ured impedance voltage by the applied 
current. 

The transformer load loss W may be 
determined by the method described in 
Appendix A. 

The method for determining the are-drop 
voltage EH, is described in the section on 
efficiency tests. 
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A New-Type Carrier Relay Protection 


E.M. WOOD 


FELLOW AIEE 


HE Hydro-Electric Power Commis- 

sion of Ontario and the Beauharnois 
Light, Heat, and Power Company have 
placed in service recently a new type of 
power-line-carrier equipment. Channels 
for high-class interterminal communica- 
tion are combined with other channels 
which provide a transfer of impulses for 
use with the relaying on transmission 
lines, giving a desired improvement in the 
speed of operation. 


Stability Problem 


The 220-kv 25-cycle system of the 
Hydro-Electric Power Commission is 
shown in Figure 1, and has been de- 
scribed in the AIEE Transactions.t In 
the earlier paper a record of experience 
as to line faults was presented and ana- 
lyzed. The problem of relaying in rela- 
tion to transient stability was discussed. 
It was pointed out that studies on an a-c 
network calculator and operating experi- 
ence indicated that, in order to maintain 
stability at the normal line loadings of 
150,000 to 170,000 kw per main line, it 
would be necessary not only to clear 
two-phase-to-ground and three-phase 
faults at the line terminal nearest to the 
fault in 0.2-second approximately but 
also to open the breakers at the remote 
terminal simultaneously or in 0.25 or 0.3 
second at the most. If this could be ac- 
complished, transient stability would not 
be a problem on this system which carries 
an important industrial load of 600,000 
to 650,000 kw in large centers of popula- 
tion. 

The original basic scheme of phase re- 
laying on the four main 220-kv trunk 
lines, as stated in the earlier paper, con- 
sists of directioned two-stage impedance 
telays of a conventional type. The first 
stage operates in one cycle (0.04 second) 
or less for all faults within the 80 to 90 
per cent of the line adjacent to the relays. 
The second range, covering the whole line 
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and overlapping into the contiguous line 
sections, is set to operate in 12 to 20 
cycles (0.5 to 0.8 second), thus being 
time selective with the instantaneous 
relays on these sections. This basic re- 
laying scheme has proved very successful 
during the development period of the 
system when loads were lighter; but with 
present loadings it will be seen that it 
does not meet the requirements for 
stability, because clearance is delayed 
too long at the remote terminal for faults 
located within the 10 to 20 per cent sec- 
tion at the end of aline. It will be noted 
also that the line from Beauharnois to 
Chats Falls is tapped for the infeed from 
the MacLaren-Quebec Power Company, 
thus presenting a problem in distance 
relaying. Moreover, there are two short 
line sections which have impedances at 
25 cycles that are too low for best results 
with plain distance relaying. 

Regarding the tong lines, there was 
doubt as to the desirability of depending 
on the transmission of a blocking signal to 
prevent incorrect tripping. Therefore, 
a catrier relaying system was proposed 
which could be applied to any or all types 
of impedance relays without changing 
their normal use. Since the carrier relay- 
ing feature should be supplementary to 
the original relaying system, the failure 
of the carrier link should not in any way 
affect the normal operation of the dis- 
tance impedance relays which use time 
delay to select the faulted line. The car- 
rier feature should provide only a speed- 
up in the relay action. 

When the first stage distance relays 
are set to operate for faults which are 
within the 80 to 90 per cent of the line 
adjacent to the relays, the carrier pro- 
tection is unnecessary except for faults 
which are in the 10 to 20 per cent sections 
at the ends of the line. The latter are 
seldom more than 20 per cent of the total 


ve 


i} 


number of line faults. Therefore, the 


addition of carrier as a protection or 
improvement in.the protection on any 
transmission system should be balanced 
against this 20 per cent of the faults. If 
the carrier should fail to operate for any 
cause whatsoever, only 20 per cent of the 
total system faults would be affected ad- 


. ‘ . id 
versely, and in no case would the in- 


correct operation or failure in the carrier 
system be detrimental to the relay sys- 
tem because failure only increases the 
clearing time for faults in the end sections 
of the line. 
There existed also the problem of com- 
munication between the Beauharnois 
terminal and the commission’s plants at 
Chats Falls and Leaside. Paugan, 
Chats Falls, Leaside, and stations of the 
110-kv system had been interlinked by 
the commission’s overhead telephone 
lines, but no such provision had been 
made for MacLaren or Beauharnois. 
It was desired to link these terminals, 
particularly the large source at Beauhar- 
nois, with the rest of the system by a 


suitable communication channel which | 


could be of the power-line-carrier type. 


Requirements of Carrier System 


The relay system should use the di- 
rectioned instantaneous relay, which 
protects most of the line, to set up the 
trip circuit for its own breakers. At the 
same time this operation would cause an 
impulse to be sent to the remote end to 
by-pass the timer on the second imped- 
ance range, thereby giving clearances at 
both ends of the line which are sufficiently 
near to simultaneous operation to meet 
the stability requirements. In this 
scheme, it is not necessary to depend on 
the passage of the carrier impulse to pre- 
vent tripping on external faults; there- 
fore, it would be inherently safer and pref- 
erable to the blocking scheme. 

The impulse for relaying purposes on 
one line might be produced by a single 
frequency or tone in the audio range, 


Figure 1. 
system 
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which is used for amplitude modulation 
of the carrier. A separate tone would be 
assigned to each high-voltage line.. One 
tone generator for transmitting and one 
tone filter for receiving are required at 
each end of a protected line, because the 
impulse for use with the protective relays 
might originate at either end of the line. 
An economical design is possible, when 
only the tone generators and filters which 
are required are installed at each station. 
The number of tones which can be used 
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and their place in the frequency spectrum 
are determined by the sharpness of cut- 
off in the band-pass filters. Three tones 
of 3,000, 4,000, and 5,000 cycles were 
chosen and assigned to the lines, as shown 
in Figure 2. 

The usefulness of this method of carrier 
relaying depends on whether or not the 
impulse can be transmitted past the 
line fault. Tests on lines with grounded 
conductors showed that, with suitable 
carrier sets, the impulse could be sent 


250 V. - NEGATIVE BUS 


B. 


"HZ-310 RELAYS_ 


past a ground on one or two wires of the 
circuit and probably past arcing grounds 
on all three wires. 

Investigation showed that equipment 
could be obtained wherein both tke de- 
sired functions of communication and 
relaying could be combined. Moreover, 
one set could be coupled to two trans- 
mission lines at each terminal, so that one 
set could be used to serve two lines. It 
was decided to proceed with a trial in- 
stallation which would provide communi- 
cation with Beauharnois and an improve- 
ment in the relaying on three lines shown 
in Figure 2, with the intention that if 
operation is successful, similar equipment 
will be installed on the other long lines. 
The sets and the installation are de- 
scribed in more detail in a later part of 
this paper. 


Auxiliary and Out-of-Step Relays 


A schematic diagram of the relay sys- 
tem at one end of the transmission sys- 
tem is shown in Figure 3. A description 
of the standard relay system for protec- 
tion of a transmission line is unnecessary. 
However, the additional relays which are 
shown in this diagram will be described 
in the paragraphs hereinafter. 

The out-of-step relays are standard 
“slug’”’ relays of the telephone type, which 
are equipped with a sealed mercury con- 
tact for opening a circuit after a time de- 
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POTENTIAL CIRCUITS 


Figure 4 (left). Schematic 

diagram of the current and 

potential circuits for the pro- 
tective relays 


ABC A 
FROM POTENTIAL DEVICES 


ner: If the system should become un- 
stable, all three of the second-stage im- 
pedance relays will operate during the 
swing, and open the trip circuit of the 
first-stage impedance relays. If the sys- 
tem should remain out of step, the second- 
stage relays would permit tripping ulti- 
mately through the contacts of the JD 
timer. However, if the system should 
swing back, the first-stage impedance 
relays will reset, followed by the second- 
stage impedance relays and the type ASO 
relays, provided the JD timer has not 
closed its contacts. If the out-of-step 
condition progresses or revolves faster 
than the time setting of the ASO relays, 
the trip circuit will be closed through the 
contacts of the first-stage impedance re- 
lays. The operation of the first-stage 
relays on faults within the 80 to 90 per 
cent section of the line is not affected in 
any way, as the trip circuit would be 
closed prior to the operation of the ASO 
relays. 

The auxiliary relays type ASR are 
similar to the type ASO, except that their 
action is not delayed. Their function is 
twofold: first, they operate the JD timer, 
and second, they prepare the carrier 
set for reception of the tone or impulse, 
if the carrier equipment happens to be 
in use for transmitting a telephone con- 
versation at the time. 

The type ASO and AWS relays for re- 
setting the trip circuit are similar to the 
relays described heretofore, and their 
function is merely to keep the trip-circuit 
type SG relays in the closed position for a 
predetermined time, during which the 
carrier transmitter is started. and the 
appropriate relaying tone is transmitted 
to the remote station. This time delay 
must be sufficiently long to trip the local 
breakers properly and to permit the re- 
ception of the relaying tone at the far end 
of the line where the contacts on the timer 
for the second-stage impedance relays 
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Figure 5. Front view 
of panel showing the 
protective relays 


must be by-passed long enough to permit 
tripping the breakers. 

The current and potential circuits for 
the protective relays are shown in Figure 
4, which contains some points of interest. 
Delta connection of the neon lamps was 
necessary because they would not always 
“strike’’ on the phase-to-neutral voltage 
of approximately 60 volts. Star-con- 
nected current transformers are used as 
the source for both the phase-to-neutral 
impedance relays and the phase-to-phase 
impedance relays. The zig-zag connec- 
tion of the auxiliary current transformers 
has some advantages: first, it allows the 


use of ground relays while maintaining 


delta equivalent currents in the phase 
relays, and second, the volt-ampere 
burden on the main current transformers 
is less than straight isolating sr 
transformers. 

Figure 5 shows a general view of the 
power-line protective-relay panels. At 
the top of the panels are the phase relays. 
The ground relays are next, and below 
these are the timing relays. The type 
HR directioned ground-current relays 
are in the center of the panels farther 
down. The type ASO relays for out-of- 
step operation are on the right of the 
type HR relay, and the ‘‘prepare-to- 
receive’ relays type ASR are at the left. 
The bottom line of relays are the ‘“‘trip’”’, 
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‘and the high-voltage line. | 


> 


“seal-in”’ 
The neon lamps are without. 
The telephone-type lamps are 
used for trip-circuit supervision. 


“carrier start”, “alarm,” and 
relays. 


covers. 


Carrier Equipment 


\ 


, 


The carrier equipment at each ter-_ 
minal consists of the following units: 
the carrier transmitter which is connected 
by a carrier frequency transmission cable 
to the line tuning unit, the coupling capac- 
itor by which carrier is impressed on 
each line, the line trap which isolates the 
carrier currents from the power fre- 
quency switching equipment and trans- 
formers, and the control unit which in- — 
cludes the carrier receivers. eh 


Transmitter j 


The transmitter is capable of delivering 
a maximum of approximately 400 watts — 
of carrier energy, which can be modu- 
lated at least 90 per cent, into a load’ cf 
nominal value of 70 ohms. This is the 
characteristic impedance of the carrier — 


frequency transmission cable ‘employed i 


to transmit the energy to the line tuning ‘ 
unit and thence to the coupling capacitor 

The carrier 
“frequency range is 145 to 205 kilocycles. S 
Low Meese pine quartz crystalars in : 


duplicate are employed as the primary 
source of carrier energy. 

The carrier circuits consist essentially os 
a crystal oscillator followed by a low- 
power buffer amplifier, a driver amplifier, 
an intermediate power amplifier, and a 
final power amplifier. All circuits are 
tuned with the exception of the buffer 
amplifier, which is impedance coupled 
to the driver. The driver may be con- 
nected as a master oscillator by a single 
switching operation. The output cir- 
cuits are designed to couple to a trans- 
mission cable or other nonreactive load of 
approximately 70 ohms and to pass the 
sidebands represented by modulating fre- 
quencies up to 6,000 cycles per second 
without serious attenuation. 

The power output of the transmitter 
may be reduced to a minimum of ap- 
proximately 15 watts. Power reduction 
is accomplished in three coarse steps 
corresponding to approximately 165, 50, 
and 15 watts. The method used con- 
sists essentially of inserting resistance in 
the plate circuit of the final amplifier 
stage, thus reducing the net plate voltage. 
The primary reason for thus reducing 
the power is to minimize interference on 
other services, since, under normal condi- 
tions and for short distances, the full 
power is not required for telephony. 


. However, the power must be raised to 


its full value when a signalling tone is to 
be transmitted, so a contactor is employed 
to shunt the resistance out when signal- 
ling is required. 


ing units: 


The audio-frequency system consists 
of an input amplifier stage, a driver stage, 
and a push-pull modulator stage. The 
system was specially designed to give 
an audio characteristic which is sub- 
stantially uniform from 100 to 6,000 
cycles. The total harmonic distortion 
with full carrier power and 90 per cent 
modulation depth is less than five per 
cent. The carrier noise is more than 45 
decibels below 90 per cent modulation. 

Included in the transmitter is a change- 
over relay actuated primarily by the 
voice-operated devices and the tone 
signalling circuits. This relay transfers 
the output circuits from “received” to 
“transmit’’, 
rier. The carrier transmission is started 
by applying plate voltage to one of the 
lower stages. In the “stand-by” 
tion, all other plate voltages remain on, 
and the anode currents are reduced by 
appropriate grid bias voltages. 
tal stage is allowed to oscillate continu- 
ously, as crystals on these carrier fre- 
quencies are often slow in starting. By 
the use of suitable shields and filters, any 


besides controlling the car- 


condi- 


The crys- 


pickup in the associated receiver is 


avoided. 
Control Unit 


The control cabinet includes the follow- 
two carrier receivers, a re- 
ceiving amplifier containing the voice- 
operated disabling device, and an ampli- 
fier for the calling loudspeaker, a trans- 


mitting amplifier containing the voice- 
operated carrier-control device and call- 
ing oscillator, two low-pass filters, two 
tone generators, two filter amplifiers, 
and a calling unit containing the hybrid 
coil, auxiliary relays, and microphone 
supply. 

Each of the carrier receivers consists of 
a seven-tube unit, designed for the re- 
ception of frequencies between 140 and 
200 kiloeyeles, and comprising a tuned 
radio-frequency amplifier controlled by 
an amplified automatic volume control 
The input circuits to the re- 
ceivers include two wave traps and an 


circuit. 


input attenuator, together with a muting 
relay which blocks the receiver while 
the transmitter is operating. This relay 
is controlled by contacts on the antenna 
in stich a way as to 


close the contacts on the muting relay 


changeover relay, 


before the transmission of carrier begins, 
and thereby at the receiver 
output any pickup from the carrier. This 
pickup is quite appreciable and is due to 


eliminate 


a large extent to the capacity effects at 
The wave 
traps are incorporated to provide mitiga- 
tion of adjacent channel interference. 
The input attenuator provides a coarse 
adjustment of carrier input level to ensure 
that the normal incoming carrier will 


the antenna changeover relay. 


work the AVC circuits properly and to 
assist in overcoming the effects of noise. 
Since the noise level is relatively high, 
the receiver is relatively insensitive, re- 
quiring a minimum input of 45 millivolts 


su SW. STATION 
Figure 6. Con- CARRIER TRAP, 
densed schematic d TRANSMITTER LINE 
di sf TRANSMITTING LOW-PASS CARRIERICONTROL COUPLING 
ahaa ae SPEECH AMPLIFIER FILTER CARRIER CONTROL | SAIN. (UF CAPACI TORSFA? 
! 3 | E SPEECH INPUT R.F OUTPUT rips 
ment at one terminal | 

ATU 


VOICE OPERATED 


pet _ RF TRANSMISSION 


CARRIER CONTROL |} |, sscusze 
LLATOR “a= 
CALLING = ao 3 ANTENNA 
Seinhcon SS ged eae EsQCHANGE OVER 
ontro.| © RELAY 
RAISING 
=] CARRIER RELAY —e_ 
lev | CONTROL 225 
] oe 5 
OUTGOING RELAY : 
ee LINE CALLING (SLOW RELEASE) 3 20y. 
| | verio RELAY TONE INITIATING & 
RELAY CARRIER START 
FROM bx 
} ora Se Se me es TR PROTECTIVE 
DISABLER RELAY ‘=8-—T TELEPHONE CUTOFF ~!5OV SYSTEM 
—Hiev SLOW RELEASE ~~ RELAY "PREPARE TO 
OUTGOING RECEIVER MUTING RELAY RECEIVE 
RINGING RECEIVING < 
RELAY DISABLER 
PC sa 6cze Oe ne oe 
16-25~ 
RECEIVING LOW PASS CARRIER RECEIVER 
Ses SPEECH FILTER 
VOLTAGE 
AMPLIFIER TO PROTECTIVE 


— I 


INCOMING RINGING RELAY 


DECEMBER 1943, VOLUME 62 


AUXILIARY RINGING 
RELAY (SLOW RELEASE) 


a 
2M. 
3 LOUDSPEAKER ie 


INCOMING INCOMING 
CALLING CALLING 
RELAY AMPLIFIER 


Wood, Haberl, Baily—Carrier Relay Protection 


SYSTEM 
TIMING BY-PASS 


———————— 
ee ee RECEIVED TONE 
ACTUATED RELAY 


RECEIVED TONE 
AMPLIFIER & FILTER 


ca 


“I 
—J 


TRANSACTIONS 


Front view of carrier transmitter 
and control cabinet 


Figure 7. 


for 110 milliwatts ouput. The normal 
input to the receiver may be as much as 
one or two volts, depending on trans- 
mitter power and attenuation between 
sending and receiving stations. 

The receiving amplifier consists of the 
following: a single-stage speech ampli- 
fier to raise and control the level of the 
received speech prior to feeding the tele- 
phone line, a two-stage amplifier for the 
calling circuits, and a voice-operated dis- 
abling device. The output of the calling 
amplifier is divided two ways, part operat- 
ing a conventional loudspeaker, and part 
being rectified for the operation of the 
various calling and ringing relays. The 
disabler includes gas-filled rectifier tubes 
which are triggered by the incoming 
speech from the radio frequency receiver, 
causing the closure of a relay which acts 
to prevent the operation of the voice- 
operated carrier control if an attempt 

_ should be made to transmit while speech 
is being received. Moreover, the dis- 
abler acts to block the passage of re- 
ceived speech which might pass through 
the hybrid and enter the transmitter. 
The relay is a slow-release type and re- 
mains closed for approximately half a 
second after cessation of speech, to avoid 
operation between syllables or short 
pauses. 
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The transmitting amplifier is similar to 
the receiving amplifier and includes the 
following: a single-stage speech ampli- 


fier to raise and control the level of the 


speech appearing on the telephone line 
before it enters the transmitter, a voice- 


- operated carrier-control device and a 


1000-cycle calling oscillator with ampli- 
fier. “The carrier control circuit is essen- 
tially the same as the disabler which has 
been described, except that the relay, 
which is governed by the speech-triggered 
gas tubes, is arranged to operate the 
carrier control and changeover relay in 
the transmitter. The relay actuated by 
speech is arranged for a releasing time of 
approximately one quarter second, so as 
to hold in between syllables and short 
pauses in the speech. 


One of the low-pass filters is connected 
in the output from the transmitting 
amplifier, and the other in the input to 
the receiving amplifier. The purpose 
of the former is to avoid modulating the 
transmitter by components of speech 
above about 2,500 cycles. If these com- 
ponents lie in the vicinity of 3,000 to 
5,000 cycles, they would tend to operate 
the relaying equipment which is respon- 
sive to these frequencies. The purpose 
of the latter is to exclude the signalling 
tones from the telephone line at the re- 
ceiving end. 

The tone generators are identical for 
the three frequencies in use, the only 
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Figure 8. Antenna tuning unit and 220-kw 
coupling capacitor 


difference being in the constants of the 
oscillating circuit. The oscillator func- 
tions at all times, and the amplifier 
following it is blocked off at all times 
except when it is required. This blocking 
is removed when a tone initiating relay 
on the transmitter is closed by the opera- 
tion of the 25-cycle protective system. 
The filter amplifiers are identical for the 
three frequencies in use, the only differ- 
ence being in the elements of the band- 
pass filters which are employed. Each 
consists of a two stage amplifier that 
is bridged on the output of the radio re- 
ceiver. The first stage serves to isolate 
the filter from the line and to allow con- 
trol of level. The second stage is a power 
pentode whose output is rectified, and the 
resultant direct current is used to actuate 
a contactor. Between the two stages, 
there is inserted a single section band- 
pass filter with a band width of approxi- 
mately 400 cycles. The mid-band fre- 
quencies are 3,000, 4,000, and 5,000 
cycles. The contactor is energized by 
the rectified output of the amplifier 
following the filter, and its contacts 
operate into the 25-cycle protective sys- _ 
tem. ; 
The calling unit is a combination of 
subsidiary apparatus. It includes the 
hybrid coil and balancing » network , 
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which couple between the two-wire 
telephone line and the four-wire communi- 
cation channel represented by the trans- 


mitter input and the receiver output. » 


A small rectifier of the dry-disk type with 
a filtering system is the supply for the 
local hand-set. The unit also carries 
sundry relays associated with the calling 
System. The low-frequency ringing cur- 


* .rent on the telephone line is converted 


into 1,000-cycle current which modulates 
the carrier. At the receiving end, the 
1,000-cycle current operates both the 
loudspeaker and the relay which impresses 
the low-frequency ringing current on the 
called telephone line. The loudspeaker 
is cut off normally, being in operation 
only when a call is coming in. 


Line Tuning Unit 


This unit is mounted out of doors ad- 
jacent to the coupling capacitors. It 
contains the necessary coupling devices 
to transfer energy from the carrier fre- 
quency transmission cable to the 25 
cycle high-voltage lines. Also” it con- 
tains the loading inductances to tune out 
the reactance of the coupling capacitors. 
Two separate coupling and loading sys- 
tems are contained in the unit, so that 
energy can be fed into two lines in any 
proportion. As the carrier frequencies 
are relatively high, the various coils are 
wound of stranded high-frequency cable. 
Air core coupling transformers are em- 
ployed. 


Operation 


A condensed schematic diagram of the 
complete system for one terminal is 
shown in Figure 6. 


(a) SIGNALLING TONE TRANSMISSION 


When a fault occurs near one end of 
the line which is 300 miles long, an im- 
pedance relay at the terminal near the 
fault closes its contact instantaneously. 
This operation trips the breaker at the 

near end, and at the same time starts 
the transmission of carrier modulated at 
3,000 cycles by energizing the appropriate 
auxiliary tone-initiating relay which takes 
complete control of the carrier equip- 
ment at that terminal. 
ates the antenna changeover relay, 
which, in turn, mutes the receiver and 
_ starts both the carrier and the 3,000-cycle 
relaying or signalling oscillator. At the 
same time, the power-raising relay is 
actuated to increase the power of the 
transmitter to its full value. The trans- 
mitter then emits carrier, modulated 


DECEMBER 1943, VOLUME 62 


This relay actu- » 


only by the 3,000-cycle tone, for as long 
as the auxiliary tone-initiating relay is 
kept energized. 

If the transmitter be in use at the time 
when a tone must be transmitted from 
the same terminal, the antenna change- 
over relay will be in the “transmit” 
position already; because of the action 
of the voice-operated carrier-control de- 
vice. In this case, the tone-initiating 
relay overrides the talker, and the power 
is raised. The complete relaying opera- 
tion will be as fast, or a little faster, 
than usual, because the carrier had been 
turned on previously. Moreover, the 
speech line is short-circuited to de-ener- 
gize the voice-operated carrier control, 
and to avoid using up any of the modula- 
tion capability of the transmitter by the 
speech which is of secondary importance 
at the moment. As soon as the tone- 
initiating relay is de-energized, the system 
is restored to normal, and the remainder 
of the talker’s conversation will be trans- 
mitted as usual, the power dropping back 
to its original level. 

If two or three relaying tones are re- 
quired, they can be modulated simul- 
taneously at the expense of a small reduc- 
tion in the modulation depth of each. 
This reduction is not so great as to im- 
pair the operation of the relays at the 
distant end. 


(b) SIGNALLING TONE RECEPTION 


The tones, demodulated from the 


carrier, appear at the output of the carrier. 


receiver and enter the received tone am- 
plifiers and filters. The low-pass filter 
blocks them from the receiving speech 
amplifier and prevents them from being 
heard by the listener if a conversation is 
in progress. The band-pass filters in the 
amplifiers separate the wanted tone from 
the others, or from.speech, and the proper 
relay is actuated by the received tone. 
The contacts of this relay put a by-pass 
across the contacts of the timer on the 
second impedance range, making this 
range almost instantaneous. 

If the equipment happens to be in use 
for transmission of one part of a tele- 
phone conversation, and a relaying tone 
is to be received, dependence is placed 
on the telephone cut-off relay, which is 
actuated by the second range impedance 
relays at the same time as the JD timer is 
started. This operation occurs at the 
same time as the relaying tone is started 
at the distant end. The telephone cut-off 
relay opens the circuit to the antenna 
changeover relay even though it has been 
closed by the talker. This relay is forced 
to go to the “receive” position, and the 
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receiver is unblocked. The equipment is 
thus prepared to receive the tone at the 
same time as the carrier modulated by the 
tone arrives. 

If the second range impedance relays 
energize the telephone cut-off relay at 
the same time as the tone-initiating relay 
is energized by the trip relay, then the 
tone-initiating relay overrides all else 
and the sequence proceeds correctly. 

The time which is lost between ener- 
gizing the tone-initiating relay at the end 
of the line nearer to the fault and the 
closure of the relay by the received tone 
at the distant end is in the order of 0.9 
of a cycle on 25 cycles per second, if the 
equipment at both ends is in the stand-by 
condition, If the carrier equipment is 
in use for telephony, and the transmission 
is in the same direction as the relaying 
tone must be sent, the lost time is some- 
what less, being about 0.5 of a cycle 
on 25 cycles per second. If the equip- 
ment is in use for telephony and the 
transmission is in the opposite direction 
to that which is required for the relaying 
tone, the total time lost is in the order of 
1.5 cycles on 25 cycles per second. This 
is the slowest case because the system 
must be prepared to receive the tone as 
described previously. 

A general view of the radio-frequency 
equipment is shown in Figure 7. At this 
station, these cabinets are 2,400 feet from 
the antenna tuning unit and about 2,000 
feet from the panels on which are mounted 
the protective relays. The antenna 
tuning unit and a coupling capacitor are 
shown in Figure 8. 


Conclusions 


This carrier relay scheme which uses 
a tone as a transfer trip impulse, as de- 
scribed above, has several advantages. 
Standard protection relays of any type 
may be used. Only one carrier set is re- 
quired at each station, coupled to as 
many lines as need this protection. The 
number of relaying tones or channels is 
limited only by selectivity of the band- 
pass filters. The carrier system operates 
as a telephone circuit normally, and only 
as a carrier relaying feature for an interval 
of one second for every line fault. A 
failure of the carrier increases the clearing 
time only for those faults which are in 
the end sections. 
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Temperature Limits and Measurements 


for Rating of D-C Machines 


F. A. COMPTON, JR. 


ASSOCIATE AIEE 


Synopsis: Existing industrial practice for 
determining the temperature rise of d-c 
machines is based on measurements with 
thermometers, placed on exposed or acces- 
sible surfaces of the machine. Tests using 
resistance measurements with improvements 
in technique have disclosed the existence of 
considerably higher internal temperatures 
than those indicated by thermometers, 
especially ‘for short-time rated machines. 
Experience has indicated, nevertheless, 
that such machines have entirely satisfactory 
service records. 

Greater accuracy and consistency are pos- 
sible with the resistance method, with 
proper measurement techniques, and it 
affords a truer indication of winding tem- 
peratures. This paper, therefore, suggests 
that the resistance method should be more 
generally used and should ultimately be 
recognized in the Standards as is now the 
case for railway motors. With this in view, 
detailed recommendations for resistance- 
measurement technique are presented. 

Correlation of the temperature rises 
determined by the resistance method with 
those measured by the thermometer method 
is necessary if resistance methods are to 
supplant the now standard thermometer 
methods. This paper shows the relation 
existing between temperature rises measured 
by thermometer and those measured by 
resistance on variously ventilated and insu- 
lated machines. 

Values for temperature limits measured 
by resistance for continuous and_ short- 
time rated class-A and class- B insulated d-c 
machines are presented. These are con- 
sistent with the recently published AIEE 
Standard 1A ‘“‘Report on General Principles 
for Rating of Electrical Apparatus for 
Short-time, Intermittent or Varying Duty.” 
The information presented in this paper is 
intended to apply primarily to low-voltage 
(approximately 600 volts maximum) d-c 
machines with form-wound armature coils 
and conventional types of field coils. 


Temperature Measurements 


TANDARDS for rating d-c machines 
provide temperature limitations for 
the protection of winding insulation. 
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Although there are three recognized 
methods of temperature measurement, 
namely, 


1. Thermometer method 
2. Resistance method 
3. Embedded-detector method 


the present AIEE practice is based on the 
thermometer method. 

The embedded-detector method is used 
to determine interior temperatures at 
designated locations within windings. 
It is also used in small motor windings, 


with thermocouples, in specified locations: 


inaccessible to mercury or alcohol ther- 
mometers. 

The thermometer method is perhaps 
the easiest to apply, at least for open-type 
machines, and requires the least amount 
ofequipment. Although the thermome- 
ter method has been used for many 
years with varying degrees of success, it 
indicates a temperature that is generally 
less than the internal temperature of the 
winding being measured. The ther- 
mometer may register a temperature very 
much less than the average copper tem- 
perature, depending on the size of motor, 
length of heat run, ventilation, internal 
temperature, and insulation. If within 
a motor one winding is 20 degrees centi- 
grade hotter than the other winding, the 
thermometer on the cooler winding may 
actually register a temperature higher 
than the average copper temperature of 
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RATING 
Figure 1. Temperature difference of resistance 
rise minus thermometer rise versus size of motor 
for various lengths of heat runs of class-A-insu- 
lated totally enclosed motors 


T,=Temperature rise by resistance, degrees 
centigrade 

T,= Temperature rise by thermometer, degrees 
centigrade 
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that winding. In practically all cases, 
however, and ‘especially for short-time 
ratings, the thermometer on the hottest 
winding will register a temperature less 
than the average copper temperature of 
that winding. 

The thermometer method has met the 
needs of industry for many years, and is 


oe 


re 


still adequate for practical purposes. 
However, it is difficult to obtain consis- 
tent results by the thermometer method, 
because of variations in surface condi- 
tions, thermometer locations, and venti- 
lation. Quite often heat runs on dupli- 
cate machines or on the same machine 
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Figure 2. Temperature difference of resistance 
rise minus thermometer rise versus size of motor 
for various lengths of heat runs of class-B-insu- 
lated totally enclosed motors 


T,=Temperature rise by resistance, degrees 
centigrade 

T,=Temperature rise by thermometer, degrees 
centigrade 
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Figure 3. Temperature rise versus length of 
heat run on a totally enclosed motor 


’ 


Shaded curve shows per cent load applied for 
each heat run 
T,=Temperature rise by resistance, degrees 

centigrade ; ; 
T,=Temperature rise by thermometer, degrees 
; centigrade ; 
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Figure 4. Temperature rise versus volume of 
ventilating air for continuous heat runs on a 
blown motor 


Shaded curve shows per cent load applied for 
each heat run. Zero air heat run taken on 
totally enclosed motor 
T,=Temperature rise by resistance, degrees 
centigrade 
T,= Temperature rise by thermometer, degrees 
centigrade 


will not check previous thermometer 
tests with a reasonable degree of accuracy. 
Another shortcoming of the thermometer 
method is that it does not indicate the 
internal temperature of the winding. 

The resistance method gives the aver- 
age temperature of the copper in the 
winding being measured. This method 
requires more equipment than the ther- 
mometer method, but, when it is applied 
with the proper technique, more accurate 
and consistent results may be expected. 
The main advantage of the resistance 
method is that it indicates the average 
copper temperature within the winding, 
which is generally closer to the hot-spot 
temperature in any part of the winding 
than would be indicated by the ther- 
mometer method. 

The rise by resistance is, in general, 
higher than the rise by thermometer, and 
the former should, therefore, be a better 
indication of the temperature which 


- limits insulation life. 


Temperature Ratings 


For many years it has been the ac- 
cepted practice to limit the temperature 
rise on d-c machines to predetermined 
values, depending on the class of insula- 


tion, ambient temperature, and degree of ; 


enclosure. The allowable temperature 
rises were derived from hot-spot tem- 
peratures, which were established as 
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being the maximum that a particular class 
of insulation could withstand continu- 
ously and give satisfactory winding life. 
AIEE Standards 5 (D-C Rotating Ma- 
chines, Generators and Motors) and 45 
(Electrical Installations on Shipboard) 
and American Standard C50 (Rotating 
Electrical Machinery) currently specify 
that the temperature rise be measured by 
thermometer, and that the limiting 
observable rises on insulated windings 
for a 40-degree-centigrade ambient temp- 
erature be as follows: 


Degrees Centigrade 


Class-A Class-B 
Insulation Insulation 


DLotally. enclosed, } ie i.e ic DOehleiea tie 75 
Open and semienclosed......... SOM ae os 70 


General-purpose machines with a serv- 
ice factor of 1.15 are rated 40 degrees 
centigrade rise for class-A insulation. 
Although the foregoing temperature-rise 
limits were established primarily for con- 
tinuous-rated machines, they have: been 
applied without change or allowance to 
short-time-rated motors. The most com- 
monly used short-time ratings are 30 
minutes and 60 minutes, but 15-minute 
ratings are also used. The majority of 
crane motors carry a 30-minute rating, 
although they may be used in continu- 
ously repeated duty-cycle service. Ma- 
rine-type motors for deck machinery are 
rated on a short-time basis of 30 or 60 
minutes, generally on the former of these 
two bases. Since the majority of crane 
motors, and practically all marine deck 
motors, are totally enclosed, they have 
been built with short-time horsepower 
ratings limited by temperature rises of 
55 degrees centigrade for class-A insula- 
tion and 75 degrees centigrade for class- 
B insulation, as determined by the ther- 
mometer method of measuring tempera- 
ture.; Many thousands of such motors 
have) been in service for years and have 
given satisfactory performance. The 
satisfactory life of the insulation in such 
short-time-rated motors is due as much to 
the careful applications of the motors as 
to the temperature rise on which their 
rating is based. These motors, although 
rated on a short-time basis, are gener- 
ally applied on a duty-cycle basis. In 
applying such motors, it is common 
practice to calculate the root-mean- 
square load, or the average watts loss of 
the cycle, to make sure that the motor 
has sufficient thermal capacity, assuming 
that the duty cycle is to be repeated con- 
tinuously or for a specified period, so 
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that it can be operated without the allow- 
able temperature rise being exceeded. 

Thus it is seen that a short-time horse- 
power rating is merely a “‘gauge’’ which 
gives the user a conception of the physi- 
cal size and torque capacity of the motor, 
but which conveys nothing concerning 
the continuous thermal capacity of the 
motor. Although the temperature rise 
measured by thermometer at the end of 
the short-time heat run is equal to or less 
than the allowable rise of 55 degrees 
centigrade for class-A or 75 degrees centi- 
grade for class-B insulation, the rise 
indicated by resistance measurements is 
greater than these values. 

In a previous paper® data were pre-_ 
sented to show the difference between 
temperature rises of d-c machines when - 
determined by the thermometer method 
as compared with those determined by 
the resistance method. These data were 
taken from tests on class-B-insulated 
totally enclosed motors. The present 
paper presents additional data on differ- 
ences between rise by thermometer and 
rise by resistance. Information is given 
on totally enclosed, self-ventilated, and 
blown motors, with class-A4 and class-B 
insulation, and on various sizes of motors. 

The amount by which the rise measured 
by resistance exceeds the rise measured 
by thermometer for various time ratings 
for various sizes of totally enclosed motors 
is shown in Figures 1 and 2. The tem- 
perature-rise differential (resistance rise— 
thermometer rise) is shown plotted as a 


PERCENT LOAD 


TEMPERATURE RISE ion 


PERCENT SPEED 


Figure 5. Temperature rise versus speed for 
continuous heat runs on a self-ventilated motor 


Shaded curve shows per cent load applied for 
each heat run 
T,=Temperature rise by resistance, degrees 
centigrade 
T;=Temperature rise by thermometer, degrees 

\ centigrade 
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function of the 30-minute rated torque 
for a line of class-A motors and as a 
function of the 60-minute rated torque 
for a line of class-B insulated motors. 
These curves are plotted in this manner 
to show the general relation that exists 
between the various time ratings for a 
given size of motor, as well as the rela- 
tion for a given time rating for various 
sizes of motors, the torque rating being 
an indication of the physical size of the 
motor. All heat runs from which the 
curves of Figure 1 were derived were 
made to give approximately 55 degrees 
centigrade rise by thermometer on the 
hottest winding. Likewise the heat runs 
for Figure 2 were made to give approxi- 
mately 75 degrees centigrade: rise by 
thermometer. In practically all cases, 
the armature was the hottest winding. 
Hence, the curves of Figures 1 and 2 are 
all based on armature temperatures. 
All thermometer measurements were 
made with mercury thermometers. 

From these curves, general relations 
with respect to temperature differential 
(resistance rise-thermometer rise) can 
be expressed as follows: 


1. Fora given size of motor and thermome- 
ter rise, the shorter the time rating the 
greater the temperature differential. The 
reason for this is that, the ratio ‘watt- 
hours absorbed to watt-hours dissipated” 
is greater, the shorter the time. The watt- 
hours absorbed by the windings raise the 
copper temperature (resistance rise) while 
those dissipated raise the surface tempera- 
ture (thermometer rise). 


2. For a given time rating and thermome- 
ter rise, the larger the machine, the greater 
the temperature differential. The reason 
for this is that, the larger the machine, the 
greater the ratio of watt-hours absorbed to 
watt-hours dissipated. 


3. For a given size of machine and time 
rating, the higher the thermometer rise, the 
greater the temperature differential. The 
reason for this is that, for a given insulation, 
more watts per square inch are required to 
produce a higher thermometer rise on the 
surface of the insulation, and the greater 
the watts per square inch, the greater the 
temperature differential. 


Figure 3 shows temperature rises both 
by the thermometer and by resistance 
obtained from a series of heat runs made 
on one totally enclosed motor. The 
shaded curve shows the value of load 
that was applied for each heat run, ex- 
pressed as a percentage of the one-hour 
load. 

Figure 4 shows the effect of ventilating 
air on the differential between resistance 
rise and thermometer rise for a blown 
continuous-rated constant-speed motor. 
Figure 5 shows a similar effect on a self- 
ventilated motor on which heat runs were 
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taken at various speeds obtained by 
holding constant field strength and vary- 
ing the armature voltage. From Figures 
4 and 5, it can be seen that, for a given 
size of motor, the more the ventilating 
air, the greater will be the difference be- 
tween the rise by resistance and the rise 
by thermometer for continuous heat runs 
with approximately the same thermome- 
ter rise. 

Figures 1 to 5, iriclusive, are based on 
an average of many tests and are intended 
to show some of the various factors that 
cause a variation in the difference be- 
tween resistance and thermometer rises. 

From the foregoing it can be seen that, 
although it has been standard accepted 
practice to rate machines 55 degrees 
centigrade (class A) or 75 degrees centi- 
grade (class B) rise by thermometer, the 
rise by resistance exceeds that by ther- 
mometer even on totally enclosed con- 
tinuous heat runs. AIEE Standard 1 
now recognizes a temperature differential 
of ten degrees centigrade between resist- 
ance and thermometer measurements for 
continuous apparatus. ‘This is very close 
to that obtained from tests on totally 
enclosed motors, as shown in Figures 1, 
2, and 3. However, especially for short- 
time rated motors, the resistance rise 
often will exceed the thermometer rise 
by an amount considerably greater than 
ten degrees centigrade. 


The question that immediately arises 
is how to reconcile the higher internal 
temperatures disclosed by this investi- 
gation and the satisfactory service ex- 
perience recorded with the generally rec- 
ognized temperature-rise limits of 60 
degrees centigrade by resistance for class 
A and 80 degrees centigrade for class B, 
given in AIEE Standard 1 and various 
American Standard and International 
Electrotechnical Commission Standards. 
However, the temperature-rise value 
desirable for any given case depends on 
many factors besides the insulating ma- 
terials themselves. The ultimate choice 
is largely a matter of economics, depend- 
ing on the relative importance of weight, 
size, reliability, cost, and life expectancy. 

For example, it is well known that 120 
degrees centigrade rise’ is allowed for 
class-B insulated railway motors (with 
25 degrees centigrade ambient tempera- 
ture assumed), whereas only 60 degrees 
centigrade rise by resistance is normally 
allowed for the high-voltage armature 
windings of large alternators with class-B 
insulation (on the basis of 40 degrees 
centigrade ambient temperature). In the 
particular case of low-voltage d-c ma- 
chines, with form-wound armature coils 
and the usual type of field structure that 
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‘ A i : / 
are alone considered in this paper, the 


following factors are favorable to the use 
of higher internal temperatures: 


1. The low voltages (approximately 600 
volts maximum), the mechanical require- 
ments, and the form-wound construction 
necessarily result in extremely low dielectric 
stresses. 


2. The low voltage and corresponding small 
insulation thickness considerably reduce 
difficulty from varnish-solvent expulsion 
and coil swelling that limit high-voltage 
coil temperatures. 


3. The relatively short armature-core 
lengths customary for d-c machines mini- 
mize the difficulties from thermal expansion, 
which are serious in large a-c machines. 


4. The type of construction of the d-c 
rotating armature, including the commuta- 
tor and the end-binding bands, restricts the 
exposure of the windings, resulting in a 
relatively greater difference between internal 
and external winding temperatures than in 
the case for induction and synchronous ma- 
chines. At the same time, the parts of the 
insulation subjected to the higher tempera- 
tures are less exposed to oxidation, moisture, 
and atmospheric impurities. 


Conclusions 


In view of the desirability of internal 


, 


4 


rather than external temperatures as a 


basis of rating, and the greater accuracy 
and consistency that may be obtained, 
it is recommended that improved methods 
of temperature measurement by resist- 
ance be included in the AIEE test code 
for d-c machines and considered for 
later adoption as a basis of rating in the 
Standards. For the latter purpose, the 
following values of limiting observable 
temperature rises for both fields and arma- 
ture windings of d-c machines deter- 
mined by the resistance method are sug- 
gested for consideration: 


Limits of Observable Temperature Rises 
Determined by the Resistance Method 
for 40 Degrees Centigrade Ambient 
(Degrees Centigrade) 


Clas of —- 
Insu- Continu- One 30 15 
lation ous Hour Minutes Minutes 

As. P NOER Goan ed AD te cits 85s hetieees 95 
Bek LOOP e8 TOE An 1253: Settee 140 


1. The values agree with AIEE Standard 14, 
Table II, short-time ratings, except for the 15- 
minute rating. 


2. The values for class-B insulation agree with 
AIEE Standard 1 Table V, preferred values, of 
standard opservable temperature rise for short-tim 
or other special ratings. : 


3. The values are somewhat more conservative - 


than railway motor values AIEE Standard 11, 
Table II. Sl ; 


’ 


V2) i 


The suggested values are intended to- | 


apply to low-voltage (approximately 600 


volts maximum,) d-c machines with — 


form-wound armatures and conventional: 


> 


\ \ 
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field coils. The values are not intended to 
apply to other classes of machines where 
the type of construction and nature of 
application differ. 

Satisfactory experience has been ob- 
tained with the suggested values of rise 
by resistance in machines that meet 

resent thermometer standards. For 
continuous-rated highly ventilated ma- 
chines, these values will limit the rise by 
resistance to a value less than is permis- 
sible with the present thermometer 
standards. - 


Appendix |. Resistance 
Measurements 


In order to promote the general accep- 
tance of the resistance method of deter- 
mining temperature rises, and thereby fur- 
ther improve the technique of this method, 
the following description of a method for 
determining temperature rise by resistance 
is offered. 

The temperature by resistance method 
gives the average temperature of the wind- 
ing being measured. This method consists 
of comparing the resistance at the end of a 
heat run (hot resistance) with the resistance 
at a known temperature (cold resistance). 
The temperature rise at the end of a heat 
run is determined by the following formula, 
which applies to copper windings only: 


Ryr-" 


T-i= (234.5+)+t—t, (1) 


‘ 
in which 


Rp=resistance in ohms of the winding at 
temperature 7 degrees centigrade 
(this will be the hot resistance 
measured at an unknown tempera- 
ture T at the end of a heat run) 

7,=resistance in ohms of the winding at 
temperature ¢ degrees centigrade 
(this will be the cold resistance 
measured at a known temperature t) 
t,=the mean ambient air temperature 
in degrees centigrade during the last 
quarter of the duration of the test 
T —tg =the temperature rise in degrees centi- 
grade of the winding above the 
ainbient temperature _ 


A convenient method for determining 
temperature rise by resistance is as follows: 


1. Plot the relation of per cent change in resistance 
as abscissa against the temperature in degrees 
centigrade as ordinate. This straight-line relation- 
ship is shown in Figure 6 in which a reference tem- 
perature of 25 degrees centigrade has been chosen. 
It is recommended that the scale for the per cent 
change in resistance be chosen large enough so that 
it can be read accurately to the first decimal point. 


2. Measure the cold resistance of each winding in 
the motor, and record the temperature of the 
windings as determined by placing thermometers 
thereon. Correct the cold resistance from the meas- 
ured temperature (thermometers on windings) to 
25 degrees centigrade. A convenient table for this 
correction is Table I. 


3. Measure the hot resistance at the end of the 
heat run, and from the percentage increase in resist- 
ance 100(R—r25)/r2 read from Figure 6 the corre- 
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Figure 6. Temperature versus per cent in- 
crease in resistance of copper 


sponding temperature. Subtract the ambient or 
cooling-air temperature /g to obtain the temperature 
rise. 


4. To obtain the temperature rise at the instant of 
shutdown (at time the power was cut off), record 
the time at which each hot resistance was taken, 
the time being measured from the instant of shut- 
down. Take a series of hot-resistance readings at 
approximately two-minute intervals for approxi- 
mately 20 minutes. These points can then be 
plotted as temperature rise (by resistance) as 
ordinates and time as abscissae. A curve drawn 
through these points and extrapolated back to zero 
time will give the temperature rise at the instant of 
shutdown. A typical cooling curve is shown in 
Figure 7. 


In some cases, especially at the end of 
short-time heat runs, the slope of the cooling 
curve changes rapidly, and there is a large 
change in temperature during the first few 
minutes after power is off. It is therefore 
important to bring the machine to a stand- 
still and take the first reading on each 
winding as quickly as possible. The cooling 
curve for the hottest winding generally has 


the greatest slope, and, since it is the limit- _ 


ing winding in determining the rating of the 
machine, care should be exercised in deter- 
mining accurately the zero-time temperature 
rise on this winding. 

There are two methods in common use 
for determining resistance 


(a). The drop of potential, or voltmeter—ammeter 
method. This method is used to best advantage 
on resistance greater than five ohms. 


(b). The comparison method in which the unknown 
resistance is compared with a known resistance by 
some sttitable bridge. For measuring resistances 
less than five ohms, it is recommended that a Kelvin 
double bridge be used. 


3/38-7 
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Figure 7. Typical cooling curves determined 
by the resistance method 


Time is measured from instant of power off; 
taken after a continuous blown heat run 
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The success of measuring resistance by 
either the voltmeter-ammeter method or the 
bridge method depends to a great extent 
on the wiring and connections between the 
instruments or bridge and the machine 
windings being measured. Since for most 
d-c motors there are at least three elements 
to be measured—armature, commutating 
field, and main field—it is important that 
the wiring of the test table be so arranged 
that readings on all windings may be made 
at the end of a heat run in the minimum 
amount of time and by using only one set of 
instruments and/or one bridge. To ac- 
complish this in the minimum time and with 
the least confusion, it is recommended that 
switches be used in the voltage circuits. 

A convenient arrangement of test-table 
wiring for measuring cold and hot resist- 
ances is shown in Figure 8. Such an arrange- 
ment can be installed on individual test 
tables or on a portable resistance table 
which can be moved to any test stand. 

Figure 8 shows the test-table wiring, the 
motor windings, and a Kelvin double 
bridge. The bridge is connected to the 
wiring by an ammeter jack and a voltmeter 


Table | 
Degrees Degrees 
Centigrade Centigrade 
Temperature Temperature 
of Cold of Cold 
Resistance K Resistance K 
LB ie alai orate 1.040 PAR Sian Ais 0.996 
LG strane 1.036 Alen Ne hoes 0.992 
aly sears APS 1.032 ZSinnta tah 0.989 
Tes ae e 1.028 4. A Che 0.985 
LOW, than he 1.024 SO heise 0.981 
DU ails, eels 1.020 olay s waie 0.977 
DUES cine 2 1.016 Oonr et Ce 0.974 
Daren eek 1.012 BE rece hen,: 0.970 
2B ree valde 1.008 Sarees sate 0.967 
pe ee ae 1.004 BO rena 0.963 
Pe AI 1.000 


Multiply cold resistance by K to obtain resistance 
at 25 degrees centigrade. 


jack and can, therefore, be replaced readily 
by an ammeter and a voltmeter. In this 
diagram are included two extra sets of volt- 
age leads, in addition to the three connected 
to the field windings which may be used for 
additional field windings, such as in a 
motor-generator set. The forks are used 
for measuring armature resistance. When 
field resistances are being measured, current 
is circulated through all field windings. By 
closing the proper switches, the voltage 
leads for each winding can be connected to 
the bridge individually. 

The following precautions should be ob- 
served in wiring a table, as shown in Figure 
8, and in taking resistance measurements to 
determine temperature rise. Although some 
of the precautions are not necessary for the 
voltmeter—ammeter method, they are neces- 
sary for the double-bridge method. 


1. Each individual voltage lead between 
the bridge and the field windings should have 
approximately the same resistance as the 
other lead in the same pair and should be of 
relatively low resistance, preferably less 
than 0.1 ohm per lead. 


2. All connections in the voltage. leads 
must be clean and tight. All permanent! 
connections should be soldered. 
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Figure 8. Schematic wiring diagram of 
test table for measuring resistance 
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3, All switches must be kept clean and 
free of dust or corrosion, The swivel con- 
nection on all switches between the handle 
and the base should be shunted with flexible 
copper shunts, one end of which is soldered 
to the switch blade and the other end to the 
connecting wire. 


4. Pigtails should he soldered to the field- 
coil leads, so that the voltage leads can be 
bolted tightly to the pigtail and not con 
nected at the joint where one field-coil 
cable connects to another cable, 


5, For measuring armature resistance, the 
forks should be used. In each fork are a 
current and voltage lead soldered to brass 
pins ('/, inch diameter), insulated from 
each other and held rigidly in the handle 
so that pressure can be applied without 
moving the pins. The forks should be ap- 
plied to the ends of two commutator seg- 
ments, securing the maximum span of 
segments that can be obtained between two 
adjacent brushholders, The armature 
should be so positioned that the brushes will 
not short-circuit armature coils between 
the span of the forks. The forks should be 
pressed firmly against the segments so as to 
break through any oxide film and make good 
contact with the copper, 


6, Cold and hot resistances should be 
measured under as identical conditions as 
possible, For the armature, the bars used 
for determining cold resistance should be 
marked, and the same pair should be used 
‘in measuring hot resistance, In measuring 
the resistance of ficld coils, the voltage 
leads should be connected in such a manner 
that it will not be necessary to use the revers- 
ing switch after cold resistance is taken, 
The voltage leads should not be removed or 
changed between the times of taking cold 
and hot resistance, The current clips should 
be placed in the same relative position for 
both cold and hot resistance—this is very 
important, as will be explained later, 


7. In order that errors in reading the 
double bridge may be reduced toa minimum, 
the lowest multiplying factor (see Appendix 
II) with which the bridge ean be balanced 
should be employed, The measurement is 
independent of the current, but, the higher 
the value of current within the current ea 
pacity of the bridge, the greater will be the 
sensitivity of the bridge and, therefore, the 
accuracy of the readings, 


8. Cold resistance should not be taken until 
all windings are within three degrees centi- 
grade of room temperature. 


9. As soon as power is cut off at the end of 
the heat run, the machine should be stopped 
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CURRENT CLIPS 


as quickly as possible and all voltmeters 
disconnected, making certain that there are 
no paths in parallel with the windings to be 
measured, 


10. The resistance of the current path be- 
tween A; and the point where the current 
clip C, (Figure 8) connects to the series 
cable should be relatively low and of the 


same value for cold and hot resistance, ‘The 
reason for this is explained as follows; 
Refer to Figure 9 which shows the 


schematic connections of the Kelvin double 
bridge connected to an unknown resistance 
rT 

The connection between A; and the point 
where V; lead is connected to rz will be 
referred to as the d link. In Figure 9 the 
resistance of d may be zero or infinity, and as 
long as 


(nit Yo) /Ys = (a-+ry,)/d 


then 
ta/t = (tit) /t 


where a, b, 1, and ry are the resistances of the 
ratio arms of the bridge and r,, and r, are 
(he voltage lead resistances. For a ratio of 
0.1, assume 7; 100, rg 1,000, ae 100, and 
be 1,000, When ry and ry, are zero, then 
ry (unknown) O,1r (standard), Assume 
rym@ 0,001, and each voltage lead ry, and 
Y», to have one ohm resistance, then an 
error of one per cent will be introduced, 
because the standard resistance will have to 
be adjusted to 0,001 (1000/101) 0.0099 in 
order to balance the bridge—that is, zero 
muperes through the galvanometer, Even 
in this case, as long as the ratio (1 -+tyy)/rs = 
(a-l-%y)/b exactly, then the resistance of the 
d@ link, theoretically, has no effect, 

Practically, it is not possible to maintain 
an exact ratio of (ry -ery)/ree (aera) /d. 
Therefore, any resistance in the d link will 
introduce an error, The magnitude of this 
error will depend on the difference in ratios 
of the bridge arms, including leads, and the 
value of the d resistance, 

When the bridge is balanced; 


a) {1th d cree b XZ 
r ry r\aeery bd) 


rittoy  Obror 
(tts e+ ) (2) 


In comparing hot to cold resistance to 
determine temperature rise, approximately 
the same per cent error would be obtained 
in the hot resistance as in the cold resist- 
ance, thereby minimizing the error in tem- 
perature rise, provided that the resistances 
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we 


” 
“f 
of the ratio arms, leads, and connections do 


- not change between times of taking hot and 


cold resistance, and the d link resistance 
changes in proportion to the standard 
resistance 7. \ 

Since small differences in resistance occur 
in opening and closing switches, in contact 
joints, and with temperature change of 
wires, and the d link resistance does not 
change in proportion to the standard resist- 
ance, good practice dictates that the d link 
should have relatively low resistance, and 
the two voltage leads should have approxi- 
mately the same resistance. 

From Figure 8 it can be seen that when 
the resistance of the compensating field is 
nieasured, the commutating and series 
fields and connecting wires are in the d link, 
This same arrangement should be kept for 
both cold and hot resistance. Therefore, 
the current clips must be placed in the same 
relative position for both cold and hot 
resistance. For all practical purposes, the 
addition of this amount of resistance as 
compared to the winding being measured 
should introduce little or no measurable 
error in determining temperature rise, pro- 
vided that the same relative connections are 
maintained for both hot- and cold-resist- 
ance measurements. The table wiring 
should be arranged so that it is not possible 
to connect the battery and rheostat, into 
the d link. 

The possible magnitude of error in resist- 
ance measurement caused by resistances in 
the d link and in the voltage leads is dis- 
cussed in Appendix IT. 

The discussion in Appendix IT is offered 
to point out the possibility of error in 
resistance measurement, and each person 
employing the double bridge will have to 
determine from actual experience and check- 
ing what refinements are necessary to give 
reasonably accurate results. If too many 
refinements are attempted, then the task 
of measuring resistance on heat runs be- 
comes tedious, and the expense and trouble 
of such refinements may prove unwarranted. 
It must not be assumed mistakenly that a 
small amount of resistance in one of the 
voltage leads makes little or no difference, 
as is the case when using the voltmeter— 
ammeter method, Where a voltmeter may 
have a resistance of 1,000 ohms, 0.1 ohm 
inserted in one of the leads would give ap- 
proximately 0,01 per cent error. The same 
value inserted in one of the voltage leads of 
the Kelvin double bridge may produce a 
considerable error, depending on the value 
of the unknown and the d link resistances, 

The circuits shown in Figures 8 and 9 
have been in use in one testing department 
for a number of years in determining tem- 
perature rise by resistance and have given 
reliable results. If such circuits are installed 
properly and operated with care, reliable 
results may be expected. 
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Figure 9, Schematic diagram of Kelvin double 
bridge 
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Appendix Il. | Kelvin Double 
Bridge 


In the double bridge there are a number 
of adjustments provided in the ratio arms 
1, f2, a, and b, in order to measure a large 
range of unknown resistances. For each 
a justment 7;=a, f2=b, and 1/r2=a/b. 

though in portable forms of the Kelvin 
bridge r,=a and 7,=0) in most cases, it is 


not essential that this be so but only that © 


the ratios be equal. The ratio of 7/72 is 
the multiplying factor which, when applied 
to the value of observed resistance on the 
standard, 7, gives the value of unknown 
resistance rz. 

For the purpose of discussion, it is as- 
sumed that the double bridge, Figure 9, 
has three multiplying factors to cover the 
range of 0.0001 ohm to 1.0 ohm resistance 
of rz. It is also assumed that the various 
resistance arms within the bridge have the 
following values for each of the three multi- 
plying factors: 


—— 


: Resistance in Ohms Range of 
Multiplying ————————————___ Unknown (rx) 
Factor r,anda r,andb in Ohms 
De esata cas 100... .1,000... .0,0001 to 0.01 
UR eee 500.... 500....0.001 to0.1 
SOR ee. « 1,000'.. 2 2008 «O02» to 1.0 


The connecting wires between the bridge 
and the unknown resistance 7, (Figure 9) 
will introduce an error in the resistance 
reading. The magnitude of this error de- 
pends on the following factors: 


(a). Resistance of the voltage leads 7», and ry». 


(b). Difference between the resistances of the two 
voltage leads (ry: —7»2). 


(c). Resistance d introduced in the d@ link. 
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Two possible causes of error may be con- 
sidered. 

Case I where d=0. From equation 2 
tz=7(t1+?y/r2). In this case an error will 
be introduced by the resistance of the voltage 


lead 7». which will change the ratio of 11/re 


to (m+7,.)/re. Therefore, low-resistance 
voltage leads should be used, and it is pref- 
erable that each lead be less than 0.1 ohm. 
With a multiplying factor of 0.1 and r,.=0.1 
ohm, the ratio becomes 100.1/1,000 which 
gives an error of 0.1 per cent, a value that 
may be considered negligible. The resist- 
ance of the V; voltage lead 7, will have no 
effect on the results so long as d is zero, a 
condition that may never be realized in 
actual practice. 

Case II where d>0 and fy or %2 20.1 ohm. 
In this case a change in ratio of the first term 
on the right-hand side of equation 2 due to 
Yy, can be neglected, because the error will 
be 0.1 per cent or less, although the second 
term becomes significant. The error caused 
by the resistances of the voltage leads and 
the d link is directly proportional to the d- 


link resistance and to the difference (71— , 


fy) in resistance between the two voltage 
leads. Therefore, voltage leads of approxi- 
mately equal resistance should be used as 
well as a low d-link resistance to minimize 
the error. 

The following general relations apply 
when there is a difference in the voltage- 
lead resistance, 7,7, and d>0. 


1. For multiplying factors of 0.1 and 10: 


Approximate per cent error 
=0.091(7p, —fy.)d/rz 


2. For a multiplying factor of 1.0: 


Approximate per cent error 
=0.1(ro 192) d/tx 


When fy >r,2, the bridge will indicate a 
value greater than 7;. 
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‘the lower the unknown 


When %<?7,. the bridge will indicate a 
value less than rz. 

From relations 1 and 2 it can be seen that, 
resistance, the 
greater is the probability of error due to 
poor wiring and connections. These rela- 
tions apply only to a limited range of resist- 
ance of (%1—?,2) andd. They are, however, 
approximately correct for values greater 
than should be permitted in actual practice. 
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A New Simple Calculator of Load Flow 
in A-C Networks 


WALDO E. ENNS 


ASSOCIATE AIEE 


OAD-FLOW analysis in a-c networks 
is increasing in importance because 
of the greater use of loop circuits in trans- 
mission and distribution systems to ob- 
tain the advantages of network operation. 
To make the best use of materials and 
man power and to keep system invest- 
ment at a minimum require careful system 
planning in advance of working up the 
details of design. If a simple device is 
made available to engineers responsible for 
this system-planning work which will 
enable them to make more complete 
analysis of system load flow, voltages, 
losses, reactive requirements, and so 
forth, in less time than heretofore possible 
by analytical solutions, it should aid 
materially in improving the over-all ef- 
fectiveness and efficiency of the engi- 
neers and the systems they design. 

A-c boards, network analyzers, or cal- 
culators have been developed to a high 
degree of perfection and are used exten- 
sively by the larger operating companies 
for major problems involving system in- 
terconnections and extensive changes or 
additions. These boards are useful in 
many ways, and the only objection to 
them is that they are relatively large and 
expensive, and for economic reasons they 
are not available to the majority of engi- 
neers except at times when the larger 
studies are involved. Every power sys- 
tem has many problems arising from day 
to day which could be answered better 
and more completely in less time if there 
was a simple calculator at hand. 

It is the purpose of this paper to set 
forth certain broad principles which form 
the basis for the design of entirely new 
and simpler types of calculators for load- 
flow analysis of a-c networks. Calculators 
based on these principles may prove to be 
the answer to system-planning engineers’ 
requirements for small inexpensive units 
which will be on hand to solve these prob- 
lems as they arise. The description of 
one particular form of calculator is given 
to illustrate the application of these prin- 
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ciples to a specific and practical design. 
Briefly, this calculator consists of a multi- 
tap voltage transformer, a few multitap 
resistors, a measuring instrument which 
is similar to a three-phase, three-wire 
electrodynamometer type of wattmeter, 
and a number of multicontact multi- 
position bus switches. In addition to 
these main elements, there are multi- 
conductor cords with plugs and jacks as 
required for the interconnection between 
the units. No generator or load units are 
required, and the only circuit elements 
needed are enough multitap resistor as- 
semblies to set up the maximum number 
of circuits connected to any one bus of the 
network. For example, if the actual net- 
work under study has 100 circuits, and the 
maximum number of circuits connected 
to any one bus is six, only six resistor as- 
semblies are required to obtain a com- 
plete network setup so that readings can 
be taken at every bus for generation or 
load and for load flow in everyone of the 
100 circuits. 


In references 1 and 2 a new method of 


a-c network analysis using resistance. 


networks is described. It was shown how 
the method could be applied to the con- 
ventional d-c board by making four sepa- 
rate resistance-network setups to simulate 
the a-c impedance network. It was 
further indicated that, by use of a new 
type of resistance board in which the four 
resistance networks can be set up simul- 
taneously and handled the same as a single 
network, it is possible to read directly real 
and reactive power, current and voltages 
at all points in the network by means of 
special metering equipment. This type 
of board referred to in these previous 
papers may be classified as a constant- 
current type, because the generators and 
loads are setup in terms of current com- 
ponents. 


As an outgrowth of the study to obtain 
direct readings of real and reactive power 
for the constant-current type of board, the 
principles fundamental to the simple cal- 
culator described in this paper were de- 
veloped. It may be classified as a con- 
stant-potential type, because voltage 
components are used to set up the gene- 
ration and loads on the system. The ad- 


vantage of the constant-potential over 
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the constant-current ee is that it re- 
quires much less equipment. 

On existing a-c boards the load unit 
settings for real and reactive power are 
obtained by first assuming what the volt- 


age at each load bus will be under the 


desired loading condition on the network 
under study and then computing the re- 


. . . . ¢ 
sistance and reactance combination which” 


will give the approximate load at each bus, 
After generation has been set up on the 
board in approximately correct amounts, 
it is possible to readjust the loads and 
generators until the board is brought 
into correct adjustment for recording the 
readings. The generators are provided 
with phase-angle and voltage adjustment, 
so that the desired amount of real and 
reactive power can be established by a 
series of adjustments between generators 
and between generators and loads. There- 
fore, before good speed can be attained 
on setting up an a-c board for load-flow 
studies, the operator must first learn by 
experience the technique of bringing the 
board into correct adjustment for a setup 
of a particular network and loading condi- 
tion. After the board is adjusted cor- 
rectly for one set of readings, it is usually 
a simple matter to readjust it for other 
loading conditions or network changes, 


if the changes in loadings and circuits are _ 


not too great. 

On the new calculator, described in this 
paper, the constant-potential source may 
be either alternating or direct current as 
desired, but the a-c type is somewhat 


simpler, and therefore the description is. 


limited to this type. Since the circuit 
elements are made up of resistors only, it 
is evident that the flow established 
through these elements is real power and 
is of no importance except that it does 
determine the watt rating of the resistors 
used in the design of the calculator. The 
manner in which resistance circuit ele- 
ments are set up with voltage components 
impressed across them to obtain a simu- 
lated flow of real or reactive power through 
them is the basic principle of the new 
calculator. Although one means of meas- 
uring this simulated real and reactive 


power flow is described, there are other — 


methods of accomplishing these measure- 
ments, 

The simulated real and reactive power 
flow on the new calculator is obtained by 
setting up the inphase and quadrature 
components of voltage, which in the 
operator’s judgment would be likely to 
exist at each bus in the network under 
study with a particular loading condition. 
In effect, this is similar to the technique 
used in setting up the generator units on 
an a-c board of the conventional baie 


' 


/ 


» 


\ 


Because the loads, as well as the genera- 
tors, are set up in this way, it is evident 
that more adjustments will be required to 
bring this new calculator into correct 
balance for a particular loading condition 
onthe network. Therefore, as with exist- 
ing a-c boards, the speed with which re- 
sults can be obtained with this new de- 
vice depends on the technique of the 
operator in making a series of adjustments 
at generator and load points to bring the 
board into correct balance for reading. 
It may be granted that the new board re- 
quires a greater number of adjustments to 
obtain a correct balance which will con- 
sume additional time. However, this 
does not mean that the device will not 
make an excellent showing as compared to 


Xin” 
Pa'ouT” 10% BOOST o SIN! 
Qa"ouT” ¥ "Ae 2S 
Caen al 


CIRCUIT*IAB” 
CIRCUIT*2Ac” 


other means of analyzing load flow in a-c 
networks. Also, as with existing a-c 
boards, after a network has been set up 
and brought into balance for one partic- 
ular loading condition, if changes are 
made in the network or in the loading that 
are not too great, it will be a simple mat- 
ter to readjust this board to suit the new 
conditions. 

There are some points in the favor of 
the new calculator in addition to its ex- 
treme simplicity in design, small size, and 
low cost. One point is that it could be 
handled easily by a single operator. A 
second point is that, because of the small 
number of resistances required for circuit 
elements, they can be of a wattage rating 
that will allow substantial amounts of | 
current to flow, so that the sensitivity of 
the measuring instrument need not be so 
great. A third point is that, because of 
its simplicity, the network connections 
can be made in a minimum time. A 
fourth point is that, by the elimination of 
generator and load units, it does not neces- 
sitate the reduction of an extensive net- 
work in advance to bring it down to a- 
certain number of generators or loads be- 
fore it can be set up on the board. 

The circuit theory which is fundamental 


‘to this new calculator was presented in 


detail in the two references and therefore 
only a brief summary of this theory will 
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asa-s 


be given as a background for the develop- 
ment of the equations for real and reactive 
power which are basic to the design of the 
new constant-potential type of calculator. 


Mathematical Basis for New 
Calculator 


If a vector current J=J,+-jI; is flowing 
through a three-phase circuit of imped- 
ance Z=R+jX ohms to neutral, the 
voltage drop to neutral is V= V,+jV,= 
(pR-L,X)+j((@R+1,X) where vector V 
refers to the same reference axis as vector 
Ws 

If a vector voltage drop V=V,+jV, 
occurs in a circuit with impedance Z= 
R+jX, then the vector current flowing 


Figure 1 (left). One- 
line diagram of 
three-phase network 
to be used to illus- 4q 
trate connections and 
operation of calcu- 

lator Bg 


Figure 2 (right). 
Plugging diagram for 
network of Figure 1, he 
as it would be con- 


nected on the calcu- 
lator ie 3 S | 
Eqo 


will be 4=1,+j1,= (GV,+BV,)+j(GV, 
—BV,) where conductance G= R/Z? and 
susceptance B=X/Z*. 

If the voltage to neutral at one end of 
the circuit is E= E,+ 7, volts, then, with 
balanced loading on the three phases, at 
this end the real power is P=3(#,/,+ 
E,J,), and the reactive power is Q= 
3(Eply— Eqly). 

By substitution these equations P and 
Q may be rewritten 


P=3H,(GVp+BV;)+3E,(GV_¢—BV>) 
and 
Q=8E,(GV_—BV>p) —3E,(GVp+BV,) 


To put the equations in a more useful 
form for the calculator design, let M= 
1/G and N=1/B. 


P=8Ey( Vp/M+V,/N)+ 
3Eq(Vq/M—V>/N) 


and 


Q=3E,( V,/M—V,/N)— 
3Eq( Vp/M+ Vo/N) 


In case it is desired to obtain the total 
net real and reactive power flow in a 
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group of circuits connected to a common 

bus, the equations may be rewritten as 

follows: 

P =3E,[2(Vp/M)+2(V,/N)] + 
8E,[Z(V,/M—Z(V,/N)] (1) 


Q=8E,[D(V_/M) —2(Vz/N)] — 
8E,(2(Vp/M)+2(V,/N)] (2) 


Equation 1 states mathematically that 
the total net real power in a group of 
circuits connected to a common bus is 
equal to the algebraic sum of the real 
power flow in the individual circuits 
which combine to make up the group. 
Equation 2 is similar, except that it covers 
the same case for reactive power. These 
two equations are fundamental to the de- 
sign of the new calculator, and this will be 
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GENERATOR 


10:1 RATIO TRANSFORMERS TO OBTAIN 


ae te PER CENT BOOST IN CIRCUIT |} 


BETWEEN BUS A AND BUSB 


shown by illustrative diagrams later in 
the paper. 

If a generator supplies a group of 
circuits from a bus, the algebraic sum of 
the real power flowing in the circuits is a 
measure of the real power supplied from 
the generator. Likewise the algebraic 
sum of the reactive power in the circuits 
is a measure of the reactive power sup- 
plied from the generator, 


If a load is supplied from a bus which 
in turn is supplied from a group of cir- 
cuits, then the algebraic sum of the real 
power flowing in the circuits is a measure 
of the real power supplied to the load. 
Likewise, the algebraic sum of the reactive 
power in the circuits is a measure of the 
reactive power supplied to- the load, or, 
in case the load has leading power factor, 
it will be a measure of the reactive power 
supplied from the load. 


The convention used in this paper is 
that power flow in a circuit, or group of 
circuits, is “out” if it flows away from the 
bus. As indicated on a zero-center watt- 
meter, “out” is to the right of zero. If 


a 


power flow is toward the bus, it is “in 
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and would be indicated to the left of zero 
center on the instrument scale. 

Reactive power flow in an indicated 
direction usually carries a negative sign 
to make it conform to the mathematical 
relationship it has with the quadrature 
component of current. In this case, 
however, the negative sign may be dis- 
regarded by using the convention of ‘‘out’’ 
and “‘in’’ which corresponds to the con- 
vention previously described for real 
power. 


Calculator Operating Technique 


The best way to establish an operating 
technique for this new calculator is by 
experience with the device, but it is pos- 
sible to point out several factors which will 
aid in determining what procedure might 
be used in setting up the voltage compo- 
nents for a test on a network. 

For the (X/R) ratios usually encount- 
ered in the circuits of an electric-power 
system, the following generalizations may 
be made: 


1. At generator busses, both £, and Ey 
would be set at a higher positive voltage 
tap than at load busses, because real and 
reactive power flowing in the same direction 
in a circuit will cause a drop in Ey and Ey. 
The amount of the drop in the two compo- 
nents will depend on the amount of real and 
reactive power flowing and the values of 
X and R for the circuit. 


2. At load busses close to generation, 
both the £, and E, would be set at a higher 
positive voltage tap than at load busses 
more remote electrically from generation. 


3. At load busses where reactive power is 
supplied to the network because of a syn- 
chronous condenser or other capacitance, 
then the Z, component may be more posi- 
tive than that at surrounding busses, even 
though the real power flow is toward this 
bus. The value of EZ, will be less positive 
or more negative than that of the surround- 
ing busses in this case. 


Description of New Calculator as 
Illustrated by Figures 1 to 4, 
Inclusive 


Figure 1 shows the one-line diagram of 
a simple three-phase a-c network which is 
used as a basis for illustrating the setup 
and operation of the new calculator for de- 
termining load flow. Although the net- 
work is small and is self-explanatory on 
the diagram, it should be noted that it 
covers the pertinent points of generation, 
loads, and one circuit with step-up and 
step-down transformers set at different 
taps so that a net boost is effective in the 
closed loop of which this circuit is a part. 

In setting up the network of Figure 1 
on the calculator, it is necessary to estab- 
lish the circuit constants M=Z2/R and 
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N=Z?/X on the common kilovolt-am- 
pere or voltage base of the board. Inthe 
case of circuit 14B which includes the 
two transformers, the lumped-impedance 
method is used as the basis for obtaining 
the values for M and NV for circuit 1A B, 
and then a ten per cent series boost is 
inserted in this lumped circuit from A to 
By 

Figure 2 shows the schematic plugging 
diagram for the network of Figure 1 as it 
would be set up on the calculator. The 
movable cords, or other means of adjust- 
ing connections, are indicated by the 
heavy lines with the plugs and jacks 
shown as arrows and small circles, respec- 


ay 


ow 
i 
to move the pointer. The current coils 


3-4 and 5-6 are fixed coils and work to- 
gether with the potential coil 1-2 to pro- 
duce the torque of the upper element of 
the instrument. Likewise the current 
coils 9-10 and 11-12 are fixed coils which 
work together with potential coil 7-8 to 
produce the torque of the lower element 
of the instrument. 
feature insofar as the instrument is con- 
cemed is that there are two fixed current 
coils on each of the two elements. 
Referring to Figure 3, it will be seen 
that (E,),, the inphase component of 
voltage to neutral at bus A, is acting across 
potential coil 1-2; that the current in coil 


tively. It should be noted that the 3-4 is the algebraic sum of (Vp)a»/Map 
(Ep)5 3/52-3 
E’= (Ep) MULTI-TAP. SECONDARY 
Pc OF CONSTANT 
Ep), fee ie TRANSFORMER 
Figure 3. Schematic diagram abe Soares Bq Bp ian Et SOEs 
of connections when measuring 
power flow at bus A of the 4 i 
network of Figure 1 
Fundamental equation for three- ee 
phase power: 
P=3(Eplp+Eyl,) where E> -—t+J 1 | 
and E, are to neutral | | 
Measurement of three-phase : aaa 
power fed to bus A by genera- [Sse Se Se ee 


tor Gg is obtained by measur- 
ing the algebraic sum of the 
power flowing from bus A to 
bus B in circuit 1 and to bus C 
in circuit 2 


a Vo av 
Pa=3(Epa [ Ms 4p 
Vo)ac (Va ap Vaac 
Mac Nap < Nac } 
Vab 4 Vac ss 
xe] Map ee : 
CA ‘ee Vac 
Nav Nac 


+ 


plugging arrangement is simple and 
straightforward so that the connections 
can be made quickly. 

Figure 3 shows the complete wiring for 
the fundamental circuit for measuring P, 
real power at bus A of the network. This 
diagram illustrates how the equation for 
power in terms of voltage components 
Ey, Vy, Eq, Va, and circuit constants M and 
N may be set up with a measuring instru- 
ment to obtain a reading of real power 
flow. The instrument shown is essentially 
the same as a three-phase three-wire elec- 
trodynamometer type of wattmeter with 
a zero-center scale. The potential coils 
connected 1-2 and 7-8 are the moving 
coils whose combined torque act together 
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and (Vp)ac/ Mac; further that the current 
in coil 5-6 is (Vy)av/Nest(Vq)ac/ Nac 
The torque developed in the top ele- 
ment of the instrument is proportional to 


(Ep)a {( Vp) av/Mav+( Vo)ac/ Mact 
( Vq)av/ Nav t( Va)ac/ Nac] 


If the potentials and currents are traced 
for the lower element of the instrument, it 
will be seen that the torque developed is 
proportional to = 


(Egal( Va)av/ Mav +( Va)ac/ Mac— 
( Vn)av/ Nav aca Vp)ae/ Nucl 


The sum of the upper- and lower-element 
torques is proportional to P/3 in the 
equation for power, P. The instrument: 
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scale calibration may be made to read the 
three-phase power, P. ; 

This reading for power is the sum of 
that flowing in the two circuits 14B and 
2AC, and therefore it is also equal to the 

generator G, output. 

' To obtain the power flow in the circuit 
1AB it is only necessary to turn the bus A 
switch to position 14 B which disconnects 
1AC circuit from the meter. Likewise, 
to read power flow in 1AC, the bus A 
switch would be turned to 1AC position 
which disconnects 14B circuit from the 
meter. This bus switch is not shown on 
Figure 3, but it is shown on the more 
complete diagram on Figure 4. 

Because of the similarity of the reac- 
tive-power measurement to that described 
for real power, a separate diagram and dis- 
cussion are not included. The reactive- 
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Figure 4. Complete connection 
diagram for the network of Figure 


1 as it would be set up on the 
calculator 


(e) CIRCUIT ELEMENT JACKS 


power measurement is made by shifting 
HE, and E, potential connections with re- 
spect to the currents by means of a trans- 
fer switch as shown on Figure 4. 

Figure 4is a complete wiring diagram of 
one arrangement for the new constant- 
potential resistance-circuit type of net- 
work calculator. It meets the require- 
ments of the simple plugging arrangement 
of Figure 2 for the complete setup of the 
networks shown on Figure 1. 

The calculator consists of the following 
elements: 


(a). Constant-potential a-c source. 


(b). Constant-potential transformer with 
multitap secondary winding. 


(c). Plugging cords for connecting be- 
tween transformers secondary tap jacks and 
bus jacks. 


(d). Bus switches, multipole and multi- 
position. 


(e). Plugging cords for connecting be- 
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@) CIRCUIT ELEMENT RESISTORS 


Example of bus-switch operation: 

To read output of generator Gz, bus switch A 

is turned to bus position which closes all con- 
tacts 1-8, inclusive 


To read load flow in circuit 1AB bus switch 

A is turned to position 1AB which closes con- 

tacts 1-4, inclusive, but opens all other con- 
tacts 


To read 2AC bus switch A is turned to 2AC 
which closes contacts 1, 2, 5, 6 but opens all 
other contacts 
Circled letters refer to items described in 
paper 

— Flexible connection cord 


O=< Plug inserted in jack or one point of a 
polarized plug on a multiconductor cord 


— Lightweight lines indicate fixed wiring 


tween bus-switch jacks and circuit-element 
jacks. 
(f). Cireuit-element resistors, multitap. 


(g). Plugging cords between circuit-ele- 
ment jacks and circuit-element resistors, or 
the equivalent in multiposition switches. 


(h). Zero-center measuring instrument for 
real and reactive power. 
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(i). Transfer switch to connect meter for 
real-power or reactive-power measurement. 


(j). Boost or buck auxiliary transformers. 


(k). Plugging cords for boost or buck trans- 
formers. 


(1). Miscellaneous fixed wiring. 


Figure 2 showed the fundamental plug- 
ging arrangement in a simple manner, and 
Figure 3 illustrated the basic principle of 
the calculator design, so that only a brief 
discussion is presented on some of the 
elements as shown on Figure 4. 


(a). The constant-potential a-c source to 
the primary winding of the supply trans- 
former should be regulated closely, and there 
are several static types of constant-voltage 
regulators on the market which would be 
ideal for this duty. 


(b). Theconstant-potential a-c transformer 
with tapped secondary winding should be 
of ample design so that the regulation could 
be neglected and, by supplying a constant 
potential to the primary winding, the volt- 
age at the secondary taps would remain at 
fixed values. The range for the taps as 
shown would allow for a 40 per cent dif- 
ference in each of the voltage components 
over the network, from reference point E! 
or (Eq)o to plus 20 per cent of £', and 
from reference point to minus 20 per cent 
of E1, where E! is the value of the reference 
voltage to neutral. From test computa- 
tions the secondary taps may be at intervals 
of approximately 0.5 per cent of #!. For 
simplicity on the diagram, taps are shown 
at intervals of two per cent of £!. 


(c). Plugging cords between transformer 
secondary taps and bus jacks could be re- 
placed with multiposition switches if de- 
sired. — 


(d). The bus switches are shown with 
enough contacts to take care of three cir- 
cuits per bus. These could be extended to 
take care of any number of circuits per bus. 
Probably a logical design would be to use 
about a six-position switch which would 
take care of metering the total at the bus 
and five individual outgoing circuits, and 
then, when more circuits than five are con- 
nected to a single bus, additional bus 
switches would be assigned to that particular 
bus to take care of the additional circuits. 
It is possible to replace the bus switches 
with bus jacks and cords, but the switches 
should give a means of speeding up the tak- 
ing of readings. Another alternate to the 
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bus switches would be the use of small re- 
lays actuated by push buttons. 


(e). Theplugging cords between bus-switch 
jacks and circuit-element jacks are six- 
conductor flexible cords, all similar. The 
change in the rotation of the lettering be- 
tween the connections to the top and bottom 
jacks is taken care of by cross connection 
between the jacks, as shown on the dia- 
grams, so that all of the cord plugs are 
polarized in the same way. 


(f, g). The circuit-element resistors are 
multitapped, and four resistors make up a 
single circuit element. These resistors can 
be set up. in pairs, because two are for the 
M setting, and two are for the WN setting. 
Although cords are indicated as the means 
of choosing the proper resistor tap, the same 
results may be obtained by having a suit- 
able number of rheostat-type multicontact 
switches. As discussed earlier in the paper, 
the number of resistor units required for the 
calculator is dependent on the maximum 
number of circuits connected to any one bus. 
This means that each unit may be set up to 
simulate any number of circuits, provided 
they do not connect to a common bus. 


(h). The operation of the zero-center 
measuring instrument is discussed fully in 
connection with Figure 3. There is one 
feature which has not been included. It 
should be provided with several scales and 
a multicontact switch for switching from 
one scale to another to suit the range re- 
quired for a particular measurement. 
Probably the multirange would be obtained 
by the use of multipliers in the two potential 
circuits. 


(7). The transfer switch for the measuring 
instrument operates to transfer the po- 
tentials, so that in the up position the 
instrument reads real power and in the down 
position it reads reactive power. Because of 
the simplicity of the board, it might be 
advisable to have separate instruments for 
real and for reactive power, so that, when 
changes are made in potential connections 
to bring the board into balance, the effect of 
the changes could be observed on the two 
instruments at the same time and thereby 
the adjustment might be speeded up. 


(7). The boost or buck auxiliary trans- 
formers are provided to take care of the 
effect of net boost or buck in a circuit which 
forms one branch of a closed loop in the net- 
work. The impedance of these should be 
low as compared to the resistance values 
used in the circuit elements, so that the 
transformer introduces a series boost or 
buck without changing the circuit constants 
appreciably. 
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(att 


GR 
(k) and (1) require no explanation other 


than the diagram. 


Conclusions 


A network calculator, of an entirely 
new form, and of unusually small propor- 
tions in physical size and in the simplicity 
of its electrical elements, has been de-- 
scribed in this paper. It may be used for 
analyzing a-c networks for load-flow and 
voltage conditions and for the determina- 
tion of system losses and reactive require- 
ments. In the form described, it is not 
applicable to the study of system fault 
conditions. 

Although not specifically covered in the 
discussion, it is apparent that long lines 
may be set up on this type of calculator 
by using constants based upon the 
nominal or equivalent 7. In such a case, 
the effect of the leading reactive and 
leakage can be included by adjusting the 
measurement of generation or load at the 
two terminals of the transmission line. 

In the general discussion section of the 
paper the technique of operating this new 
calculator was compared to that now used 
for complete a-c boards of conventional 
design. The new calculator is not in- 
tended to be the equivalent of the com- 
plete a-c board but instead is designed to 
fill the gap which now exists between the 
a-c analyzer or calculator and complex 
analytical methods. : 

The writer intends to build this simple 
calculator as soon as it is possible to do so, 
and, on the basis of operating experience, 
to determine the board technique which 
will give the quickest results. Ifit proves. 
to be slower than the complete a-c board 
and yet much faster than other methods 
of analysis, it is believed it will prove to 
be a completely satisfactory tool. 
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1. Introduction 


HE distribution of power in the steady 

state of interconnected electric net- 
works with large numbers of generators 
and of consumers of power is well known 
for a given system. The flow of energy 
in detail depends on the distribution of the 
loads, on the admission of power to the 
prime movers, and on the data for all the 
connecting lines. With every change of 
the power distribution in any branch of 
the system, transient phenomena are 
initiated which influence the entire com- 
plex of prime movers and generators, 
motors and other consumers, and inter- 
mediate lines. As is often observed in 
the larger systems, the changes in the 
flow of energy lead to oscillations of 
power and frequency, depending on the 
electrical and mechanical data of ma- 


R 
SPEED PRIME MOVE 


GOVERNOR 


CONTROL 


MECHANISM 


chines and network, and because of the 
magnitude of the active energy in modern 
machines, this may influence detrimen- 
tally the performance of the entire sys- 
CEM Ss ¢ 

All pure electromagnetic oscillations 
and similar disturbances, comprising 
fluctuations merely of the electric and 
magnetic fields of the conductors, for the 
most part have frequencies which are 
higher than the operating frequency of 
25 to 60 cycles per second. We will ex- 
clude such rapid fluctuations from our 


consideration since they appear within 


the electrical part of the system only and 
have no substantial direct influence on 
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SYNCHRONOUS 


GENERATOR 


the generation and the use of the a-c 
energy. Also we will exclude such very 
slow fluctuations as may be caused by 
the control of the steam plant proper or 
the regulation of the flow of water and 
which have no direct relation to the elec- 
trical part of the system. We shall con- 
centrate our attention on those power 
oscillations which influence the system 
frequency and change the distribution of 
the flow of the active energy within and 
between the various parts of intercon- 
nected systems. These electromechanical 
fluctuations affect the speed of the genera- 
tors with their prime movers and speed 
governors as well as the speed of the 
numerous motors of the consumers. 

We are investigating any ~ deviation 
from the steady-state operation only, and 
all powers, speeds, frequencies, and posi- 
tion angles may refer, therefore, only to 


Figure 1. Typical 
arrangement of gen- 
erator, prime mover, 
and speed-governing 
mechanism 


ELECTRIC 


NETWORK 


Figure 2. Droop 

characteristic of typi- 

cal speed-governed 
prime mover 


RELATIVE 
SPEED 


the deviations, leaving open the steady- 
state values of these magnitudes. For 
the sake of simplicity, and in order to 
emphasize the main factors, we neglect 


unimportant mechanical or electrical’ 


losses and any lack of perfection in the 
working parts of the system. 

In order to obtain a closed solution of 
our problem which is fairly complex be- 
cause of the large number of coupled 


units most of which have different de- 
signs, we introduce further simplifying 
assumptions which, however, do not 
affect the general value of the solution. 
Thus, we will assume that during the 
transient periods all the main data of 
machines and network remain constant, 
that all deviations from the steady state 
are relatively small and are linear, that 
unnecessary disturbing effects within the 
mechanical elements, like backlash or 
friction in the joints, are avoided, and 
that the electrical part of the network 
can be reduced, at least approximately, 
to a simple form, namely, a radial star 
system. We do not consider direct- 
acting speed governors since these play 
no important part in modern power 
systems. 


2. Power Oscillations of the Single 
Elements 


The entire system here considered may 
consist of any number of prime movers of 
different size and type; with like or differ- 
ent speed-governor mechanisms, and 
driving various synchronous generators, 
all interconnected to a common system 
and loaded with any number of induction 
motors. Our ultimate aim is to deter- 
mine the amplitudes and frequencies 
of the deviation of power from the steady- 
state distribution among the various 
machines. However, before we consider 
the influence of the coupling or inter- 
connection of the machines, we will re- 
view briefly the well-known analysis of 
oscillations both of speed-governed prime 
movers and of synchronous generators 
and supplement it by a new analysis of 
transients in induction motors. 


A. PRIME MoveR WITH INDIRECT 
SPEED GOVERNOR 


In Figure 1 a prime mover is shown 
coupled with a synchronous generator 
feeding a network and controlled in its 
speed by a governor with a valve-operat- 
ing servomotor, as is usual with steam 
and water turbines. The droop of the 
speed against generated power is shown 
in Figure 2. 

An excess V of power of the prime 
mover accelerates the masses of the rotat- 
ing system, the relative speed deviation of 
which may be s, so that ds/dt is the rela- 
tive acceleration. If the electric load of 
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the generator remains constant, the 
energy relation is 
d. 
N+S-=0 (1) 
dt 
where 
S=T;No=Igwo? (2) 


is an inertia constant defined either by 
the product-of the starting time constant 
T, and the rated power Mp of the prime 
mover, or by twice the kinetic energy of 
the moving masses having the moment 
of inertia J, and rotating with the rated 
mechanical angular speed wo, the gravity 
factor g transforming the units to the 
practical metric system. The starting 
time constant of prime mover plus genera- 
tor is, for the most part, in the limits 
T,=3 to 20 seconds. 

The speed-governing mechanism causes 
the admission of power to the prime 
mover to change with time proportional 
to the speed deviation s so that 


iS (3) 


Herein the coefficient of s is taken usually 
as inversely proportional to the total 
droop 6 of the governor, Figure 2, and 
to the given total closing time 7, of the 
valve moving servomotor. For reasons of 
stabilization, it is customary to affect 
the movement of the pilot valve by means 
of a supplementary return, derived from 
the position of the servomotor itself and 
proportional to the power admission, so 
that 


ert soa (4) 


expresses the operation of the speed- 
governing mechanism for most of the 
present-day generating systems. The 
usual limits for the governor droop are 
6=2 to 8 per cent, and for the valve clos- 
ing time are 7,=0.5 to 5 seconds. 

There are many additional devices for 
load control or droop compensation, 
either by hand or automatically, but 
most of them are intended to affect more 
the steady-state speed-power character- 
istic than the deviation during a state of 
unbalance. Some governor systems have 
secondary detrimental qualities such as 
undamped rapid vibrations of their in- 
herent masses, dead bands caused by 
friction or by play in the joints, nonlinear 
power characteristic of the inlet valve, 
and so forth, qualities which even may 
initiate self-excited oscillations. But 
these disturbances, if reduced by skillful 
construction, have only slight influence 
on the main and unavoidable effects con- 


192 


sidered in this paper, which are prepon- 
derantly due to the quotient M/6T,, 
the power velocity of control expressed 
in kilowatts per second, of the entire 
governing mechanism. 

By substituting for the controlled 
power of equation 4 the energy of equa- 
tion 1, we obtain the differential equation 
for the speed deviation of the prime mover 
and governor system 
d*5, 1 ds No 


pol gee =0) 
dT, dt T.S° 


(5) 


The solution is given by the free natural 
oscillation 


SLND 
s=F-€ 2 -cos yt (6) 


where the amplitude F expresses the 
maximum speed or frequency deviation of 
the generating system from the steady- 
state value. With use of equation 2, 


splay (7) 
™*Nirr \e 

is the frequency of the speed oscillations, 
and 


= (8) 


is the exponent of the decay with time of 
the amplitude. The oscillation N of the 
power supplied to the prime mover is 
given by differentiation of equation 6, 
substituted in equation 1. 

For an average prime-mover unit the 
droop-may be taken as 6=5 per cent, the 
valve closing time as T,=1.5 seconds 
and the starting time constant, including 
the generator, as 7,=8 seconds. Then 
the damping exponent is 


and the frequency 


100 eae 
=¥ =0.33? Sa/1167—0. 
ve Viens /1.67—0.11 


=1.25, or 0.20 cycles per second 


For most of the usual machine systems, 
the damping effect is moderate and thus 
influences only slightly the natural fre- 
quency y of équation 7. Hence the sig- 
nificance of the last term in equation 4, 
responsible for the damping, is negligible 
and equation 3 can be used in good ap- 
proximation for all problems concerning 
merely the frequency of the power os- 
cillations. 


B.  Exectrric GENERATOR AND 
NETWORK 


Every synchronous generator, as in 
Figure 3, is coupled elastically with the 
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electric network, because of the magnetic 
forces between stator and rotor. If the 
rotor speed varies, electric power P is 
exchanged with the network, and, if we 
consider the generator alone, without 
power variations from the prime mover, 
the energy relation during acceleration is 


ds 
De rehie ak | (9) 


The generator produces synchronous 
power dependent on the position angle 
of the pole wheel viewed from the net- 
work voltage vector and usually produces, 
in addition, some asynchronous power 


ae 
Ht 


re 


by action of damper circuits on the rotor, - 


and dependent on the change with time 
of this same pole angle. The total electric 
power of the generator as differing from 
the steady-state power is, when the angle 
deviates by @ from the network angle, 


Pa 40 
ee Eas 1 
Vee Pile FF (10) 
where 
ps=kPy (11) 


denotes the synchronizing power of the 
machine proportional to the rated electric 
power Po, and to a synchronizing co- 
efficient k, which in turn depends upon 
reactances and load of the machine. 
Furthermore 
Pa =Po/s0 (12) 
denotes an asynchronous power, with so 
as slip of the damper attained at rated 
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PRIME MOVER 


SYNCHRONOUS! GENERATOR 


Figure 3. Synchronous generator coupled with 
prime mover and connected to electric system 


power, while the damper runs as an in- 
duction motor. Finally $ 


sa- = (13) 


is the relative slip between the instan- 
taneous electrical speed of the generator 
and the angular frequency w of the net- 
work, as determined by the machine 
angle 0. 


Numerically, the synchronizing co- — 


efficient is for the most part in the limits 
k=1to3 and the rated damper slip = 
3 to 30 per cent, while the usual frequency 
of 60 cycles per second gives w=377. 
The total speed deviation of the pole 
wheel is given by the sum of the machine 
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and network variations and is expressed 
by their angles 0 and 6,, as 


1 d(@+6,) 
Se ee 


w dt Ge) 


Introducing equations 10 and 14 in 
equation 9, we obtain the differential 
equation 

\\ 


\ 
d*(0+86,) Pa dé wp- 
dt? edi i= 


6=0 (15) 


which determines the angular movement 
of the generator for any given variation 
of the network or system angle 6,. 

If the network is in steady state, the 
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Figure 4. Woltages and phase angles of induc- 
tion motor fed by fluctuating electric power 


natural oscillations of the pole angle are 
as solution of equation 15 with 6, =0. 
-cos ot (16) 


Here, with use of equations 2 and 11, 


wps Po 3 wk Pa \* 
= ia = = 17 
Be) -y7 (5) - 
is the frequency and, with use of equa- 
tions 2 and 12, 


Et (18) 


is the damping exponent of the free os- 
cillations. The power of the oscillations 
is given by equation 10 substituting 
equation 16 for the pole angle 6. 
For an average generator unit the syn- 
chronizing factor may be taken as k=2, 
_the rated damper slip as so=10 per cent, 
and the starting time constant again as 
T,=8 seconds. Then the damping ex- 
ponent is . 


c= 40.63? = 94.20.40 
8 * 
=9.67, or 1.54 cycles per second 


Damper circuits in actual machines 
always give a moderate damping factor 
po Its influence on the natural fre- 
quency o in equation 17 is thus only 
slight and we can often neglect the asyn- 
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chronous power in equation 10 and the 
second term in the differential equation 
15 for the problems concerned only with 
the frequency of oscillation. It is well 
known that the synchronizing power and 
its coefficient k in equation 11 are slightly 


' different for very slow and very fast 


movements of the pole angle 0. Thus it 
might be necessary to choose different 
values for k, depending on the frequency 
of oscillations resulting from our analysis. 


C. Inpuctrion Motor AND NETWORK 


If an asynchronous induction motor, as 
in Figure 4, is fed by a network with vary- 
ing phase angle of the voltage H, the de- 
viation 6, of which is measured against a 
uniformly rotating or steady-state volt- 
age vector, the motor takes up a varying 
power, the deviation of which from the 
steady-state supply we will determine. 
If the rotor of the induction motor slips 
against its rotating flux, a power is de- 
veloped 
pepe ets 1 46, (19) 

So So Ww dt ° 
where Po is the rated electric power of 
the motor, so is the rated asynchronous 
slip, and s’ is the momentary slip deter- 
mined by the variation of the electrical 
angle 6, between rotor and flux. 

The effective rotor flux, on the other 
hand, has a phase displacement with re- 
spect to the stator terminal voltage, be- 
cause of the leakage flux of the motor. 
This leakage angle 0;, as shown in Figure 
4, is, for small deviation, given directly 
by the quotient of the momentary leak- 
age voltage /, and the terminal voltage 
E so that the angular deviation of ter- 
minal voltage and rotor flux is 


Epa By IEP 


ee = 20 
Book Fe! 20) 


6, 
Po 


the leakage voltage being proportional 
to the current and therefore to the 
momentary power P. Here e¢=Ey/E 
denotes the relative leakage voltage of 
the entire motor at rated load. 

For most induction motors the leakage 
voltage is e,=20 to 30 per cent while the 
rated slip is in the limits s,=0.5 to 5 
to 10 per cent. 

According to the law of energy, the 
power deviation exchanged between net- 
work and motor again is determined by 


ds 
—= 21 
P+S 5, 0 (21) 


where S is here the inertia constant of 
equation 2 for the motor. The starting 
time constant of induction motors as 
quotient S/P» is usually in the limits 
T,=0.5 to 3 seconds. 
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The total speed deviation s of the rotor, 
as indicated in Figure 4, is given by the 
variation with time of the slip angle 
0,, the leakage angle 0,, and the network 
angle 6, in conjunction 


1d 
S=— = (6,+69:+6n) (22) 
w dt 


Substituting equations 19 and 20 in 
equation 22, we obtain from equation 21 
the differential equation for the electric 
power deviation 

dP- Ty @P TP dy 


Peat ie 23 
mPa en ae Si ge te. 


This result shows that an asynchronous 
induction motor by variation of the net- 
work angle 6, can be excited to forced os- 
cillations, and that even with a steady- 
state network it may perform transient 
natural oscillations which are deter- 
mined by a zero value of the right-hand 
side of equation 23. 

The power of such free oscillations ex- 
changed between rotor and network is 
given by the solution 


“cos pt (24) 


where P is the amplitude of the oscilla- 
tion. The natural frequency is 


w Pe \* 
Bey ae (re 25 
. Vii ) ee 
and the damping exponent is 


fa (26) 
2 2¢; 

It is significant that an induction motor 
can undergo free oscillations attributable 
to the effect of the varying leakage volt- 
age, as seen clearly by the third term of 
the differential equation 23. The natural 
slip of the rotor, on the other hand, pro- 
duces a damping effect, as seen by the 
second term of that equation. 

For an average motor with a rated slip 
So=1 per cent, a leakage voltage e;=25 
per cent, and a starting time constant 
T,=1 second, the damping exponent is 
pe aaaE 0 01 


oh aaa ey! 
2 2:0.25 


and the frequency 


377 See, 
= —7.54%= \/1,510—57 
Y V¥o05 Vv 


=88.1, or 6.05 cycles per second 


This shows that for average values of the 
motor constants, the natural frequency is 
relatively high compared with that of 
synchronous generators, and the damp- 
ing effect is considerable. It may be 
noted that the influence of the slip so for 
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induction motors, equation 26, is opposite 
to that for synchronous generators with 
damper, equation 18. 

Therefore, larger slip of the motor in- 
creases the damping of the natural os- 
cillations and with a rated slip 
nz (27) 

chs 
given by the zero value of the radical in 
equation 25, the movement becomes 
aperiodic. Hence a motor with the data 
just mentioned would lose its natural 
oscillations if the slip were 


4-0.25 
So= @/ —— =5.15 per cent 
Siero 


Small motors are often in this aperiodic 
range, while larger motors, for the most 
part, work in the oscillatory range. 

At forced fluctuations of the network 
angle, aperiodic motors follow with a 
sliding movement, while motors in the 
periodic range respond according to the 
laws of resonance. For an_ oscilla- 
tion with frequency v of the network 
angle 0,, the forced power exchange of 
the motor with the network becomes, by 
equation 23 


Ihe 
ere Oy (28) 
1+jvsoT,—v2e,T s/w 


At frequencies considerably lower than 
the natural frequency, the denominator 
of this equation approaches the value one. 
For example, the frequency v=9.67, 
corresponding to’ 1.54 cycles per second 
found previously as inherent for genera- 
tors, would give for the aforementioned 
motor a denominator of equation 28 

p 1 0.25-1 
14479167 — 19.672 
=1-+ 0.0967 —0.062 


This vector is represented in Figure 5 and 
shows that for forced oscillations of such 
frequency the damping effect of the slip 
is about ten per cent, and the elastic 
effect of the leakage is only six per cent 
of the inertia effect of the rotor. 

For small damping effect, as present 
with large induction motors, equation 28 
simplifies to 


—S/w dn 
ay 
in 
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Figure 5. Vector diagram showing the rela- 
tive effects of inertia, slip, and leakage on slow 
oscillations of induction motor 


P= 
(29) 
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Figure 6. Radial 
interconnection of !NDUCTION 

MOTORS 
many _ speed-gov- 


erned synchronous- 
generator units and 
numerous induction ®n 
motors in large sys- 

tems 
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showing that the forced power exchange is 
especially large within the resonance zone 
of the motor. 

Similar to the effect of induction motors 
is the reaction which commutator motors 
of various types exert on a network with 
fluctuating frequency. Their power de- 
viation also is determined by equation 21, 
if we neglect the secondary effects of load 
and loss variations. Under certain con- 
ditions here also natural frequencies may 
occur, the principal effect, however, being 
given again by the action of the inertia of 
such motors under variable speed condi- 
tions. : 

Almost all the other consumers of the 
electric power, such as light and heat 
appliances, electrochemical plants, recti- 
fiers, and so forth, transform the electric 
energy directly or indirectly into heat or 
other nonmechanical power. No energy 
is reversibly stored in them, and thus these 
devices act only as resistance loads and 
increase the total damping effects of the 
system. We shall consider these later 
and. will concentrate our attention at 
first on those effects which produce os- 
cillations. 


3. Interaction of All Prime Movers, 
Generators, and Motors 


The entirety of a large interconnected 
electrical distribution system for the 
most part can be transformed either 
rigorously or approximately into a star 
system, with many branches connected 
to one suitably chosen common point. 
In Figure 6 such a system is shown where 
each synchronous generator, driven by 
its prime mover with speed: governor, 
feeds into all the various induction motors 
through the reactances of the distribution 
network. These reactances now appear 
in the radial lines and supplement the 
internal reactances of the various genera- 
tors and motors. The resistances of 
the network may be neglected for the 
sake of simplicity. We will also omit 
in this section all the other internal damp- 
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ing effects previously considered, since 
we found them to play no significant part 
in the determination of the frequencies 
of oscillation, their influence being merely 
of the second order. 

In an interconnected system, as in 
Figure 6, no oscillation of a single prime 
mover can be performed for itself, since 
it produces an oscillation of electric power 
and frequency which spreads through the 
entire network. Thereby all the other 
generator units and also all the motors 
are energized oscillatorily from the unit 
first considered, and this refers to the 
machines adjacent in the same power 
plant as well as to those far distant at the 
last consumer. Thus all the rotating 
masses in the system will undergo oscilla- 
ting forces; however, they will react upon 
any exciting oscillation by virtue of their 
own restoring forces, namely, those of 
their governors, their synchronous and 
their induction effects. Hence by cou- 
pling a multitude of machine units to a 
complex system all the individually pos- 
sible oscillations will interfere with one 
another, resulting in a complicated over- 
all variation of power distribution and 
network frequency, the details of which 
we will consider analytically. 


A. CHARACTERISTIC FREQUENCY EQua- 
TION FOR ANY NUMBER OF MACHINES ~ 


For each generator unit with varying 


~mechanical power input and _ electric 


power output, the energy relation is now 
a combination of equations 1 and 9, 
namely 


(30) 


Neglecting the damping effects by using 
equation 3 for the admission power, and 
using the first term.only of the right-hand 
side of equation 10 for the electric power, 
and substituting in all terms the angle 
6, by use of equation 14, we obtain 
No 0+0, . S d#(0+6,) 


an +p30=0 


31 
OWRD O75) Gu, al oH) 


We can simplify this equation by the . 
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introduction of the inherent natural fre- 
quencies of the prime mover proper and 
o of the synchronous generator proper 
but now including its line reactance, as 
in equations 7 and 17, also omitting the 
damping terms. We have then 


2 
SOO) 5 9204 4*(040,) =0 


(32) 

For each of the prime mover plus 
synchronous generator units we obtain 
such a differential equation, only with 
different constants o and y. Hence 
each generator unit will have a different 
internal pole angle 0, while the angle 6, 
for the network system, referring to the 
star point of Figure 6, is the same for all 
generators. So we have as many differ- 
ential equations of the form of equation 32 
as there are generator units in operation 
in the entire interconnected system. 

If the system angle 0, fluctuates, then 
every motor operates with fluctuating 
power according to equation 23. We 
have therefore as many equations of the 
form 23 as there are individual motors 
in the entire system, all having the same 
network angle variation on the right- 
hand side. Consistently we omit here 
the second term of equation 23, repre- 
senting the damping effect attributable to 
slip variations of the motor, and include 
in the leakage voltage ¢; of the third term 
the reactive drop of the feeding line. 

Since we have excluded losses in the 
network, the sum of the electric power 
fluctuations of all the synchronous genera- 
tors must be negatively equal to the 
sum of the power fluctuations of all in- 
duction motors. 
Hence, 

DP, =Dp,0= —=Pm (33) 
where the sum of P, denotes all syn- 
chronous power deviations delivered or 
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received by the individual generators 
according to the first term of equation 10, 
while the sum of P,, denotes the ex- 
changed power deviations of all the 
motors according to equation 23. 

We can solve these systems of linear 
differential equations directly by sub- 
stituting harmonic oscillations for the 
various angles, namely, 


6,=A1cos vt; 0:=A2cos vt; 63=A3 cos vt; 
..0,=Ayn cos vt (34) 


with different amplitudes A;, As, As,... 
A,, for generators and network, all having 
the same frequency v which is the un- 
known of our problem. The generator 
equations of the form of equation 32 
then yield the series 


Ce Ce Ce 


From each equation we obtain the ratio 
of the specified generator amplitude to 
the network amplitude of oscillation 

A; ee Yemen 


ve— yo? A 

An yeto2—v? Aq y22toxt—0”” 
and soforth (36) 
On the other hand, equation 33 gives, 
with use of equation 29 for the motor 
actions, without damping effect and de- 


noting the various motors by the sub- 
scripts a, b, c, and so forth. 
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Figure 7. Graphical representation of both 
sides of characteristic equation for joint 
natural frequencies of interconnected systems, 
showing four generator units and five motors 


For simplification of this relation we sub- 
stitute for the synchronizing powers p,, 
by use of the middle term of equation 17, 
the natural generator frequencies a, 
omitting the damping term. We then ob- 
tain 


oS; A, +092 S,Ag+ a ea 


_ 14, (38) 


If we now express the amplitudes A, 
Ao, and so forth, of the pole angles of the 
individual synchronous machines by 
their values according to equation 36, the 
network amplitude A, cancels, and we 
obtain finally 


a17(v? — 1?) ) 
* (12-01? — v?) 
o2?(v? — y2") 
: v? (92? 027 — v?) 


o37(v?— 73") 


DRT amaah Re 39 
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From this characteristic equation we can 
derive the joint natural frequency v of 
all the many coupled synchronous and 
induction machines throughout the inter- 
connected systems, since the inertia 
constants S and the inherent frequencies 
y, o, @ of the individual machines, the 
latter including their network reactances, 
are given. 


B. GRAPHICAL SOLUTION FOR THREE 
TYPES OF OSCILLATION 


The solution of equation 39 can be 
found by graphical representation of both 
the left-hand and right-hand sides sepa- 
rately, the former belonging only to the 
generator units, the latter to the motors 
alone. Figure 7 shows, by solid and 
dashed lines, the varying value of the two 
sides of equation 39 dependent on the 
square of the unknown frequency »v. 
For v=0, all the terms on the left-hand 
side of equation 39 become minus in- 
finity, while all the quotients on the right- 
hand side become one, so that the sum 
of all the kinetic energies S,, of the motors 
appear with negative sign as starting 
value of the dashed curve in Figure 7. 

For increasing v, let us first consider 
the simpler right-hand side of equation 
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39. All the fractions on this side in- 
crease at first very slowly, until v ap- 
proaches the lowest natural frequency 
Ma of one of the motors. The individual 
term belonging to this motor increases 
then toward infinity, there changing sign, 
so that the dashed curve with further 
increasing v descends from plus infinity. 
Since all the other terms on the right- 
hand side of equation 39 remain negative, 
the curve soon reaches zero and passes 
infinity again when v reaches the second 
lowest natural frequency p, belonging to 
another motor. This continues as many 
times as there are motors in the system. 
Finally, if v is larger than all the natural 
motor frequencies, every right-hand-side 
term has changed to the positive sign 
and so, with ever-increasing v, the dashed 
curve approaches the zero line from above 
in a hyperbolic manner. 


Now we consider the left-hand side of 
equation 39 by means of Figure 7. With 
v increasing from zero, the term with the 
lowest natural frequency y; first changes 
its sign when v passes 71, and this occurs 
successively for all the terms, the y? of 
which is smaller than the lowest y:2+0,?. 
Thus the solid curve, with increasing y, 
soon becomes positive. It then increases 
to infinity when v? approaches the low- 
est yi’+0,?.. The curve there changes 
sign and ascends from minus infinity, 
reaching plus infinity a second time at 
the second lowest y2?+0,2. This repeats 
as many times as there are synchronous 
generator units feeding the entire inter- 
connected network. Finally the solid 
generator curve approaches the zero line 
hyperbolically from below. 

As we have seen that numerically the 
inherent governor frequencies y are fairly 
low, that the synchronous-generator fre- 
quencies o are much higher, and that the 
induction-motor frequencies p are still 
higher, we realize that the three regions 
in which the curves pass through zero or 
teach infinity are widely separated, as 
seen in Figure 7. Furthermore, the 
value of y? is always very small com- 
pared with o?, for our exampies 1.25?= 
1.57 in comparison to 9.672=935, so 
that in the denominators of equation 39 
y* can often be neglected. If the y’s 
would vanish completely, as for prime 
movers without speed governors, the 
remaining v?in the numerators of the 
left-hand side of equation 39 would can- 
cel and the terms S-o?/(¢?—y?) would 
converge for y=0 toward the sum of all 
kinetic energies S, of the generators, as 
indicated by the chain-dotted curve end 
in Figure 7. This shows the similarity 
between generator and motor effects. ; 

Every point at which the solid curve 
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intersects the dashed curve fulfills the 
condition of equation 39 and indicates 
therefore a solution of this equation, 
giving the value v, v’, v”, »’’’, and so 
forth, of a natural frequency of oscilla- 
tion of the entire system. With known 
constants of all the machines, it is easy 
to lay out such a frequency diagram. 
Figure 7 shows that the points of inter- 
section within the generator range are in 
the order of magnitude of the frequen- 
cies o. However, the actual natural 
frequencies are somewhat greater than 
the inherent frequencies of every syn- 


chronous machine. The value V/ +6? 
indicates the increase of the electrical 
frequency by effect of the mechanical 
power released by the governor which 
acts in addition to the synchronizing 
electrical power. With the figures of our 
examples, we have j 


VJ 402 =V/1.25?+9.67? 
=V/1.57+935 =9.76 


indicating an increase of only two per 
cent. A further increase is due to the 
effect of the finite value of the motor 
masses. Only if these approach infinity, 
would the network become completely 
rigid and every generator unit would os- 
cillate independently with frequency 
V 42-46, as shown by Figure 7. 

If we consider equation 36, we see that 
for a certain frequency » the amplitude 
of that machine only is large compared 
with the network amplitude A,, the in- 
herent frequency o of which is in the 
neighborhood of the natural frequency v 
considered, y being comparatively small. 
For all the other machines, the denomi- 
nators of equation 36 are much larger. 
We see, therefore, that every synchronous 
machine oscillates preponderantly with 
that natural frequency which is the near- 
est to its inherent frequency but oscillates 
only slightly with all the other natural 
frequencies. The actual number of 
natural frequencies in the generator 
range equals the number of generators 
operating in the system. 

In the motor range of frequencies, all 
relations correspond to those. in the 
generator range, except that Figure 7 
shows the intersections to be nearer the 
zero line and hence the differences of the 
natural and inherent frequencies may be 
larger for every motor. Therefore the 


‘individual motors, according to equations 


29 or 37, may not respond with as large 
amplitudes as the generators do but will 
oscillate at every natural frequency with 
moderate magnitude only. 

Since the numerical values of the 
natural frequencies for the generator 
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1 
range are much smaller than those for 


the motor range, the dashed motor curve 
in Figure 7 runs through the generator 
range as a nearly horizontal line of a 
value—ZS,,, the quotients on the right- 
hand side of equation 39 here all being 
nearly one. Hence the motors react on 
the generator oscillations as if their 


inertias were combined into one large’ 


common system inertia, forming the 
center of inertia of all the network motors. 

This is in full accord with equations 
28 and 29, showing that the power fluctua- 
tion of every motor is thus determined 
only by its individual inertia S and the 
variation of the common network angle 
6, so long as the actual frequency vy is. 
much smaller than the inherent motor 
frequency yp. Hence for every slow 
oscillation, we can combine all the motors 
into one large equivalent induction motor 
which has the sum of all the inertia masses 
of the individual motors. Even if, in 
some cases, v/u should not be small, but 
of considerable magnitude, the contri- 
bution of such motors to the common 
inertia ought merely to be increased, cor- 
responding to the denominator of equa- 
tion 29. The larger the sum of the motor 
inertias, the deeper lies the horizontal 
part of the dashed line in Figure 7 and 
the nearer the actual natural frequencies 
of the generators shift to the inherent 


values expressed by Vo2+ 7. 

If there should be a synchronous motor 
in the system, its inherent frequency 
o, would be moderately high and thus 
would lie within the synchronous-genera- 
tor range. However, the value y’, 
expressing the speed-governor action, 
would vanish in that additional term of 
the left-hand side of equation 39 which 
belongs to this motor. Thus that term 


~ attains the value 


a,” 


o,” — yp 


Sz 


which has the same form as for induction 
motors except that o, following equation 
17, is much smaller than p usually is.  - 


For the motor range, on the other hand, . 


with high natural frequencies v, the solid 
line of the synchronous generators in 
Figure 7 approaches the constant value 
zero, since all the fractions on the left- 
hand side of equation 39 vanish rapidly 
with increasing v®. Therefore the induc- 
tion motors oscillate in all their natural 
frequencies almost as if no synchronous 
generators were present in thé system. 
The number of intersections and thus 
the number of natural frequencies in this 
range, however, is smaller by one than the 
number of motors in operation. 

If there should be an asynchronous’ 
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induction generator in the system, driven 
by a prime mover with speed governor, 
we must add in equation 39 an expression 


by? (v? — Yy”) 
7] 
V2 yy? my? — yp?) 


which ‘s built up like that of the genera- 
tors but has an inherent frequency pm, 
more of the order of that of the motors. 
If some or even all of the generators, 
or some or all of the motors, should have 


Representation of characteristic 
equation for four electrically tuned generators 


Figure 8. 


the same inherent frequencies V ot 7? 
or pw, the corresponding frequency quo- 
tients in equation 39 become equal, and 
the corresponding infinities in Figure 7 
fall together, forming a multiple inter- 
section so that, according to Figure 8, 
this natural frequency will coincide with 
the inherent frequencies of the machines. 


C. Exvecrric TuNING OF THE 
GENERATORS 


If all the synchronous generators are 
tuned to the same inherent frequency, 
say oo, then Figure 8 shows that besides 
the multiple natural frequency, v’=oo, 
belonging to the oscillations of all tuned 
generators against each other, there de- 
velops a single higher frequency »; which 
belongs to an oscillation of all the genera- 
tors together against all the motors. 
If we consider all the governor frequencies 
y as very small and all the motor fre- 
quencies uz as very large as compared with 
this »,, equation 39 becomes in good 
approximation 


oo? 


(Si+S.+S;+ ...) 5 
Co 71 
= — (Set Sp Set oan =) 


and thus this singular natural frequency is 


2 


(40) 


(41) 


For equal generator- and motor-inertia 
sums S, and S,,, this predominant natural 
frequency would be 1/2 times the in- 
herent generator frequencies. Only for 
infinite motor inertias, indicating a com- 
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pletely rigid network would this fre- 
quency reduce to the inherent frequencies 
oo proper. 

The synchronous power amplitude with 
which every generator participates in 
the oscillations is given by equation 10, 
omitting the second damper term. Using 
the angle amplitude A of equation 34 
and transforming the synchronizing co- 
efficient p, into the frequency o by use 
of the first member only under the radical 
of the central term of equation 17, and 
finally using equation 36 with neglected 
y's, we obtain successively 


P\=pyAi= Acs niin n 
So o22y? (42) 
Moorea tS 


Hence, in the general case, each genera- 
tor follows its own resonance curve of 
power with the natural frequency v vary- 
ing over the entire spectrum, according 
to Figure 7, and the power oscillations 
are large for every generator in the 
neighborhood of its own inherent fre- 
quency o only. 

In case, however, that all the inherent 
generator frequencies are tuned to the 
same value oo, the frequency quotients 
in equations 42 become equal for all the 
generators, since v; is now also a unique 
frequency given by equation 41. Hence 
the power oscillations of the individual 
generator units will be distinguished by 
their inherent inertia constants S only, 
the other factors being the same for all. 
Thus no single generator will oscillate 
with large amplitude of itself, but the 
entire natural power oscillation with 
common frequency vy; will occur between 
all the generators in unison on the one 
hand, and all the motors in unison on the 
other hand, every generator participating 
with a, value corresponding to the me- 
chanical size of the machine, as given by 
‘ts inertia. constant S. 

Equal inherent frequencies o, according 
to equation 17, lead to the condition 


Pa en tant (43) 
= — «eo. =constan 

Ts; Ts. Ts 

for every synchronous machine. This 


requires the tuning of the synchronizing 
powers of all the generators, determined 
by k, to their inertias, determined by the 
starting time constant 7,. In general, 
this can be done by proper adjustment of 
the reactive power distribution among 
all the generators. Such a system will 
have the greatest possible stability against 
too large individual oscillations, or even 
loss of synchronism by any of the genera- 
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tors, after disturbance of the 


equilibrium. 


any 


D. Stow GOVERNOR OSCILLATIONS OF 
THE ENTIRE SYSTEM 


Figure 7 shows that there exists a 
single very low natural frequency v 
given by the first intersection of the solid 
and dashed curves. We will derive an 
analytical expression for this frequency, 
the corresponding power oscillation con- 
stituting the slowest and therefore the 
most significant natural power fluctua- 
tion in the system. In the general case 
the natural motor frequencies and the 
natural generator frequencies all differ 
from gne another and each being pre- 
ponderantly correlated to one or a few 
machines only, these elements oscillate 
almost at random against one another. 
The lowest frequency vp however, is co- 
ordinated to all the machines, since the 
frequency quotients of equation 36 with 
vanishing y all become of the same order. 
Therefore, we suspect that they may all 
oscillate in unison, constituting con- 
siderable frequency fluctuations of the 
entire system. 

In a power system under perfect con- 
ditions the inherent frequencies o, deter- 
mined according to equation 17 by the 
synchronous forces, are numerically large 
compared with the frequencies y, deter- 
mined according to equation 7 by the 
governor actions. Figure 7 shows that 
the o’s are large also compared with the 
lowest natural frequency vw. Finally, 
the motor frequencies uw, determined by 


Figure 9. Spectrum of inherent governor fre- 

quencies and resultant system oscillations, as 

significant for distribution of power oscilla- 
tions among generator units 


also are large compared 
We have, there- 


equation 25, 
with the frequency 1. 
fore, the inequalities 
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(44) 


In the parentheses of the denominators 
on the left-hand side of equation 39, thus 
only the values 01”, oy, 03? . . . remain, 
but they cancel against the same magni- 
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tudes in the numerators. On the other 
hand, the quotients on the right-hand 
side of equation 39 all become one, and 
thus we obtain in very good approxima- 
tion : 


vo2— 1" 
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Herein we can collect all the terms with 
Yo on the left-hand side and combine them 
with those of the right-hand side into a 
sum containing all generator and motor 
inertias, S, and S,. We then obtain 
for the lowest natural frequency 


Sin Sar? + te 
Z(Sg+Sm) 


Yo” (46) 
and if we use for the terms in the numera- 
tor equations 2 and 7, 


n= \ ee (47) 
Z(Sg+ Sm) 


This shows that there exists one slow 
natural oscillation of the entire system 
including all the motors, lines, generators, 
prime movers, and speed governors, the 
frequency of this oscillation being deter- 
mined by the sum of the inertias or kinetic 
energies of all the machines in operation, 
whether generators or motors or other 
rotating masses, and by the sum of the 
quotients No/57, of all the prime movers 
with their speed-governing mechartisms. 
We know from equation 3 that this last 
quotient for every prime mover expresses 
the power velocity of control, measured 
in kilowatts per second, with which its 
speed-governing mechanism tends to 
restore the steady state. For the various 
generating units, this quotient may have 
very different values, depending not 
only on the rated power JV, of each unit, 
but also on the product of the droop 6 of 
the governor and the closing time T, of 
the servomotor of the valve. The sum 
of all these quotients increases the total 
power delivered to all the prime movers 
of the entire system and thus every ma- 
chine plays its individual part in the whole 
mechanism of oscillation. Any increased 
power of a prime mover accelerates all 
the rotating masses of the system, and so 


all the various machines of the complete , 


system, prime movers with their gener- 
ators and all the motors, oscillate me- 
chanically slowly in unison with one an- 
other, the energy fluctuating between the 
rotating masses of the entire system and 
the power sources of the prime movers, 
be they steam, water, or oil. This is in 
contrast to the more rapid oscillations of 
the individual generators or motors, the 
energy of which fluctuates only between 
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the various rotating masses of the ma- 
chines. 

Hence, with respect to the slow gover- 
nor frequency, all the rotating masses 
of the entire system appear as if they were 
rigidly coupled with one another, and the 
governor-controlled power admissions of 
all the prime movers together are acting 
in unison upon the total inertia. Thus 
for the slowest and most significant os- 
cillations in interconnected networks we 
have attained a very simple conception, 
namely that the entire system acts as a 
unit with respect to governor powers and 
inertia masses. 

Let us consider, for example, a power 
system containing only three synchronous 
prime movers of No=5, 10, and 20 mega- 
watts rated power, with starting time 
constants 7,=8, 5, and 20 seconds, with 
speed governors of 6=5, 3, and 6 per 
cent droop, and servomotors of 7,=2, 
1, and 4 seconds closing time, while the 
numerous motors together have an inertia 
DSn= 500 megawatt-seconds. 

The resultant governor frequency of the 
entire system then is 


5 10 20 
5% -2'3%1'6%G-4 
8-5+5-10+20-20-+500 
\ 50-+333-+83 mw/sec 
~ ¥40+50+400-+500 mw-sec 


41) 


466 
= ye =().686, or 0.109 cycles per second 


while the’ governor frequencies of the 
single free-running units would be 


This example shows that the medium 
machine of ten megawatts rated power 
by its governor of small droop and its 
servomotor of small valve-closing time 
produce by far the strongest forces, four 
times as large as those of the 20-megawatt 
machine. On the other hand, the inertia 
is attributed predominantly to the heavy 
20-megawatt machine and to the en- 
tirety of the motor masses which reduce 
the frequency considerably. Measure- 
ments in power systems show that the 
starting time constant T, of the motor 
inertias related to the generator power in 
operation, according to equation 2, is of 
the order of 10 to 20 seconds, this large 
value being due to the underloading of 
most of the motors. some 

If the electric system is severely dis- 
turbed, for instance by a short circuit near 
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some of the generators, the synchronizing 
power of one or more of the electrical 
machines may decrease. The inherent 
frequency o of these machines, given by 
equation 17, then drops and may come 


‘into the neighborhood of the mechanical 


frequency vp just determined. The total 
number of natural oscillations is not 
changed hereby, only that some of the 
last inequalities 44 do not hold. It is use- 
ful in this case to determine all the lowest 
frequencies graphically, as already shown 
in Figure 7. 


4. Distribution of Power 
Oscillations 


For the faster electromechanical os- 
cillations we have previously seen, by 
means of equation 36, that the angular 
amplitudes of the various generators 
and motors are large for those natural 
frequencies only which are adjacent to 
the inherent frequency of the individual 
machines. The network amplitude A, 
of these oscillations will be relatively 
small, since all machines oscillate against 
each other. 

The speed deviation or the relative fre- 
quency oscillation of the network, is 
given, corresponding to equation 14. 
quite generally as 


1 do 

Sp=- = Sas A, sin vt=—F sin vt (48) 
w dt w 

Thus 

F=— A; (49) 
(3) 


gives the amplitude of the frequency 
oscillation, constituting a fluctuation of 
the regular power frequency w with low 
frequency v. This correlation, equation 
49 holds for any value of the frequency ». 
The individual power oscillation of 
every synchronous generator can be 
determined by equation 10 with its syn- 
chronous and also its asynchronous or 
damper contribution, the amplitude A 
of the angle 0 of each generator being given 
by equations 36 with respect to the net- 
work angle amplitude A,. Thus the dis- 
tribution of the power oscillations among 
the generators can be accurately found 
for any actual example. = 
The power oscillation of every induc- 
tion motor is rigorously given by equation 
23 or 28. For moderate damping, how-- 
ever, we can use the much simpler equa-_ 
tion 29, and if we confine our considera- 
tion to such network frequencies only 
as are considerably lower than the in- 
herent motor frequencies m, the second’ 
term in the denominator of equation 29 
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vanishes, and we obtain with use of 
equation 48, 

P= —— = =—Sn t= FS, cos vt (50) 
Thus the motor power amplitudes are 
given in good approximation by the 
product of frequency v and amplitude F 
of the fluctuation of the network fre- 
quency, magnitudes which are the same 
for all the motors, and of the inertia con- 
stant S of the individual motor con- 
sidered. 

The total power fluctuation over the 
entire system between all generators on 
the one hand and all motors on the other 
hand is merely the sum of all individual 
motor powers of equation 50, namely, 


LP =vFISm-cos vt (51) 


Its distribution over the various ma- 
chines of the system and therefore over the 
various branches of the network is deter- 
mined by the preceding remarks. This 
last relation equation 51 holds for the 
ranges of the synchronous frequencies o 
as well as of the governor frequencies y 
and v9. 

For the slow mechanical oscillations of 
the generators we can use with perfect 
networks the inequalities 44 for the 
amplitudes of equation 36 and obtain, 
with good approximation, 


et A ag 
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(52) 


Since, according to equation 44, both fre- 
quencies in the numerators of equation 52 
are stnall compared with the denomina- 
tors, we see that the amplitudes of the 
angles A;, A2... between the synchronous 
machines and the network for these slow 
governor oscillations are always small 
compared with the amplitude A, of the 
angular oscillation of the network itself. 
Therefore the total machine oscillations 
are nearly of the same angular magnitude 
as the network oscillations A,, these being 
of considerable value since all machines 
swing in unison. ; 

- However, we can compare the relatively 
small angular amplitudes A;, Ao, ... with 
each other since, according to equations 
10 and 34, they are a measure of the 
power oscillations of the single machines. 
The synchronous power amplitude of the 
generators is, with equations 10 and 34, 
and using the first equation 17, and fin- 
ally equation 52, 
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Thus the amplitude of the individual 
synchronous power oscillation of every 
machine is determined by its inertia con- 
stant S, and the difference of the common 
governor frequency v for the entire net- 
work and the inherent governor fre- 
quency y of the individual machine. 
Figure 9 shows as an example the dis- 
tribution of the inherent governor fre- 
quencies y of five individual prime movers 
with their synchronous generators, and 
above and below this frequency spec- 
trum two different values are indicated 
for the resultant actual governor fre- 
quency vo of the entire system.- The 
upper larger value 1’ may belong to a 
system with very small motor masses so 
that, according to equation 47, 1’ is 
more in the center of the individual fre- 
quencies, while the lower smaller value 
yy” may belong to a system with larger 
motor masses which decrease consider- 
ably the joint governor frequency. The 
difference Ay between the joint fre- 
quency vp and the inherent frequencies y, 
in the quadratic scale of the diagram 
Figure 9 determines, according to the 
equation 53, the individual synchronous 
power oscillation of every generator unit. 
The asynchronous power of the second 
term in equation 10 usually is small com- 
pared with the synchronous power. 

Thus all the generator units with differ- 
ent y participate in very different de- 
grees in the power oscillation of the sys- 
tem. Those with large y, corresponding 
to a high velocity of control according to 
equation 7, deliver large electric power 
into the network oscillation; those with 
smaller y deliver small or even negative 
power amplitudes into the system. These 
spectral differences, and therefore the 
subdivision of the power oscillations 
among the individual machines, are by no 
means proportionate to the rated powers 


J 
GROUP LI 


GROUP IL 

Figure 10. Two closely coupled groups of 

synchronous power plants, loosely intercon- 
nected by tie line of high reactance 


of the various machines. For example, 
a large-sized generating unit may have a 
large product 67,7, and therefore, accord- 
ing to equation 7, a small y, and a small- 
sized machine of the same system may 
have a small 67,7; and therefore a large 
y. Then the small machine might par- 
ticipate in these power oscillations to an 
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even greater extent than the large ma- 
chine, dependent in addition on the inertia 
constants S. Thus it may be heavily 
overloaded and may even lose syn- 
chronism. 

In our former example of three differ- 
ent generator units of 5, 10, and 20 mega- 
watts rated power, the distribution 
among these machines of the power os- 
cillations of frequency ») would be, ac- 
cording to equation 53, 


P,=8-5(0.686?— 1.12?) = —40-0.78 
An 
=—31.2:— 


(2) 
P2=5-10(0.686? —2.58? = —50-6.19 


A 
= —309-— 


(3) 


Ps=20- 20(0.686? — 0.454?) = 400 - 0.264 


An 
=+106-— 
® 
J 
These figures show a disproportionate 
subdivision in magnitude as well as in 
sign, the medium machine taking over the 
bulk of the power oscillations, and the 
large unit acting in phase opposition to 
the smaller machines. The entire syn- 
chronous generator power oscillates with 
an amplitude 


An 
P,=106 —309 —31 = —234 ar 
indicating an extremely unfavorable dis- 
tribution among the generators. On the 
other hand, the entire motor power os- 
cillation within this system is, according 
to equation 51, and with use of equation 
49, 


a 


Py=v HAs DS =0.686?- 500 =236: An 

@ (3) Ww 
checking closely 
value. 

If the number of generator units and 
motors changes, as is the case with varying 
conditions of operation of all electric sys- 
tems, the value of vp in equation 53 and 
in Figure 9 may change over a certain 
range, with the result that another genera- 
tor may become more overloaded than 
before. Always the units with the small- 
est 67,T, are predominantly endan- 


the total generator 


‘gered. For the three machines of our 


example, this characteristic value is 
Oo? f,=5:2'°3=80 and 3:1:5=15 ‘and 
6:4-20=480. Widely different inher- 
ent governor frequencies causing un- 
balanced load distribution in the transient 
state of the system are especially found if 
steam and water power plants are inter- 
connected. 

Under one condition only can the over- 
loading of one or another machine be 
avoided and the subdivision of the os- 


. 


oo 


cillating power among all machines remain 
the same under all circumstances, namely, 
if we tune the various speed-governing 
mechanisms so that all give one and the 
same inherent value y for every machine. 
Then, all the frequency differences from 
any joint frequency v in equation 53 or 
Figure 9 attain the same magnitude. 
Even if the value of v should change 
because of a varying number of generators 
or motors in operation, see equation 47, 
the frequency differences for the various 
generators still remain equal between each 
other. Therefore the synchronous power 
oscillations of the generators, according 
to equation 53, are merely proportional 
to their inherent inertias S,, S:, and so 
forth, a subdivision corresponding to the 
mechanical size of each machine. Equal 
y, according to equation 7, leads to the 
condition 


iT Iss — do Day is = 537 os 183 eee 
=constant (54) 


for every power unit consisting of syn- 
chronous generator, prime mover, and 
governor. This requires a tuning of the 
speed-governing mechanism with respect 
to the starting time constant 7, for each 
machine, which in general can be at- 
tained. Such a system will have the 
greatest possible stability against too 
large joint oscillations, so that no gener- 
ator will-be overloaded or even lose syn- 
chronism with the other generators after 
a heavy impact of any type on the net- 
work. 


5. Supplementary Oscillations 


There may be examples in which the 
reduction of the electrical distribution 
network into a simple star system cannot 
be performed, either in perfect or in 
faulty state of the system. In such cases 
two or more loosely coupled star systems 
may give a proper approximation. Since 
all oscillations here treated are due to the 
energy storage in the various rotating 
masses, we see immediately that the num- 
ber of the natural frequencies will not be 
changed; only the spectral distribution 
may shift tosome degree. If, for example, 
two groups of machines, each comprising 
generators and motors, are closely coupled 
within the groups but loosely between 
the groups, as in Figure 10, these two 
groups will be able to oscillate against 
each other, and the corresponding natural 
group frequency, dependent preponder- 
antly on the value of the coupling im- 
pedance, can be much lower than any in- 
dividual inherent frequency o. The 
general scheme of deriving the actual 
frequencies of such networks can closely 
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follow the procedure of section 34. 

If the coupling of such network groups 
is so loose that a resultant natural fre- 
quency of the electrical machines drops 
into the region of the slow governor os- 
cillations, even these may be affected and 
a beating of these two low frequencies 
may reduce the oscillatory stability of 
the entire system. 

Some types of speed governors do not 
follow with sufficient accuracy a relation 
like equation 4 but possess more complex 
characteristics caused, for example, by 
droop compensation, by use of inter- 
mediate pilot valves, by long water or 
fuel supply pipes, and so forth. In every 
case, the equations of operation of the 
governors and prime moyers can be com- 
bined, similar to the manner shown in 
section 3A, with those of the electrical 
system which remain unchanged. As a 
result, there may appear some additional 
natural frequencies, attributable for ex- 
ample, to frequencies inherent in the 
governor systems, which sometimes are 
much higher than the preponderant low 
governor frequency y and which there- 
fore may enter the range of the syn- 
chronous-machine frequencies o. Since 
both these types belong to natural oscilla- 
tions and not to forced oscillations, no 
possible resonance effects can occur. 
Only the spectrum of the natural fre- 
quencies will change to some extent, not 
causing, however, any additional dis- 
turbances. 

In large distribution systems, particu- 
larly with interconnected networks, the 
frequency of the entire system, or the 
power distribution among the different 
branches, is sometimes controlled by an 
additional electromechanical device. No 
standard equipment or customary opera- 
tion of such superposed control system 
has been developed as yet, but with all 
of them the deviation of frequency, angle, 
or power from the desired values at cer- 
tain points in the system serves to induce 
one or more prime movers by influencing 
their speed governors to compensate for 
the difference. 


In the light of our analysis, such de- 
vices introduce another set of restoring 
powers into the system, very similar to 
the restoring power of equation 4, and 
additional oscillations may result. If 
such superposed control is restricted to 
one or to some of the generator units 
only, the restoring power for the entire 
interconnected system is relatively small 
compared with that of all speed-governed 
prime movers together. Therefore the 
frequency of oscillation for such a scheme 
of control, in analogy to equation 47, will 
be still much lower than that of the joint 


governor oscillations, and usually thesé 
very slow power swings are slightly 
damped by internal forces in the addi- 
tional control device. . 
Since such control frequency is always 
much lower than the electrical frequen- 
cies o and uw between the machines, all the 
rotating masses will follow in unison, and 


thus we can use equation 47 for the de-, 


termination of the control frequency, 
if only the total power velocity of control 
in kilowatts per second of the control 
device is given, Hence every program 
control of any number of machines will 
always affect the inertia masses of the 
entire system as if they were rigidly 
coupled to a unit. 


6. Damping Effects 


We have considered the interaction 
of all the coupled oscillating elements, 
neglecting their damping forces. Let us 
supplement the results by discussing 
qualitatively the influence of these dis- 
Sipative effects. 

With inclusion of the various damping 
members, the differential equation 31 for 
the individual angles of deviation @ of the 
synchronous machines, as derived from 
equation 30 would contain terms with 
d@/dt. The first such term, because of the 
governor damping, originates from equa- 
tion 4 by substituting the slip from equa- 
tion 14 and integrating: 

Ndt Ny 0+8, 


peti, 


(55) 


Substituting 7, on the left-hand side from 
equation 8, we obtain for a power oscilla- 
tion of any given frequency », 


(56) 


if we shift the complex factor, resulting 


from the integral, to the right-hand side. © 


Comparing this with the first term of 
equations 30 and 31, the last quotient, of 
equation 56 results in a slight increase in 
N by effect of the denominator and in a 
damping effect for every prime-mover 
unit by action of the imaginary term 
jp,/v. Since each governor furnishes 
such damping term in the oscillations of 
the entire system, the low common gov- 
ernor oscillation with frequency will 
suffer a damping effect which is deter- 
mined by the average p,/vo of all the 
interconnected prime movers. Since 
vo is decreased by the large inertias of 
the induction motors in the system, the 
resultant damping is heavier than with 
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the generators alone. However, the os- 
cillations usually remain within the 
periodic region. 

Since the governor damping is inversely 
proportional to the frequency v of the 
oscillation considered, this effect vanishes 
almost completely for the much faster 
oscillations with frequencies near o of the 
synchronous generators and near yw of 
the induction motors. 

The damping in the synchronous ma- 
chines is due to the last term of equation 
10. For any given frequency v we have, 
therefore, for every generator unit the 
electric power oscillation 


P=( petits “Vompo( 142% o (57) 


equations 17 and 18 being used for the 
value of pa/ps. 

This expression enters equations 30 
and 31 in place of the last term, producing 
a damping effect from every individual 
generator by action of the imaginary 
term. Since the natural frequencies v 
for the entire group of generators are all 
in the same range, these damping terms 
of the synchronous units all act with a 
similar strength and after some time 
produce decay in all the natural generator 
oscillations. For the slow governor os- 
cillations 7), however, the damping term 
of equation 57 becomes extremely small, 
being proportional to the frequency », 
and thus the electric damping in the syn- 
chronous machines has practically no 
influence on the slow power oscilla- 
tions caused by the governors. The 
motor oscillations with higher natural 
frequencies, however, are more strongly 
influenced in the proportion of the yz 
range to the o range. 


The damping effect of the slip in in- 


duction motors is given by the second 
term of equation 23. It constitutes a 
correction of the active power of the first 
term of that equation, which is for any 
frequency rv, 


dP 
P+50T; ap nt tienes) 


=P (14%) 
Be 


equations 25 and 26 being used for the 
value of so7;. The imaginary term for 
every motor causes a damping of all the 
natural motor oscillations, the effect of 
the various induction motors being 
greater the nearer the damping comes to 
the aperiodic condition of equation 26. 
Since it is not possible to co-ordinate an 
actual natural frequency to a single 
motor, see Figure 7, the damping effect 
of every motor spreads out over the whole 


(58) 
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group. The motor damping, according 
to equation 58, is proportional to v, and 
thus its influence on the much slower 
generator oscillations is small, and particu- 
larly that on the governor oscillations 
is negligible. 

Hence the damping effects of governor, 
generator, and motor oscillations remain 
in their respective ranges, with the ex- 
ception only of the generator damping, 
which overlaps the motor range. The 
motor oscillations proper are damped, 
therefore, by two effects, both of which 
are considerable, and thus are not to play 
an important part under conditions of 
unbalance of the system after any dis- 
turbance. Individual generator oscil- 
lations and joint governor oscillations are 
the important phenomena which deter- 
mine the stability of interconnected sys- 
tems, while all the motors merely act to- 
gether with the combined inertia of their 
rotating masses. 

In all our derivations we have assumed 
that the magnitudes of the generator 
voltages remain constant during any os- 
cillation and that the influence of the 
network resistances is insignificant, the 
reactances playing the predominant part. 
It is well known, however, that even with 
constant excitation of the synchronous 
generators, their voltage varies propor- 
tionally to the instantaneous speed and, 
therefore, oscillates to some extent, and 
that this variation gives rise to a cor- 
responding oscillation of power losses 
within the resistances of the network, 
series resistance of the lines as well as 
parallel resistance of the loads. Thus a 
network damping occurs, additional to 
the damping effects within the active 
elements just considered, the value of 
which depends largely upon the distri- 
bution of resistance-, motor-, and arc- 
consumers within the system. Since 
such network damping produces merely a 
corrective effect which can be either posi- 
tive or negative, it will not be further 
considered here. Similarly, the resist- 
ances and pressure drops within the 
steam, water, or fuel system, increasing 
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Figure 11. Test on 800-megavolt-ampere 
system, showing the various frequencies of 
power oscillations after heavy impact, caused 
by disconnecting one of feeding generators 


with the load, cause an additional damp- 
ing which also is of minor significance for 
the value of the natural frequencies and 
will be neglected here. 

Any arbitrary change of voltage in one 
or more of the generators by external 
change of their excitation acts more on 
the reactive than on the active power of 
the machines and therefore influences 
more the value of the synchronizing 
forces, see equations 11 and 17, than the 
damping effects. It therefore merely 
causes the frequencies to vary slowly dur- 
ing subsequent oscillations. 

The absolute amplitudes to which all 
the oscillations are excited by sudden 
impacts or by arbitrary or accidental 
changes in the system remain to be in- 
vestigated. 

Figure 11 shows results of a full-scale 
experiment with an interconnected sys- 
tem containing scores of generators, total- 
ing a rated power of 800 megavolt- 
amperes, which was subjected to a power 
impact of minus 24 megawatts, attained 
by sudden disconnection of one of the 
feeding generators. The network fre- 
quency in consequence shows a damped 
oscillation of a period of 23 seconds, 
corresponding to v=0.274, caused by 
the combined action of the speed 
governors in the system. The relative 
amplitude of this frequency oscillation is 
F=-—0.24 per cent of the normal fre- 
quency. Two generators measured in a 
distant power plant show a slow power 
oscillation of the same frequency but of 
different amplitudes and, in addition, 
a more rapid oscillation for each of them 
in the beginning, the periods of which are 
1.57 and 1.40 seconds, respectively, and 
which are due to the different synchro- 
nous forces of these individual machines. 


7. Conclusions 


1. Notwithstanding the complexity of the 
problem of interrelation of the many tran- 
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sient electrical and mechanical forces exist- 
ing in widely interconnected systems, a 
simple solution can be given for the natural 
oscillations of frequency and of power which 
occur, by discriminating between a small 
number of significant major effects and the 
numerous minor effects of merely corrective 
value. 


2. For evaluating this solution numerically, 
only a few parameters of all the machines 
have to be known, namely: the inherent na- 
tural frequency of the speed-control system 
of every prime mover, determined by droop, 
valve-closing time, and starting time con- 
stant; the inherent natural frequency of 
every synchronous generator, determined by 
network frequency, synchronizing coefficient 
and'the same value of starting time constant; 
and, although not necessarily, the inherent 
frequency of the larger induction motors, 
determined by leakage voltage and their 
starting time constant. 


3. All of the many rotating machines in an 
interconnected system are coupled by the 
electric energy which they can exchange in 
the transient state. Thus they perform 
coupled oscillations, the frequencies of which 
are different from those inherent in the single 
machines when not connected together. 


4. The characteristic equation for the 
determination of the coupling frequencies is 
of a very high degree, given by the number 
of oscillatory elements, namely, the total 
number of prime movers with generators, 
and of motors, in the entire system. An 
analytical solution of such an equation is not 
practicable, but a graphical representation 
can be developed, giving an excellent survey 
of the dependence of the frequencies and 
the power amplitudes on the various param- 
eters. 

5. There exists no isolated oscillation of 
any one machine with respect to a large net- 
work. All oscillations, although they may 
be excited individually, spread out over the 
entire network affecting every line and every 
rotating machine. 


6. The natural frequency of oscillation of 
every synchronous generator is increased by 
the reaction of the mechanically coupled 
speed governor of its prime mover, and by 
the electric coupling through the network 
with other rotating machines. 


7. Tuning of the inherent frequencies of 
all the synchronous generators to the same 
value, accomplished by proper distribution 
of the reactive power among the generators 
insures their oscillating in unison during the 
transient state and results in maximum 
stability of the entire system. 


8. A single induction motor is capable of 
natural oscillations of moderate frequency 
if the slip at rated load is under a certain 
limiting value. For larger rated slip, 
aperiodic gliding movements occur in the 
transient state. 


9. The limiting rated slip of induction 
motors, separating their aperiodic and oscil- 
latory behavior, is determined by network 
frequency, relative leakage voltage and 
starting time constant. Since the limiting 
slip is of an average value of five per cent, 
small motors perform aperiodically while 
large motors may oscillate, 
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10. The natural oscillations of induction 
motors fed from the same network interfere 
strongly with one another by effect of their 
electric coupling. However, these oscilla- 
tions are heavily damped and therefore are 
not very significant for the system perform- 
ance. 


11. For slower oscillations than those in 
their natural frequency, induction motors in 
the transient state act preponderantly by 
their inertia masses and only slightly by 
their slip and leakage effects. 


12. The rotating masses of all the induc- 
tion motors taken together in interconnected 
networks influence strongly the oscillations 
of the generators and speed governors. 


13. All the speed governors taken together 
constitute a unit of restoring forces, acting 
not only on the inertia masses of all the 
prime movers and generators, but also on 
the inertia masses of all the induction motors 
and other rotating machines, all in unison. 


14. Independent of the number of ma- 
chines in the interconnected networks, there 
develops only a single low frequency by 
action of all the speed governors, this fre- 
quency being given merely by the sums of 
all the restoring forces and all the rotating 
masses of the system. 


15. Although all the governors oscillate in 
unison at very low frequency, the electric 
power exchange of their generators with the 
interconnected system may be entirely dis- 
proportionate, the units with low inertia, 
small droop and low valve-closing time being 
overloaded, while those with large values 
may even be negatively loaded by the oscil- 
lations, thus driving their inertia masses as 
synchronous motors. 


16. Tuning of the inherent frequencies of 
all the speed governors to the same value, 
secured by adapting the properties of the 
speed-control mechanism of each prime 
mover’ to the inertia of its rotating masses, 
insures a proportionate distribution of power 
in the transient state and results in maxi- 
mum stability of the entire system. 


17. Such tuning requires that the product 
of speed-governor droop, valve-closing time, 
and starting-time constant be the same for 
every generator unit. Thus heavy machines 
with relatively high mass inertia should be 
controlled by fast servomechanisms and 
speed governors of small droop, while rela- 
tiyely light machines should have slow 
servomechanisms and larger governor droop. 


18.. In tuned conditions of governors and 
of generators, the distribution of power oscil- 
lations among the generator units corre- 
sponds to the inertia of their rotating 
masses which usually are in proportion to 
the mechanical and electrical size of the 
machines. 


19. Oscillations of power and frequency 
produced by the action of any type of power 
or frequency program of control, super- 
imposed on a limited number of prime 
movers, have a very low frequency on ac- 
count of the relatively weak restoring forces 
acting on the inertia masses of the entire 
system, 


20. By effect of the various restoring forces, 
three main groups of oscillations prevail in 
interconnected systems, influencing one 
another but being distinguished by their 
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frequency ranges; namely, a motor range of 
5 to 10 cycles. per second; a generator 
range of 1 to 2 cycles per second; and a 
governor range of 0.05 to 0.1 cycles per 
second. } 


21. The entire number of frequencies to 
be expected in interconnected networks 
under perfect conditions with all machines 
different, is in the governor range equal to 
one, in the generator range equal to the 
number of synchronous generators, and in 
the motor range equal to the number minus 
one of oscillating motors. 


22. For power systems loosely intercon- 
nected by high reactance lines and for power 
systems under faulty condition of their 
lines, one or more of the medium range 
generator frequencies may shift into the 
low range of the governor frequency. 


23. Records of full-scale tests on large 
interconnected power systems while sud- 
denly imposing a severe power impact, show 
very slow frequency oscillations at the bus 
bars, and faster power oscillations of the 
generators, consistent with the foregoing 
conclusions. 


24, All the natural oscillations suffer a con- 
tinuous damping, preponderantly caused by 
the effect of the return of the speed gover- 
nors, the damper of the synchronous genera- 
tors, and the slip of the induction motors. 


25. The damping of the slow governor oscil- 
lation of the entire system depends upon the 
average damping force of the returns of all 
the speed governors and is considerably in- 
creased by the effect of the rotating motor 
masses, but not so much as to become 
aperiodic. 


26. The damping of the faster synchronous 
generator oscillations throughout the system 
depends preponderantly upon the average 
damping force of all the damper cages in the 
generators and always remains in the 
periodic range. 


27. The damping of the still faster induc- 
tion motor oscillations throughout the sys- 
tem depends upon the joint effects of the 
slip in the motors and the dampers in the 
generators. Smaller motors with consider- 
able slip glide in the aperiodic range, while 
larger motors with small slip oscillate in the 
periodic range, but with heavy decay of 
their amplitudes. 


8. Summary 


Electric generating and distribution 
systems are capable of performing natural 
oscillations of frequency and of power, 
superposed upon the ordinary operation 
and sometimes disturbing the regular 
behavior of the system orits parts. These 
oscillations are due to the interlinked co- 
operation of the prime movers with their 
speed-governing mechanisms, the syn- 
chronous generators, the ramified net- 
work, and the numerous induction 
motors, and similar power consumers. 
Since most of the machines and network 
branches usually are different in size and 
in individual design, a multitude of 
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natural oscillations will develop; the fre- 
quency spectrum of which can be divided 
into three groups. 

In perfect condition of the system, a 
single very low frequency develops, which 
is determined by the inherent properties 
of all speed governors and servomotors 
together, and by the inertias of the rotat- 
ing masses of all the generators and 
motors together. This joint natural 
oscillation has a period around 10 to 20 
seconds and causes an inphase movement 
of all mechanical parts of the system, 
which can be of considerable magnitude, 
while the electric power-may oscillate in 
phase opposition within the various parts 
of the system. 

The next group of frequencies contains 
as many natural oscillations as there are 
different synchronous machines in the 
system and is defined by the faster 
electromechanical oscillations occurring 
between each synchronous generator and 
the entirety of all the other synchronous 
and induction machines. The mechanical 
parts of the entire power system oscillate 
here in phase opposition at all the differ- 
ent frequencies which have periods of 
about 0.5 to 1 second and are of moderate 
amplitude as long as the system is in per- 
fect condition. 


The third and highest group of natural 
frequencies is caused by the different 
inertia effects of the various induction 
motors, all oscillating against each other 
with periods around 0.1 to 0.2 seconds. 
The amplitudes are usually insignificant 
since they are damped by the effect of the 
rotor slip of each machine, for small 
motors even aperiodically. 

During every transient state of the 
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system, such oscillations produce slow 
and fast exchanges of power between the 
various parts of the network, temporarily 
increasing the load on some machines or 
in some tie lines and decreasing it on 
others, which often is detrimental to good 
operation. However, certain tuning con- 
ditions are derived under which the am- 
plitudes of all these oscillations reduce to 
a minimum, thereby securing the highest 
possible stability of the entire system 
after any disturbance. 

Tests during the operation of a large 
system of interconnected networks after 
a severe impact show frequency and 
power oscillations consistent with the 
derivations in this paper. 


Special Symbols 


A =angular amplitude 
F=frequency amplitude 
N=mechanical power 
P=electric power 
S=inertia constant 
T =time constant 
e=relative voltage 
g=gravity constant 
j=V-1 
k =synchronizing coefficient 
p=specific power 
y =governor frequency 
5=droop of governor 
6=pole angle 
» =motor frequency 
v=natural frequency 
o=synchronous generator frequency 
p=damping factor 
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The Sorocabana Railway Electrification 


DURVAL MUYLAERT 


NONMEMBER AIEE 


Synopsis: The Sorocabana Railway electri- 
fication is noteworthy in that the railroad 
is a meter-gauge line run largely on wood 
fuel. The lack of suitable national coal or 
oil sources arid the increasing difficulty of 
obtaining wood fuel led the railway to elec- 
trify its line between Sao Paulo and Santo 
Antonio. 

Rolling stock is outstanding in that the 
locomotives will be the most powerful 3,000- 
volt narrow-gauge units ever built. The 
multiple-unit cars are the first 3,000-volt 
meter-gauge units to be used. 

The distribution system is designed to 
minimize the use of steel supports. Steel 
must be imported, and locally made con- 
crete poles are to be utilized extensively. 

The power-supply system using 3,000-volt 
mercury-arc rectifiers is the first installation 
in this hemisphere to use rectifier conversion 
with regenerative braking on locomotives. 
Regenerated energy returned to the substa- 
tions will be dissipated in resistors roof- 
mounted at the several stations. 


HE Sorocabana Railway—the EFS 
(Estrada de Ferro Sorocabana) as it 
is commonly known—consists of a net- 
work of meter-gauge lines traversing the 
southern and southwestern parts of the 
state of SAo Paulo in Brazil. The system 
is confined entirely within the state. 
The network is composed of two prin- 
cipal lines: 
(a). The east-west line, which extends 556 
miles from the city of SAo Paulo westward 
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to Presidente Epitacio, a small town on the 
Parana River, the border line between the 
states of Sdo Paulo and Matto Grosso 


(b). The north-south line, which runs from 
the port of Santos to San Pedro—a distance 
of 238 miles—crossing the east—west line at 
Mayrink, a junction point approximately 
43 miles west of SAo Paulo 


and the several branch lines emanating 
from these main arteries as shown in the 
sketch map of Figure 1. 

The two principal lines account for 
794 miles of the total line trackage of 
1,340 miles. All of the line trackage is 
single with the exception of that portion 
between Sado Paulo and Santo Antonio 
on the east-west line. This 87-mile-long 
section is double-tracked and is the terri- 
tory selected for the initial application of 
electric traction. 

Figure 2 is a condensed profile of the 
line now being electrified, and Figure 3 
shows the profile of the line between sea 
level and the junction of the north-south 
and east-west lines at Mayrink. Orienta- 
tion of the two profiles by means of the 
station (Mayrink) common to both will 
indicate the elevated location with respect 
to sea level of the Sao Paulo—Santo 
Antonio section. 


Figure 1. Sketch map showing Sorocabana 
Railway lines 
MINAS 
Bie 
ralph | 
7 
Tf; 


<) 


PAULISTA RY. 


’ 


Muylaert—Sorocabana Railway Electrification 


General Electric Company; 


Although the railway is owned by the 
state of ‘Séo Paulo, it is managed and 
operated as a practically autonomous 
institution responsible to the State 
Secretary of Transportation and Public 
Works. In gross income, the system is 
the second largest in Brazil and is ex- 
ceeded only by the federally owned and 
operated Central Railway °f Brazil. 

The predominant factor influencing 


the decision to electrify is that of loco-~ 


motive fuel supply. Brazil has no de- 
veloped sources of fuel oil. Native coal, 
because of its low Btu content, is not 
entirely satisfactory as a locomotive fuel. 
Not only is the coal of a poor quality, but 
sufficient coal to meet all of the country’s 
requirements is not mined—a state of 
development attributable to the poor 
quality of the coal. Steam-locomotive 
fuels, alternative to native coal, are im- 
ported coal and oil and native wood. 

The long hauls between the nearest 
oil fields and the points of use in Brazil 
make the use of oil as locomotive fuel 
economically prohibitive. 

Many of the railroads employ English 
coal in normal times and, since the 
incidence of the present world-wide war, 
coal imported from the United States. 

In 1939 the Sorocabana used 6,500 tons 
of imported coal, 6,015 tons of native coal 
and 502,000 cords (128 cubic feet per 
cord) of wood* at a total cost of approxi- 
mately $1,593,000. This represents 30 
per cent of the railway’s total operating 
expenses. Although the comparison may 
not be strictly balanced, it is of interest to 
note that during the year 1939 fuel ex- 
penditures for railroads in the United 
States averaged but nine per cent of the 
total operating expenses. 

Because of its relatively low heating 
value, wood fuel requires the handling of 
large volumes, compared to coal, and on 
the Sorocabana there were assigned to 
nonrevenue company fuel-haulage service 
25 locomotives and 360 flatcars—figures 
which represent eight per cent of the total 
motive power and 20 per cent of the flat- 
cars owned. 


Paper 43-67, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
North Eastern District technical meeting, Pittsfield, 
Mass., April 8-9, 1943; previously presented at the 
AIEE national technical meeting, New York, 
N. Y., January 25-29,1943. Manuscript submitted 
December 18, 1942; made available for printing 
March 4, 1943. ’ 


DurvaL Muy aert is chief of the electrification 
department, Sorocabana Railway, Sado Paulo, 
Brazil. 
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The author expresses his appreciation to L. W.. 


T. F. Perkinson, 
and A. J. Schoch, 
Westinghouse Electric and Manufacturing Com- 
pany, for their assistance in supplying data concern- 
ing the overhead distribution system, the electric 
rolling stock, and the substations. 


* 1 cord of wood = 1,000 pounds of Cardiff coal on 
an equivalent heating basis 
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Figure 2. Condensed compensated profile— 
Sorocabana Railway—Sao Paulo to Santo 
Antonio double-track meter gauge 


A factor which further aggravates the 
fuel-supply situation is that of increasing 
scarcity of suitable wood supplies. Ex- 
cluding that section of the railroad in the 
extreme western part of the state, fire 
wood supplies contiguous to the main- 
lines are inadequate, and it has been 
found necessary to construct branch 
lines—some of-these are 15 miles in 
length—expressly for wood-fuel haulage. 

That the fuel-supply problem eventu- 
ally would become critical has been rec- 
ognized for some time, and as far back 
as 1924 electrification of various sections 
of the line was studied. In the interim, 
traffic has continued to increase in pace 
with the expansion and development ex- 
perienced by the territory traversed. 
Preliminary studies indicated the eco- 
nomic desirability of electrifying the 
main east-west line between Sio Paulo 
and Botucati and the north-south line 
from Samarit4 (12 miles from Santos) to 
Mayrink. Further studies developed 
the feasibility of electrifying initially 
the double-tracked portion of the east— 
west line between Sao Paulo and Santo 
Antonio—since this section carries the 
greatest traffic density—leaving the Sa- 
marité—Mayrink and the Santo Antonio— 
Botucatu sections for future electrifica- 
tion extension. 

Hydroelectric power is relatively abun- 
dant and cheap in the territory served by 
the section to be electrified and for these 
reasons seems to be the logical solution 
for the difficult fuel problem. 
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Economics of Electrification 


In studying the economic feasibility of 
electrifying the S40 Paulo—Santo Antonio 
line, the commission appointed by the 
state selected as a basis for its calculations 


the average traffic conditions expected to. 


hold for the ten-year period 1942-1952, 
that is, the conditions corresponding to 
those anticipated for the year 1947. 

The railway’s records for the year 1939 
show the performance for the Sao Paulo— 
Santo Antonio section indicated in Table 
1G 

Statistics for the period 1928-1938 
show that the increase of passenger and 
mixed trains, as compared with freight 
trains, has been small. During this 
period the annual traffic increase for the 
whole railway system averaged 6.2 per 
cent. It will be well to note that during 
these ten years three abnormal periods 
were experienced—the economic crisis 
starting in 1929, and the civil disturbances 
occurring in the years 1930 and 1932— 
and these served to lower the traffic in- 
dex! figures to 92, 97, and 94, considering 
the 1928 index as 100. Because of this, 
the average rate of increase in freight- 
train traffic for the period 1942-1952 has 
been taken at seven per cent, and on this 
basis the anticipated performance for the 
year 1947 will be 56 per cent greater than 
that of 1939. 

In forecasting passenger-train perform- 
ance, it was assumed that the use of 
electric locomotives more powerful than 
existing steam units would permit main- 
taining the same number of train-miles 
as in 1939, at the same time increasing 
the tonnage hauled by the addition of 
cars to both through and suburban trains. 
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The projected 1947 figures appeared as 
shown in Table IT. 


STEAM OPERATING Costs 


Unit steam operating costs were based 
on 1938 figures, since those for 1939 were 
not available at the time the study was 
under way. Wages involved in the opera- 
tion of various classes of trains per 1,000 
train-miles “during 1938 are shown in 
Table III. The average cost of locomo- 
tive repair and maintenance amounted to 
$31.50 per 1,000 locomotive-miles. The 
average cost of fuel per 1,000 gross ton- 
miles of traffic amounted in 1938 to 
$1.485. 

The average costs of fuel prevailing 
during 1939 is shown in Table IV. 

Water costs amounted to an average of 
2.3 cents per 1,000 gross ton-miles. 

Lubricant (oil and waste) costs a- 
mounted to $3.86 per 1,000 locomotive- 
miles. 

The aforementioned unit costs being 
combined with the projected traffic 
figures, the cost of operating the Sdo 
Paulo-Santo Antonio line with steam 
motive power would amount to—so far 
as the items to be affected by electric 
operation are concerned—the figures 
shown in Table V. Locomotive-miles 
are assumed to be equal to train-miles. 


ELECTRIC OPERATION 


Unit cost data utilized for estimating 
the expenses expected under electric 
operation are based on statistics furnished 
by the Central Railway of Brazil, which 
operates an extensive multiple-unit-car 
suburban service out of Rio de Janeiro, 
and by the Paulista Company—in the 
case of passenger-, mixed-, and freight- 
train operation—which operates a 3,000- 
volt main-line electrification in Brazil. 

In estimating the performance with 
electric traction, the following assump- 
tions have been made: 


1. That the through passenger service will 
be identical with that under steam traction. 
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Figure 3. Condensed profile—Sorocabana 
Railway—Santos to Mayrink 
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Table |, Performance of Sao Paulo—Santo 
Antonio Section of Sorocabana Railway, 
1939 


1,000 GTM * 


Train-Miles 


78,500 
24, 400 


BIO 000 Wier ee 
181,200,.. 
128,300,,,. 


Passenyprer 
Suburban, .. 


Mixed 
Frelants, i109 non 1,042,000, , ( 
Totals, cd. fourier rt 1,624,500, . 404,900 


* Gross tonemiles, not including locomotives, 


Table Il. Anticipated Performance of Sao 
Paulo-Santo Antonio Section of Sorocabana 
Railway, 1947 


1,000 GTM 


Train-Miles 


Passenger 278,000, , , 100,500 


Suburban, , 1ST OOO We pera 81,200 
Mixed 128,300. ..., 36,150 
Freight, , ,1,628,000,.,.. 572,000 
Totals, 2,205,300 739,850 
Table ‘Il. Wages Involved in Operation of 


Trains Per 1,000 Train-Miles, 1938 


Clase of Train Operating Repairs 
Passenger and suburban, H1G.26,.... $88.10 
Mixed ri 22.40 $21.85 
Kreight,...., veya 1 990,05, . $28.15 


Table IV. Average Costs of Fuel, 1939 


# 2.37 per cord (128 cubic feet) 
$19.68 per ton (2,000 pounds) 
# 5.90 per ton (2,000 pounds) 


Wood 
Imported eoul,,, 
ragitian coal 


2, That suburban trains out of Sao Paulo 
will perform the same number of train-miles, 
but the ton-miles involved will be reduced 
from 81,200,000 to 26,650,000, because of 
the difference in dead weight between the 
steam-hauled ears and the muttiple-wnit 
ours, 


3%. The mixed-trains data are based on an 
assumption of six trains daily between Barra 
Funda (the Sio Paulo yards) and Sorecaba, 
and four trains between Sorocaba and Santo 
Antonio, with a total of 170,500 train-miles 
and 61,500,000 gross ton-miles, 


4, In the case of the freight trains, it has 


been assumed that the tractive utilization 
of the electric locomotives will be 90 per 
cent, and the average train tonnage will be 


approximately 520 tons. For the same 
quantity of ton-miles as was assumed for 
steam operation, that is, 572,000,000, the 
train-miles will amount to 1,100,000. 


In summary the traffic under electric 
operation in 1947 is expected to be as 
indicated in Table VI. 


ELECTRIC OPERATING Costs 


With electric traction, schedule times 
will be reduced considerably because of 
the increased operating speeds available 
with the new motive-power equipment, 
These reductions vary with the class of 
for passenger trains 23 per cent; 
trains, 25 per cent; for 
mixed trains, 13 per cent and for freight 
25 per cent. Since certain ex- 
penses are irreducible, regardless of the 
type of motive power, the crew wages 
and repair wages under electric traction 
will be calculated on the basis that but 
90 per cent of these reductions will be 
realized. Labor costs per 1,000 train- 
miles will then amount to the figures 
shown in Table VII, 

Electric-locomotive maintenance costs 
are prorated from actual cost data sup- 
plied by the Paulista Company lines, 
The average cost of labor and mainte- 
nance on electric locomotives on these 
lines during the years 1935-1937 was 1,385 
During the 


service: 


for suburban 


trains, 


cents per locomotive-mile. 


* same period, the average cost of labor and 


maintenance for steam locomotives on the 
Paulista Company meter-gauge lines was 
locomotive-mile, If this 
ratio is assumed to prevail on the Soro- 
cabana Railway lines, the cost of labor 
and maintenance on electric locomotives 
will be 


1.85 cents per 


AOR 


aur 1.885 oe 
$31.50 Tae = $23.4 
85 


a 


5/1,000 locomotive- 
miles 


For the suburban trains, it is assumed 
that the maintenance on the 
mechanical portions of the cars will be 
Con- 
sideration will be given, therefore, only to 
maintenance costs on the electrical equip- 
ment, The unit cost is taken as that 
found in the years 1938-1939 for mul- 
tiple-unit cars in suburban service on 


cost of 


the same as under steam operation, 


Table V. Cost of Operating Silo Paulo-Santo Antonio Line With Steam Motive Power 


Passenger and 
Suburban 


Type of Service 


Train crewa, 

Locomotive crews 
FEGRMING cia Tite iG ik concen 
EMGL nic Blt He SRC TE Nise Vase ws 


806 


ae ae 


Mixed Freight 
Trains Trains Totals 
S$). 48. S00 OC aaccasut $ 58,250 
M6000 Thiet ech 63,880 
OU 200 Se aitenaate 69,390 
BEQ O00 is sities conten 1,099,800 
US L8OR i ane i 17,080 
280 re Mout. Wares 8,540 


$1,015,870,.....6050. $1,316,890 


Muylaert—Sorocabana Railway Electrification 


© 


ie Central Tealyrey: of Brazil. The cone fs "is 


amounts to $7.08 per 1,000 train- miles— 


the train consisting of a trailer-motor— 


trailer combination similar to that to be 


used in the SaA0 Paulo suburban service 
on the Sorocabana Railway. 


ELEcTRIC-POWER Costs 


Energy consumption and consequent 
power costs have been based on detailed 
calculations, taking account of the class 
of rolling stock and the profile to be 
operated, for all except the multiple-unit 
train service. Actual performance figures, 
modified to allow for longer runs, fewer 
accelerations and lighter trains, for the 
multiple-unit service on the Central Rail- 
way of Brazil, have been used for the 


Sorocabana Railway suburban service. — 


This amounts to 50.1 watt-hours’ per 
ton-mile. Expressed in terms of gross 
ton-miles not including locomotives, and 
considering the power at the motive- 
power pantographs, these values are as 
given in Table VIII. With an efficiency 
of conversion and distribution at 87 per 
cent, energy consumption for the various 
services, without taking into account 
regenerated energy, will be as shown in 
Table IX. 

The maximum demand taken from a 


plot of power demand against time for a_ 


train sheet representing a maximum day 
was calculated at 11,200 kilowatts meas- 
ured at the a-c incoming lines. 

Regenerated energy according to cal- 
culations will amount to approximately 
16 per cent. With this amount allowed 
for in all services excepting the suburban, 
the total purchased energy will come to 
37,259,000 kilowatt-hours annually. 

Based on the contract signed by the 
Central Railway of Brazil with the Rio de 
Janeiro Tramway Light and Power Com- 
pany, the cost of power for the Soro- 
cabana Railway would be on a monthly 
basis 


& 


re 


11,200 kilowatts X $0.90 — =$10,080.00 
37,259,000 kilowatt- 
hours $ 3,260.00 
.00105 = —————} 
12 ee ae $13,340.00 — 


To this a two per cent tax for retire- 


ment funds is added, bringing the total 
monthly power bill to $13,607. 

The average cost per kilowatt-hour 
will amount to, on this basis, 


$13,607 X 12 


= $0.00439 per kilowatt-h 
37,259,000 per kilowatt-hour 


Power charges attributable to the 
several services per annum—after allow- 
ing for regeneration—will amount to the 
figures given in Table X. 

The cost of lubricating oil, grease, and 
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waste for electric motive power was esti- 
mated at $1.21 per 1,000 locomotive- 
miles, and for the multiple-unit trains, 
40 cents per 1,000 train-miles. 

An average value for distribution-sys- 
tem maintenance costs as reported by the 
Paulista Company and the Central Rail- 
way of Brazil was found to be $96.50 per 
mile per annum. 2 

‘Substation and tie-station maintenance 
costs were taken on the unit basis re- 
ported by the Central Railway of Brazil, 
since this railway’s conversion equip- 
ment is similar to that projected for the 
Sorocabana Railway. Rectifier conver- 
sion is involved in both cases. 

Summarized, the costs under electric 
traction are expected to amount to the 
figures shown in Table XI. 


COMPARISON—STEAM AND ELECTRIC 


TRACTION 


The total annual costs of items which 
will be affected by the change from steam 
to electric motive power are 


'SUSEITD LE se aaa ne $1,316,890 
308,245 


Difference in favor of electric..... $1,008,645 


In adopting electric traction for the 
Sao Paulo-Santo Antonio line, 50 steam 
locomotives will be made available for 
rental to other divisions or roads at an 
annual rental price of $1,500 per loco- 
motive—a total income credit from this 
source of $75,000 annually. 

A further credit resulting from the 
electrification will accrue from the re- 
lease of the large number of flatcars now 
used for wood-fuel transport. This has 
been estimated at a total of $12,000 
annually. 

Thus, the total economy resulting from 
the electrification is expected to be ap- 
proximately $1,100,000 per annum—a 
saving which when considered for a ten- 
year period will more than pay for the 
capital investment and carrying charges 
involved for the new system. 


The Electrification 


Preliminary studies for the electrifica- 
tion included consideration of a-c as well 
as d-c systems. Considerable attention 
was given to a 17,000-volt 16?/3-cycle 
single-phase system proposed by conti- 
nental European manufacturers, but, after 
comparing the economics of this system 
with those of the 3,000-volt d-c system, 
the railway company issued its call for 
tenders specifying the latter system. 


tral Railway of Brazil electrifications are 
operated at 38,000 volts direct current. 
The Sao Paulo Railway, if and when 
electrified, will doubtless adopt the 
3,000-volt system, since it interchanges 
rolling stock with and handles through 
trains to and from both the Paulista Com- 
pany and Central Railway systems. The 
question of suburban electrification of the 
Central Railway lines out of SM Paulo 
is perennial, and unquestionably such an 
electrification would be operated at 3,000 
volts direct cttrrent as is the Rio de 
Janeiro existing suburban service of the 
Central Railway. 

In short, the 3,000-volt d-csystemseems 
to have been adopted as the standard 
main-line electrification system for Brazil, 
although there are one or two secondary 
electrifications operating at 1,500 volts 
direct current. 

Aside from questions of standardiza- 
tion and interchange of rolling stock, the 
d-c system does not involve the severe 
inductive interference problems com- 
monly encountered with the a-c systems, 
and, as a consequence, no relocation of 
telephone and telegraph circuits adja- 
cent to the railway will be necessary, 
except where physical interference may 
exist between the communications lines 
and the railroad’s overhead contact lines. 

Regenerative braking—developed to a 
high degree for d-c motive power—is not 
obtained easily with the single-phase 
systems, and, because of the multitude of 
heavy gradients and concomitant sharp 
curvature, electric braking is expected to 
be of invaluable service. 


TRAIN PERFORMANCE AND LOCOMOTIVES 


The schedule of freight and passenger 
trains set up by the railway company 
called for a total of 17 locomotives in 
active service at one time. To meet this 
requirement, to provide for spares, and to 
allow for normal stopping, a total of 20 
locomotives was specified. Ten of the 
locomotives are to be furnished by the 
General Electric Company, and the 
Westinghouse Electric and Manufactur- 
ing Company will furnish the remaining 
ten. 

The railroad’s performance specifica- 
tions stipulated that the locomotives be 
capable of hauling a 12-car passenger 
train weighing 475 tons in either direction 
between Sao Paulo at the eastern terminus 
of the electrification and Santo Antonio 
at the western end of the run, in 150 
minutes. For the distance of 87 miles, 
this means a. schedule speed of 35 miles 


missible speed limit of 44 miles per hour 
with 15 minutes leeway in time, and mak- 
ing two intermediate station stops. 

In freight service trailing tonnages of 
660 tons eastbound, and 500 tons west- 
bound in 20-car trains in both cases are to 
be handled with a top speed restriction of 
approximately 380 miles per hour, Pre- 
ponderance of tonnage moves from the 
interior toward the sea coast. Hence, 
the eastbound trains will be some 30 per 
cent heavier than those westbound. 

These schedules, viewed from the 
standpoint of American railroad practice, 


Table VI. Traffic Under Electric Operation, 
1947 
<i i ee 
Train-Miles 1,000 GTM 
PASSER POR bie cis aces CLO es oc 100,500 
Multiple-unit trains...... 181,200...... 26,650 
WEYKEGA crc tics wi coe aa ke OOOO wees, OL, 000 
Freight..,..............1,100,000,... . .572,000 
Potala: eres ete So pea eOO) ceerck. 760,650 


Table VII. Labor Costs Per 1,000 Train-Miles 


Operating Repairs 
PasSsengerecreravis sts esduernanaty $12.90......... $26.25 
Multiple-unit trains........ SOiS0, aaa $25.65 
AKER ue ieee ed tetas STOO ie ox $19.80 
Preig hts iis «nd xdets a teesee $28:00) cus wae $21.80 


Table VIII. Calculated Performance Figures ~ 
for Sorocabana Suburban Service 


Watt-Hours Per Ton-Mile 
at the Pantograph 


Class of Service 


PASSER ian ciate Genin OSLO 
Multiple-unit trains....... 2.000808 50.1 
DUETS OL ata rrsistnle queuing < ee casye i 8 ac OE: 
RSE OISPIIG Ri reyy Medic: tals ine ps ane vi, Fione . .60:0 


Table IX. Energy Consumption for Various 
Services 


= = = —— = 


Kilowatt-Hours at A-C Bus 
in Substations 


Class of Service 


PPSSSEN BEM ire ic cates arrest wheraint cue 6,000,000 
Multiple-unit trains... ...+» 1,588,000 
DIREC erica purr tie Arh uencns 3,675,000 
Freight... .oktcuta te siianae ee HOR SOO, G00 


otal vcee etn anh eae 44,063,000 


Table X. Power Charges Attributable to the 
Several Services Per Annum 


Class of Service Annual Power Charge 


ASSetyernacvasele sjathe Raed el. $ 22,100 


That this choice of systems is a happy per hour. Calculations show that the  }utipleunit trains.............. 87) 

one is evident from the following. locomotive selected can meet this re-  Freight.........e....ese eee t ees 121,000 
Both the Paulista Company and Cen- quirement, observing a maximum per- Total... ss eseeeseee eee seee es $168.390 

1943, VoLUME 62 Muylaert—Sorocabana Railway Electrification 807 


= A 
Table XII. Dimensions and Ratings of Soro 


cabana Locomotives 


Table XI. Expected Costs Under Electric Traction 


e 


Type of Service Passenger Suburban Mixed Freight Total 


Nomenclature.... one \ 
1—C-+C—1— -238/286 U6GE784A J oon 
Mrait Crews... ska xc sie sie er Miene Seer Mean ses $ 3,525....$ 1,140....$ 3,370... -$ 25,340... .$ 33;370 Length, inside knuckles (feet—inches) . .61—0 
Repair Crews 3°. sce sce ah tes eee Raia ee meee 7,175.:.. 4,650 3,290 23,960.... 39,075 Width, over-all (feet-inches)......... 9-77/s 
Repair and maintenance of locomotives........ Gi Do eee wear eee 4,010 25,840.... 36,275 Height over collectors, locked down 
Repair and maintenance of multiple-unit cars............. 1,285.0... 2000s cee eee eee 1,285 (feet=inches) ic .ciei- sre tar ier ae ee 13-61/4 
Electric: power ni be ees cine sitios Merce teeeber es 22,100...... 6,750.... 13)540. =... 121/000. —- 163,390 Wheel: base, totale = its cae. oe 50-0 
Latbricationt oct fsa thrid ieee Soiree yeah aes VO i ice 205m 13830. nk 1,940 Wheelbase, rigid) own. a ends cee ae 13-0 
$39,555. $13,900... $24,415... .$197,470. .. .$275,340 Diameter driving wheels (inches) Poaici 44 ie 
Operating coststas above’ st ciit ce. nye nc erale telessiai a iaren slants ole a) aeokeal eddie ellel = etistuesl vated enn oltatca hele ana $275,340 Diameter guiding wheels (inches)..... 33 
Maintenance distribution! system, a. o.o o./o.n cost ere obs) sta lol es eusverticinie: coeie aeetsr cletialig tel pi Meliehen eat nea Maminets sine ste 20,400 Track PAUL! Hw ce A ye Sars sie 1 meter 
Maintenance /sub-‘and  tie-stabion(.. ©. ueie eer 25 pers mle oe oleleia« 1s selaininloleteym een eters ararsiadele “(ayia 12,505 Weight, total (pounds).............. 286,000 
$308,245 Weight;.on drivers) ci. ..%.. ante ie 238,000 
Total... ... PG CRE CY ATR OTTER SCHEER CRCRC Oe ATIC ES MIT eCHO cen AOR OEE eerie aa CHC AE ce CORY: OE Weighiton suidinimeriecie as. aaa 48,000 
Weight, per driving axle............. 39,667 
Number of motors and type.......... 6-GE734A1 
or 6-W 374 
might be considered rather slow and with 1,500-volt motors—insulated for Gearratio....................... 75/17 
leisurely, but it must be remembered  3,000-volt operation—provides for three- _ Ratings on Full-Field Strength (3,000 Volts 253 P) 
that the Sorocabana is a meter-gauge speed control. 4 ee Pre woueete Fl Save Z teh oan 
railroad laid in mountainous territory Freight-train operation on the heaviest Continuous tractive effort (pounds) . . . .22,450 
One-hour tractive effort (pounds) .....- 27,100 


with an abundance of two per cent 
grades and heavy curvature. If such 
allowances are made, it is safe to say that 
the performance is not only respectable 
but exceptionally good for narrow-gauge 
railroading. 

In specifying motive power, the rail- 
road stipulated that but one size and 
type of locomotive suitable for pooled 
operation in both freight- and passenger- 
train service be furnished. The top speed 
at which passenger trains may be oper- 
ated—70 kilometers per hour (44 miles 
per hour)—and the speed-tractive-effort 
requirements of freight trains on the 
heaviest grades are such that all require- 
ments are met very nicely with a so- 
called three-speed locomotive. 

The tractive-effort and maximum ad- 
hesion requirements, coupled with rail- 
loading limitations, fixed the total weight 
on drivers and number of driving axles at 
approximately 119 tons on six axles. 
Maximum individual axle loading is re- 
stricted to 18,000 kilograms or 39,667 
pounds, since the limiting weight of rail 
is 75 pounds per yard. The use of six 
motored axles provides for a flexible ar- 
rangement of motor combinations and, 
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grades will be conducted with the loco- 
motive in the 3S2P combination of trac- 
tion motors—a connection that gives 
speeds two thirds of those obtainable in 
the high-speed 2S3P connection. 

Operation of the locomotives in a 
freight-passenger pool will be facilitated 
by the fact that no train-heating equip- 
ment is required in passenger-train 
service. 


Locomotive Description 


A picture of one of the locomotives is 
shown in Figure 5. 

In keeping with modern trends, the cab 
has been semistreamlined and, because of 
the absence of rivetheads, made possible 
by all-welded construction, will present 
a smooth clean appearance. No attempt 
was made to fair or shroud the running 
gear, as it was felt that accessibility for 
maintenance and inspection purposes 
would be of greater importance than a 
fully streamlined appearance. 

Recently constructed electric locomo- 
tives have employed modified stream- 
lined cab shapes very similar in appear- 
ance to Diesel-electric streamliners, where 


‘ 


Figure 4. Typical 

Brazilian wood-burn- 

ing locomotive be- 
ing fueled 
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Speed, continuous rating (milesper hour) 33.0 
Speed, one-hour rating (miles per hour) 31.5 
Adhesion, at continuous rating (percent) 9.44 


Adhesion, at one-hour rating (per cent) 11.37 
Ratings on Full-Field Strength (3,000 Volts 3S2P) 
Total continuous rating (horsepower)... 1,385 
Total one-hour rating (horsepower) .... 1,800 
Continuous tractive effort (pounds) ....24,700 
One-hour tractive effort (pounds)...... 35,000 


Speed, continuous rating (miles per hour) 21.0 
Speed, one-hour rating (miles per hour).. 19.3 
Adhesion, at continuous rating (per cent) . 10.39 
Adhesion, at one-hour rating (per cent) . . 14.70 
Maximum permissible speed(miles per hour) 56 


the operator’s positions are set some dis- 
tance back of a rounded nose, as, for 
example, in the New Haven Railroad 
streamlined electric locomotives placed 
in service in 1937. This form of con- 
struction has the advantage that protec- 
tion is afforded the engineer in the event 
of level crossing or other collisions. In 
the case of the Sorocabana Railway units, 
however, the length of cab was definitely 
fixed by the railway specifications, and 
this requirement, in conjunction with 
space requirements for control and aux- 
iliary apparatus, precluded the use of the 
extended-nose type of cab. 

The principal dimensions and ratings of 
the locomotives are given in Table XII. 


COMPARISON WITH STEAM LOCOMOTIVES 


The locomotives are the most powerful 
narrow-gauge electric locomotives con- 
structed to date. They are exceeded in 
continuous horsepower rating by but a 
few narrow-gauge steam locomotives. 
Some of the English-built 42-inch-gauge 
Beyer-Garratt locomotives working in 
South Africa are slightly higher in con- 
tinuous horsepower rating. 

The locomotives are not particularly 
powerful, as electric locomotives generally 
go, since many standard-gauge locomo- 
tives with continuous ratings in the 
neighborhood of 5,000 horsepower and 
short-time ratings of over 9,000 horse- 
power are currently operating in the 
United States. They are, however, out- 
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standing in that so much power has been 
built into a relatively small package. 
Particularly restricting is the space be- 
tween wheels—a matter of 351/, inches 
along the axle—into which a 1,500/ 
3,000-volt motor rating 338 horsepower 
continuously and 390 horsepower on the 
hourly basis has been placed without em- 
ploying an excessively large diameter of 
the driving wheels. Actually the width 
of the motor itself exclusive of gearing is 
293/, inches. 

So far as hauling capacity is concerned, 
the locomotives could have been built 
with a six-axle (C+C) running gear, but 
the existence of a great deal of sharp 
track curvature and the desirability of 
keeping flange wear at a minimum indi- 
cated the advisability of a guiding axle 
at eachend. Thus an eight-axle articu- 
lated running gear with a 1—C+C—1 
wheel arrangement was included. 


While it is difficult to compare electric 


locomotives and steam locomotives be- 
cause of their dissimilar characteristics, 
a comparison between the largest narrow- 
gauge steam locomotive now in operation 
with the Sorocabana Railway electric loco- 
motive isinteresting. Itso happens that 
the nominal horsepower rating of the 
largest Garratt articulated steam locomo- 
tive in operation on the South African 
42-inch gauge lines lies between the con- 


tinuous and one-hour ratings of the 


Sorocabana Railway unit. 

Figure 7 compares the physical dimen- 
sions and weights of the two locomotives. 
In addition, the steam locomotive in 
normal service hauls a tank-car tender of 
water—the capacity in the locomotive 
tank is but 1,600 gallons. 

_ Figure 8 compares the tractive-effort 
characteristics of the two locomotives. 

The horsepower of the electric loco- 
motive at 25 per cent adhesion (60,000 
pounds and 30 miles per hour) is 4,800. 
This rating is, of course, at a considerable 
overload and cannot be held for any ap- 
preciable time without danger of over- 
heating the traction motors. 

The complete set of running charac- 
teristics for all connections of the traction 
motors and for three different values of 
field strength are shown in Figure 9. 

The driving and guiding truck frames 
(Figure 6) are fabricated throughout—no 


castings of any kind are employed. Each | 


driving truck employs two rolled-plate 
side frames, each 31/, inches thick, tied 
together with rolled-plate cross members. 
In appearance, the trucks are strongly 
suggestive of European practice. This 
suggestion is further emphasized by the 
journal boxes—these are of the Isother- 
mos type in which no waste packing is 
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employed. This type of box has been 
used to quite some extent in Europe but 
only to a limited extent in American rail- 
roading. 

On multiple-axle locomotives, an effort 
is made to provide three-point suspension 
for the spring-borne weight of the loco- 
motive, to allow for track irregularities, 
and to avoid unnecessary twisting of the 
truck and cab structures. 

The isometric schematic diagram (Fig- 
ure 10) of the main truck spring and 
equalizing system for one half of the 
running gear illustrates the three-point- 
suspension design employed. 

The three-point-support idea is also 
employed in loading each truck with its 
share of cab weight. The two center 
plates in conjunction with four spring 
loading pads provide three points of 
support between the cab and eacldriving 
truck, 

The articulation joint is a pin and ball- 
and-socket type providing full flexibility 
for the accommodation of trucks to track 
irregularities and, at the same time, mu- 
tual lateral restraint between trucks to 
improve tracking qualities of the locomo- 
tive as awhole. Tracking ability is fur- 
ther improved by providing lateral fe- 
straint in the guiding trucks. The guid- 
ing-truck restraint is provided by mount- 
ing the truck center plate on a roller- 
mounted carriage which climbs an in- 
clined plane when the truck is displaced 
from central alignment with the main 
frame. The weight carried on the cen- 
ter plate thus acts to return the truck 
to central alignment. 

The ‘cab is divided into three principal 
compattments—two operators’ compart- 
ments and a center apparatus compart- 
ment (Figure 11). The latter contains 
the auxiliary machinery—two 3,000/65- 
volt motor-generator blower sets; two 


Figure 6. All- 
welded fabricated 
main - truck - frame 
assembly for loco- 
motive, classification 
1—C+C-1, 130 
metric tons, 3,000 
volts direct current 
meter-gauge 
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1—C+C—1 3,000-volt electric 
passenger-freight locomotive 


Figure 5. 


81 CFM exhausters and one 35 CFM 
air compressor—and the control-appara- 
tus subcompartment. Contactors, high- 
speed circuit breakers, relays, accelerat- 
ing resistors, and so forth, are all located 
in a campartment which in manufacture 
is completely assembled with apparatus 
installed before being placed in the 
locomotive. 

The 3,000/65-volt motor-generator sets 
furnish power for the operation of com- 
pressor, exhausters, control, lighting; 
and during regenerative braking opera- 
tions one of the sets acts as an exciter 
for traction-motor field excitation. 

Ventilating air for traction motors, 
accelerating resistors, motor-generator 
sets, and exhauster motors is furnished 
by two blowers driven directly by the 
3,000-volt motors of the two motor-— 
generator sets. 


CONTROL SYSTEM 


The control system is of the single-unit 
nonautomatic type with 33 accelerating 
steps and three running-motor combina- 
tions. Each combination of motors 


6 series 
3 series 2 parallel 
2 series 3 parallel 


provides one step of full-field and two 
steps of reduced-field strength, thus pro- 
viding a total of nine running steps as 
shown in the speed-tractive-effort char- 
acteristics. , 

Regenerative braking is provided for all 
three motor combinations. While a 
multitude of short two per cent grades on 
the line between Sao Paulo and Santo 
Antonio makes regenerative braking de- 
sirable, the braking feature will be particu- 
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cularly advantageous in the operation of 
the 25-mile grade—which averages very 
nearly two per cent—on the Mayrink— 
Santos line which will be electrified at 
some future date. 

Despite the fact that ten locomotives 
are to be furnished by the General Elec- 
tric Company and ten by the Westing- 
house Company, both makes will be 
built to the same specifications. The 
mechanicalportions will be identical—all 
20 will be built by the General Electric 
Company. 

The traction motors as built by the two 
companies will be exact duplicates as far 
as their electrical characteristics are con- 
cerned and will be interchangeable 
physically. 

Much of the auxiliary and control 
equipment will be interchangeable be- 
tween the locomotives manufactured by 
the two companies. Pantographs are 
identical. Motor-generator sets are in- 
terchangeable physically and have the 
same electrical characteristics. Traction- 
motor blowers are identical. High-speed 
circuit breakers will be identical, and all 
20 will be manufactured by one company. 


Multiple-Unit Cars 


To handle existing suburban traffic and 
in anticipation of future commuter traffic 
expected with the extension of residential 
sections west’ of the city of Sao Paulo, 
four three-car multiple-unit trains have 
been specified as a part of the electri- 
fication. 
are to be basic units of three 
cars—a _ four-motor 


These 
motorcar with a 
nonmotored operating trailer at each end 
of the motorcar. While the basic train 
unit will consist of three cars as described, 
an operating position at one end of the 
motorcar is to be provided, thus per- 


Figure 7. Dimensional comparison of Soro- 

cabana 3,000-volt meter-gauge electric loco- 

motive (top) with South African Railway 

Garratt articulated 42-inch-gauge steam loco- 
motive (bottom) 


a 


ISFT. 6%, IN. 


2280 HP (ONE HOUR) 
1980 HP (CONTINUOUS 


mitting of single-end operation of the 
motorcar alone, or double-end operation 
of a motor-—trailer combination, should 
such operation be deemed expedient. 

These multiple-unit cars will be the 
first 3,000-volt meter-gauge multiple-unit 
cars to be placed in service. Asa matter 
of fact, there is in operation but one 
3,000-volt meter-gauge electrification—the 
Transandine line over the Andes between 
Chile and the Argentine. This line 
utilizes no multiple-unit car equipment— 
only rack-and-adhesion locomotives. 

Schedules to be run by the multiple- 
unit trains are based on an accelerating 
rate of 1.5 kilometers per hour per second, 
which is equivalent to approximately 
1.0 miles per hour per second. Braking 
rates of 1.5 mile per hour per second will 
be employed. Schedules are to be main- 
tained with a top permissible speed of 
approximately 40 miles per hour. 

The traction motors will be self-venti- 
lated by fans mounted on their own arma- 
tures, taking clean air from a duct system 
the intakes of which are located in the car 
roofs. This ventilating system is quite 
similar to that used on the 3,000-volt 
Lackawanna Railroad multiple-unit cars. 
It has been found advisable on 3,000- 
volt self-ventilated motors in multiple- 
unit car service to take the air at a 
level high above the track, and to pre- 
clude the induction of brake-shoe dust 
and other foreign matter that would cause 
insulation breakdown and flashovers. 

The 3,000-volt motor on the motor- 
generator set also takes its air from the 
duct system. 

The controlis of the PCM type with all 
3,000-volt control located in boxes be- 
neath the car flooring. 

Control and lighting energy at 65 volts 
for all three cars in the basic train is to 
be furnished by the 3,000/65-volt ten- 
kilowatt motor-generator set and a 32- 
cell 60 A-H lead-acid type of storage 
battery. 

Two running speeds 4S and 2$2P with 
no field shunting are provided. The 
acceleration will be nonautomatic—that 
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70000 
4800 HP 
60000 
SOROCABANA 
3000 V. ELECTRIC! 
50000 LOCOMOTIVE 


2 MOTORS SERIES 
3 GROUPS PARALLEL 


TRACTIVE EFFORT - POUNDS 
§ 
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o 


4-B-2+2-8 -4 2280 HP (HOURLY) 
30000 |-GARRATT 
Aer 1980 HP (CONT.) 
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20000 }— 2250 HP 
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SPEED - MILES PER HOUR 
Figure 8. Comparison of tractive-effort char- 
acteristics of Sorocabana 3,000-volt meter- 
gauge electric locomotive and 42-inch-gauge 
steam locomotive 


is, the driver will have complete control 
during acceleration. 

Air brakes are to be furnished, and a 
65-volt 35 CFM compressor operating off 
the motor-generator set will furnish air. 

Traction motors are rated at 185 horse- 
power (one hour) and 148 horsepower 
(continuous). 

The electrical equipment for the 
multiple-unit cars will be built by the 
General Electric Company, while the cars 
will be built and equipped at the Wor- 
cester, Mass., plant of the Pullman- 
Standard Car Manufacturing Company. 


Overhead Distribution System 


Before the overhead system is de- 
scribed, it should be noted first that two 
major factors greatly influenced design. 
These are weather and cost of labor. 
These two factors.should be kept in mind 
for they will serve to explain some of the 
deviations made from North American 
practice. 

The weather in Brazilis mild. Freezing 
temperatures do not occur in the territory 
involved in the electrification, and the 
maximum temperature change amounts 
to only 80 degrees Fahrenheit. The wind 
pressure on structures and cables barely 
exceeds eight pounds per square foot. 

Common labor in Brazil receives the 
equivalent of three cents to six cents per 
hour in United States currency and skilled 
labor about twice this amount, These 
two factors, weather and labor cost, have 
greatly changed the ratio of»material 
cost to labor cost. Structures have been 
made lighter and of different materials 
from those which are normally used in 
the United States, and considerable field 


labor will be substituted for higher-. 


priced shop labor. 
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) 10 20 30 40 50 
SPEED—MILES PER HOUR 
Figure 9. Speed tractive-effort characteristics 
of Sorocabana 3,000-volt meter-gauge electric 
locomotive 


The distribution system extends ap- 
proximately 87 miles from the city of 
S80 Paulo. The railroad is double- 
tracked throughout this distance with 
five main yards at Sao Paulo, Barra 
Funda, Mayrink, Sorocabana and Santo 
Antonio. Two types of catenary, a 
main-line type and a yard type, were 
designed for the system. With the ex- 
ception of a ground wire and pilot wires 
for electrical machine control, no wires 
and cables, other than catenary, are sup- 


e) 
CENTER-PLATE ON GUIDING TRUCK 


ported on the structures. Steel structures 
will be erected over the first ten kilo- 
meters of electrification extending out 
from SAo Paulo, and also over most of the 
yard tracks in other locations. Concrete 
poles supporting cross spans will be used 
for the main-line two-track suspension. 
The return system uses the electric arc- 
weld bond on each track joint. 


Clearance 


Although the railway operates over 


meter-gauge track, the clearance diagram 


does not deviate materially from that of a 
standard-gauge railroad. The distance 
between track centers is 13 feet, the dis- 
tance from the center of track to the face 
of structures is 8 feet, and the head clear- 
ance is 15 feet, 9 inches. The trolley- 
wire height above rail is 18 feet (normal), 
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and the maximum deviation of trolley- 
wire alignment from the center line of 
track is 9 inches, either side of center. 


Structures 


The design and spacing of structures 
were determined by a study of track align- 
ment, loadings, and costs. In some loca- 
tions, however, structure designs are 
altered from standard because of limited 
clearances caused by walls and buildings. 
A structure spacing of 60 meters (197 
feet) on tangent limited the dead load to 
500 pounds at each suspension point. 
This dead load includes approximately 
750,000 circular mils of copper in the 
messenger and trolley wires over each 
track, as well as catenary hardware and 
insulation. There is no ice load. This 
500-pound dead load is not a heavy load- 
ing when compared to some of the 
catenary spans on the Pennsylvania, 
Lackawanna, New Haven, or Reading 
electrified systems. Using this dead load 
of 500 pounds per suspension point and 
the wind load, a study of several types of 


367-76 Figure 10. Iso- 
metric of three-point 
suspension 


structures was made. 
cluded: 


These types in- 


1. The two-track portal or bridge type 
fabricated with steel. 

2. The steel-pole cross span. 

3. The steel-pole two-track bracket. 

4. The concrete-pole cross span. 


In the United States there would be 
very little doubt as to the type of struc- 
ture erected. If the engineer favored the 
bridge type of structure, he could no 
doubt prove the bridge structure to be 
the most economical. If on the other 
hand, he favored the cross-span type of 
structure, he could easily prove the cross 
span to be the most economical. In 
the United States there is very little 
difference in the costs of the two types of 
structures for comparatively light load- 
ings. However, in Brazil the low cost of 
labor makes a material difference. Steel 


must be fabricated 6,000 miles from the 
field. The dimensions of the structure 
must originate in Brazil. The design is 
made in the United States of America 
and then sent to Brazil to be checked. 
After the structures are fabricated 
in the United States of America, 
they are shipped by rail to the seaboard, 
then reshipped by boat to Santos, and 
again shipped by rail to the field. Com- 
pare the cost of this procedure for steel 
structures with the cost of the manu- 
facture of reinforced concrete poles where 
all ingredients are easily available and 
skilled concrete workers comparatively 
plentiful. For Brazil, with a favorable 
climate, has developed the manufacture 
and use of concrete beyond that of many 
countries, just as California and Florida 
have developed the use of stucco in the 
United States of America. 

On tangent track, the side load on poles 
supporting cross spans is only 1,800 
pounds. The guy load is approximately 
twice this figure (3,600 pounds). On the 
most extreme curves, where pullover poles 
are placed between supporting structures, 
the side load on the poles, due to double 
track catenary, does not exceed 3,500 
pounds. The guy load would be ap- 
proximately 7,000 pounds. With these 
light loads, concrete poles, properly 
guyed, are more economical than fabri- 
cated steel structures, or bridge struc- 
tures built with simple shapes. 

Although all structures must be guyed 
to prevent excessive bending moment, the 
guy cost is comparatively low. The total 
cost of a guyed concrete structure, in- 
cluding the digging of holes, concrete 
guy slugs, span wire, and hardware, is 
considerably less than the cost of an un- 
guyed steel structure of the portal type, 
or the guyed cross-span structure using 
two steel CB columns. The Paulista 
Railway has constructed many miles of 
catenary similar to the Sorocabana de- 
sign with guyed concrete poles. 


Concrete Poles 


The standard concrete pole for tangent 
and curve two-track construction is 
rectangular in shape. The pole tapers 
from the top to the ground line, and a 
reverse taper is carried from the ground 
line to the butt. In other words, the pole 
has a swelled section at the ground line. 
Three heights of concrete poles are being 
manufactured with heights of 33, 36, and 
40 feet. At the top all poles are 8 by 10 
inches, at the ground line 14 by 20 inches, 
and at the butt 14 by 14 inches. These 
poles are placed with the long dimension 
parallel to the track. The depth of the 


Muylaert—Sorocabana Railway Electrification 811 


, 
ce 


id 


37-47 


INSTRUMENT PANEL COMPRESSOR CIRCUIT BREAKER -—SHUNTS SERIES-PAR. SWITCH SHUNT . EXHAUSTERS INSTRUMENT 
BRAKE VALVE | | -MG SET FUSE BOX” CONTACTORS CONTACTORS— WATTHOUR METER : xa 
NO.| i 2 
pos BLOWER MOTOR RESISTOR A-SIDE | AMMETER SHUNTS | CONN. STRIPS Tino 
Gos 
RESISTORS 
CONTROL COMPARTMENT _, 


TROLLEY PUMP COMPRESSOR GOVERNOR 


Figure 11. Cab layout of Sorocabana 3,000- 
volt meter-gauge electric locomotive 


average hole is six feet in undisturbed 
earth. All poles will be manufactured in 
a pole yard at a convenient shipping 
point along the railroad. 

The design of the supporting pole was 
made by Cobrazil, the construction or- 
ganization at SAo Paulo. The Brazilian 
Association of Portland Cement was also 
consulted with respect to the design. 
These poles will be cast in wood forms. 
As is usually the case in the manufacture 
of concrete poles in Brazil, these poles 
will have a hollow center to reduce weight. 

The poles will be reinforced with */s- 
inch rods at the corners and with °/j¢- 
inch steel wrapping. Specifications call 
for a tensile strength of 28,000 pounds 
per square inch for reinforcing steel and 
a compressive strength of 1,400 pounds 
per square inch for the concrete. The 
concrete is not expected to take any ten- 
sion. Yield at the end of 28 days is 
3,500 pounds per square inch. All con- 
crete will be vibrated during construc- 
tion, and the hollow core will be filled with 
water to aid in curing. The ratio of the 
moduli of steel to concrete for design 
purposes is 15. A concrete mix of 
4:2:11/,is being used. 

Allspan and guy wires and the pilot-wire 
erossarms will attach to pole collars, and 
in view of this no provision is made in 
the pole itself for these attachments. 
However, a hole will be cut through the 
wall of the pole below the ground line for 
ground connection to the vertical ground 
tap carried in the hollow center of the 
pole. 


Guys 


The comparatively light side loads on 
the concrete two-track structures aided 
in solving the guy problem. The rein- 
forced concrete pole itself is not con- 
sidered a good ground, and therefore, 
principally for protection against electri- 
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cal shock, all concrete pole guys will be 
insulated. Heavy guy cables require 
heavy and expensive insulators and in- 
sulator fittings. Insulators and fittings 
for light guys are comparatively cheap. 
On the standard tangent two-track cross 
span, each concrete pole is guyed with a 
7/\g-inch Siemens-Martin seven-wire gal- 
vanized steel cable. Since the guy load 
does not exceed 3,600 pounds, this cable 
with a 9,350-pound ultimate is quite satis- 
factory. Corrosion is not a factor in the 
selection of cable sizes. The maximum 
guy load on two-track curves is 7,000 
pounds; therefore two 7/,s-inch Siemens- 
Martin cables are satisfactory. On the 
standard two-track structures these guys 
are attached at separate locations, one 
guy opposite the supporting span and the 
other guy opposite the trolley-wire pull- 
over span. The side load on intermediate 
pullover poles occurs at a single location; 


therefore the guy load is concentrated at . 


one point. On these poles double 7/1¢- 
inch guys are attached to a triangular 
equalizer plate at the pole band and to 
the same guy anchor in the ground. This 
arrangement can be seen in Figure 13. 
These light guys have been responsible 
for the elimination of many turnbuckles 
necessary with heavier cables. 


Steel Structures 


In general, the field forces select the 
type of supporting structures. Having 
satisfactorily located the structures, and 
having determined building and guy clear- 
ances, also footing restrictions, the field 
men decide whether a structure will be 
steel or concrete, bridge, cross span, or 
bracket. Wiring drawings are prepared 
in Sao Paulo showing the location of all 
structures and overhead, and in addition 
separate sketches are made of all struc- 
tures. This information is used in the 
United States as the basis of structure 
design. 

The two-track tangent steel structure 
consists of two ten-inch 33-pound CB 
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columns and an eight-inch 3l-pound CB 
beam. Including knee braces, the total 
weight of this structure is approximately 
3,500 pounds. 

The two-track curve structure for the 
heaviest loads consists of two ten-inch 
49-pound columns and a ten-inch 41- 
pound beam. With knee braces this 
structure averages approximately 4,500 
pounds. 

The three-track structure will be built 
with CB columns and a CB beam, but. 
the trusses for spans crossing four tracks 
or more will be latticed. The depth of 
trusses for spans varying from 45 to 60 
feet is 56 inches; from 60 feet to 90 feet 
54 inches; and for the one long span of 
112 feet, the depth will be 72 inches. The 
general design of truss embodies four 
corner angles and 23/2 by 2!/2 by */16- 
inches angle iron lacing, flat side of lacing 
to flat side of corner angle. 

When installing catenary over large 
yards, clearance between tracks is 
usually insufficient for the most economi- 
cal columns. Many of the long trusses 
are supported with thin columns consist- 
ing of two CB legs, latticed. In some in- 
stances these columns are similar to the 
well-known A frame used for supporting 
signal towers. Riveted assemblies are 
almost entirely eliminated because of the 
additional space they would require in 
shipping. All steel will be bolted with 
three-fourth-inch bolts in the field. Angle 
iron for latticing will be connected to the 
corner angles with two bolts rather than 
one bolt. 

A maximum fiber stress of 13,300 
pounds per squate inch was used in de- 
signing this steel. The point of zero 
moment for the column was located one 
third of the length of the unsupported 
column above ground. In addition to the 
dead loads, side loads, and wind loads, 
each structure was designed to withstand 
a single 2,000-pound longitudinal load at 
any catenary support. This longitudinal 
load was added to handle messenger 
breakage, the slipping point of the 
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messenger clamp occurring somewhat 
below 2,000 pounds. In calculating steel 
for the 2,000-pound longitudinal load, 
it was felt that, since messenger breaks 
are extremely rare, the maximum fiber 
stress for these loads could be increased 
to approximately the yield figure. 


r 
Footings 


The average depth of hole for the two- 
track concrete poles, tangent and curve, 
is six feet. Since all poles are guyed 
laterally, and sitice the longitudinal load 
caused by messenger break will not ex- 
ceed 1,000 pounds, no additional concrete 
for side bearing will be cast around the 
base of these poles. However, precast 


bearing blocks will be placed in the 
For tangent poles, 


bottom of all holes. 


Cross Spans 


All cross spans or supporting spans are 
attached to pole clamps on concrete poles. 

On the tangent structure, as illus- 
trated in Figure 12, the pole clamp is 
also the attachment for the ground guy. 
The cross span is 7/,-inch Siemens- 
Martin seven-wire steel cable, and, where 
it attaches to pole clamps or guy rods, it 
is protected by either a thimble or large 
radius curved section. Two-bolt clamps 
with a wave seat are used for light loads 
and three-bolt clamps with a similar 
seat for heavy loads. The two-bolt 
clamp corresponds to two Crosby clips 
with respect to slippage, and the three- 
bolt clamp has almost the strength 
of four Crosby clips. All guys are in- 
sulated near the top of the pole. In- 
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Figure 12 Tangent structure 


the bearing block will be 24 inches in 
diameter, and for curve poles it will be 
30 inches in diameter. 

The ten-inch CB columns for both tan- 
gent and curve portal structures, will 
be set on concrete pads similar to those 
used for concrete poles and, in addition, 
will be embedded in concrete to a point 
one foot above ground level. Since these 
structures are not guyed, the founda- 
tions must be constructed for side bear- 
ing. As a consequence, the tangent- 
structure foundations will be at least 
18 inches in diameter, and the curve-struc- 
ture foundations will be approximately 
30 inches in diameter. The depth of 
foundations for two-track steel structures, 
including the bottom pad, is 7 feet below 
ground line. 

Special footings are necessary for the 
larger structures, the cross sections and 
depths corresponding to the loads. All 
columns will be embedded in the concrete 
foundations, no anchor bolt structures 
being used. 
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tures an angle iron fitting is attached to 
the lower chord of the truss, and the in- 
sulator string is attached to the angle 
iron. Span attachments to the CB 
columns are made with structural at- 
tachments that provide vertical adjust- 
ment. Guy attachments to CB columns 
are made with a half section of CB 
column bolted to the structure column. 


Catenary Spans 


The main-line catenary span shown in 
Figure 15 is 60 meters (197 feet) in length 
The main messenger is a _ 300,000- 
circular-mil hard-drawn-copper cable and 
supports two 4/0 hard-drawn-copper con- 
tact wires. Each contact wire is sup- 
portéd by alternate hangers. This» sys- 
tem, with the exception of dimensions 
and capacity, is similar to that used on 
the Chicago, Milwaukee, St. Paul, and 
Pacific Railroad as well as on the Paulista 
Railway in Brazil. 

The normal messenger tension is 4,000 
pounds and the normal trolley-wire ten- 
sion is 2,000 pounds. With the low tem- 
perature range in the vicinity of the 
electrification, the messenger tensions 
will vary from 3,500 pounds at 100 de- 
grees Fahrenheit to 4,800 pounds at 
30 degrees Fahrenheit. The normal sag 
is 383 inches. The secondary catenary 
span, Figure 16, used in yards includes 
a ‘/,-inch Siemens-Martin messenger 
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sulator strings are attached to the span 
wire with inverted suspension clamps. 


Attachments to Steel Structures 


On steel structures built with a single 
CB beam spanning one, two, or three 
tracks, the insulator string is attached 
with a beam clamp. On latticed struc- 
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Figure 13. Two-track curve structure 


and a single 4/0 trolley wire. The normal 
sag of this span is also 33 inches. 

A flexible-loop catenary hanger will 
support the trolley wire. On main-line 
spans this hanger will ride on a cast 
bronze shim or protecting sleeve that 
surrounds the copper messenger cable. 


813 


The sleeve is necessary to protect the 
messenger cable from mechanical wear 
and arcing. 


Curve Construction 
Chord construction was selected for this 


meter-gauge electrification, On severe 
curves a pullover pole is placed between 


supporting structures in order to pro- 


vide a means for aligning the catenary 


\“ 


trolley wire over the left-hand track pre- 
vents sway of the trolley wires, because of 
its anchorage to a span running between 
the two messenger cables. The steady 
arm is attached to only one of the two- 
contact wires in the same span. 


Anchors 


Anchorages will be installed at 4,500- 
foot intervals. 


At each anchor point 


Bb7- 16 


8-2t 


systems with the center line of track. 
The supporting structure designed for 
curve construction, as shown in Figure 14, 
includes the same cross-span supporting 
cable as used for tangent spans. The side 
load produced by the messenger cables 
on curves is carried to the outside con- 
crete pole by a short pullover cable 
which is really a continuation of the 
center portion of the supporting span. 
The contact wires are aligned with a 
separate pullover cable that attaches to a 
pole collar on the concrete pole. The 
catenary systems over the two tracks are 
insulated from each other as can be seen 


in the 
located 


illustration. 

between supporting structures 
will have the messenger pullover and 
trolley-wire pullover combined and at- 
tached at one point on the pole. 


The pullover poles 


“Steadies” 
The two-track “steady” will be in- 
stalled at 1,200-foot intervals. In this 


design, a steady rod attached to the 


Figure 15. Main-line contact span 
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Figure 14. Méid-span pull-over 


the messenger cables are anchored in both 
directions. 


Ground Wire 


A three-eighths-inch steel ground wire 
is carried the length of the electrification. 
This ground wire is connected to all 
metallic collars, spans, and so forth, at- 
tached to the concrete poles. Each pole 
collar is designed for the attachment of 
the vertical ground tap, as well as for the 
attachment of the aerial ground wire. 
This pole collar is used universally for 
span connections and ground connec- 
tions. The ground tap to rail is carried 
down the center of the pole and out of the 
pole at a point just below ground line. 


At this point a tap is carried to the rail 


and also to a ground rod. 


Sectionalizing 


Most of the sectionalizing points occur 
near railroad stations. They are so ar- 


ranged that the station operator can 
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manipulate the switches i in order to iso- 
late a section of line. A new-type double- 
trolley-wire-section insulator has been 
used throughout the main line and, be- 
cause of its extremely light weight, will 
be satisfactory for the maximum speeds. 
This section insulator is constructed with 
phenolic tubes and weighs only 29 pounds. 


Bonds 


All track joints are bonded with a 4/0 
seven-inch U-shaped _arc-weld bond. 
Since this system has 3,000 volts on the 
contact line, portable gasoline-driven 
welding equipment will furnish energy to 
the welders. In addition to the regular 
track-joint welding, cross bonds will be 
installed at 1,000-foot intervals. 

Distribution system material is being 
supplied by the Ohio Brass Company. 


Substations 


Power will be supplied to the 3,000-volt 
overhead trolley by means of three con- 
verting substations. These substations 
are located approximately ten miles from 
each terminal and at the mid-point of 
the electrified section (Figure 2). Each of 
the substations will be supplied indi- 
vidually from the interconnected circuits 
of the Sio Paulo Tramway, Light and 
Power Company over double-circuit lines. 
Two of the substa ions will receive power 
at a high voltage of 88,000 and the third 
substation at 44,000 volts. However, it 
is anticipated that at the latter station 
the high voltage will also be 88,000 in 
the near future, and consequently it is 
designed for future operation at this 
voltage. Two of the substation loca- 
tions will be served by existing lines, and 
the third location requires the construc- 
tion of only 15 miles of transmission line. 
This will be constructed by the power 
company. 

Each of the three substations (Figures 
17 and 18) will be equipped with three 
2,000-kw rectifier units, one of which 
serves as a spare. Naturally the sub- 
station located at the mid-point carries 
more load than either of the other two. 
However, it is anticipated that the rapid 


Figure 16. Side-track contact span 
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and improved suburban service with 
electric operation will greatly stimulate 
the growth of the suburban communities 
along the line of the railway, thereby in- 
creasing the load on this substation. 
Then, too, with the continually increasing 
traffic, it is quite certain that the electri- 
fication of the main line will be extended 
from Santo Antonio to Botucatt, approx- 
imately 90 miles beyond the western 
terminal of the section now being electri- 
fied. 

The high-voltage switchgear will be 
located outdoors and will be supported by 
a firmly anchored galvanized steel struc- 
ture. Adjacent to this structure will be 
the building for housing the rectifiers and 
their associated apparatus together with 
the d-c switchgear. For ultimate econ- 
omy, each substation is designed to 
receive a fourth unit at some future date. 


RECTIFIERS 


Rectifiers were selected rather than 
motor—generator sets for the conversion 
of the 60-cycle a-c power to 3,000 volts 
direct current, because of high efficiency, 
ability to carry heavy overloads without 
injury, economy of substation design, 
reduced maintenance, and so forth. The 


Figure 18. Vertical sec- 

tion of 6,000-kw 3,000- 

volt mercury-arc-rectifier 

d-c substation for Soroca- 
bana Railway 
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rectifiers (a factory view of a rectifier is 
shown in Figure 19) will be of the single- 
tank multianode type, equipped with 
the usual complement of main and auxil- 
iary anodes, vacuum pumps, and gauges. 
The main anodes are surrounded by grids 
which separate and isolate them electri- 
cally from the vacuum chamber. These 
grids permit high-speed regulation of 
voltage and accurate division of load be- 
tween the rectifiers in the same sub- 
station. The quick operation of the reg- 
ulating equipment will hold the rectifier 
voltage practically constant in the range 
from no load to full load. On overloads, 
the rectifiers will operate on their normal 
characteristic having approximately six 
per cent regulation; that is, between full 
load and three times full load, the voltage 
will drop from 3,000 volts to 2,640 volts. 
The rectifier will be cooled by means of a 
recirculating cooling equipment consisting 
of a pump, fan, radiator, and water- 
storage tank. The water-circulating 
pump will operate continuously. The 
motor-driven fan will be operated only 
as required to reduce the temperature of 
the cooling water. Heaters in the water- 
storage compartment will be energized 
as required during light-load or no-load 
periods to maintain a definite minimum 
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temperature for best operation of the 
rectifier. “The fan and heaters will be 
controlled by thermostats which operate 
in response to the control-point tempera- 
tures of the rectifier. The mercury- 
condensation vacuum pump of the recti- 
fier will be cooled by a similar type of 
equipment. The water in the recirculat- 
ing equipments will be treated to prevent 
corrosion, 

To reduce the ripple in the d-c voltage, 
a d-c smoothing reactor will be provided 
for each substation. In addition, a res- 
onant shunt will be provided which con- 
sists of three resonant coils and reactors. 
tuned for the 6th, 12th, and 18th har- 
monics in the rectified current. The 
amplitude of these harmonic frequencies 
will be reduced to one tenth of the value 
that would prevail without the use of this 
filtering equipment. 

Each rectifier unit will be supplied 
with power from a three-phase oil-im- 
mersed_ self-cooled outdoor transformer 
which transforms from the 88,000 or 
44,000 high voltage to that necessary for 
the 3,000 rectified d-c voltage. The over- 
all efficiency of the rectifier unit from the 
high-voltage términals of the main trans- 
former to the d-c terminals of the recti- 
fier will be 97 per cent or more between 
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one-half load and 150 per cent load. 
The units will be capable of meeting the 
following overload ratings: 150 per cent 
load for two hours, 240 per cent load 
for three minutes, and 300 per cent 
load for one minute. 


REGENERATIVE-POWER-ABSORPTION 
\ RESISTORS 


While the application of regenerative 
braking to the locomotives is readily 
justifiable, because of the serrated profile 
with its numerous steep grades, several 
factors contribute toward making it un- 
desirable to arrange the substations to 
return this regenerated power back into 
the supply system. Traffic on the railway 
is moved by a reasonably large number 
of relatively small trains. This fact, to- 
gether with the nature of the profile, 
will usually result in the power regen- 
erated by a train on a descending grade 
being consumed entirely by a train ascend- 
ing an adjacent grade. Detailed cal- 
culations based on a typical daily train 
sheet show that the surplus of regener- 
ated power averages only about two per 
cent. Not only will the surplus of re- 
generated power be small, but also the 
railway would receive no credit if it were 
put back into the power-supply system. 
Consequently, the expenditure for in- 
verter units or the complicated control 
apparatus mecessary to change from 
rectifier to inverter operation was not 
justified. 


In view of the preceding, a large re- 
sistor is provided at each substation for 
absorbing the excess regenerated power 
from the trolley system. This resistor 
is capable of absorbing 1,800 kw of 
energy and will be mounted on the roof 
of the substation building.. It is divided 
into nine equal steps which are connected 
to or disconnected from the 3,000-volt 
system by automatic-control functioning 
upon indication of a high-voltage relay and 
a load-indicating relay connected to the 
_ substation bus. An excess of regenerated 
power will cause the substation bus volt- 
age to rise above normal. This rise in 
voltage actuates the control which 
automatically cuts in the load resistor 
step by step as required to produce a 
relatively stable voltage condition at the 
bus. When the traction load again pre- 


dominates, the resistor is automatically 


cut out of the circuit. 


SWITCHGEAR 


Each of the substations will be fed by 
one of two 60-cycle three-phase lines 
which are tapped off the power company’s 
distribution system. At the point where 
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these transmission feeders connect to the 
power system, the power company will 
install high-voltage oil circuit breakers 
with metering and protective equipment. 
Since this point of connection is practi- 
cally adjacent to the substation at two of 
the locations, motor-operated disconnect- 
ing switches with deion fuses will be used 
in the transmission feeder lines. At the 
third location, the transmission feeders 
between the substation and the power 
system are approximately 15 miles long, 
and here high-voltage oil circuit breakers 
with overload protective relays will be 
provided. At all stations, motor-oper- 
ated disconnecting switches and fuses 
will be used between the high-voltage bus 
and the primary side of the power trans- 
formers. For the protection of the 
secondary system against short circuits, 
circuit breakers will be provided in the 
rectifier anode leads. All d-c switching 
will be accomplished by high-speed 
breakers. The use of high-speed cathode 
breakers provides rapid disconnection 
of the rectifier from the substation bus 
in the event of an arc-back. The d-c 
feeder breakers are essentially a dupli- 
cate of the rectifier cathode breakers, and 
the control circuit is of the standard 
short-circuit-detecting automatic-reclos- 
ing type. 

Any of the three rectifier units in a 
given station may be operated as the base 
load unit. The other two units will be 
started and stopped in sequence as load 
conditions demand. A selector switch 
and over- and underload relays form the 
essential parts of the automatic equip- 
ment which controls the operation of the 
three rectifiers. The position of the 
sequence switch determines which of the 
three rectifiers is to operate continuously 
and also the sequence in which the other 
two units will be started and stopped. 
The scheme of control and layout of 
wiring is so arranged that, with the addi- 
tion of a fourth rectifier unit, a four-unit 
sequence will prevail without the addi- 
tion of any other control apparatus except 
that’ associated directly with the new 
rectifier. 


CONTROL ENERGY 


Control energy for the auxiliary devices 
of the mercury-are rectifier, such as 
equipment for cooling, vacuum pumping, 
and excitation, will be supplied from a 
100-kw three-phase 60-cycle operating 
transformer. The secondary voltage of 
this transformer is 220 volts. 

Control energy for the automatic de- 
vices for closing and opening the high- 
voltage motor-operated disconnecting 
switches, the anode circuit breakers, and 
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Figure 19. Multianode mercury-are rectifie 
for railway service, rated 2,000 kw, 3,000 
volts, type RHW 


the contactors for the regenerative-power- 
absorbing resistor will be taken from a 
125-volt battery. This battery will be 
charged by means of a motor—generator 
set which receives its energy from the pre- 
viously mentioned operating transformer. 
The battery-charging motor—generator 
set normally will supply the control 
energy and deliver a trickle charge to the 
battery. The battery will supply short- 
time demands beyond the capacity of the 
motor—generator set. 


METERING EQuIPMENT 


Metering and potential transformers 
will be installed as a part of the high- 
voltage equipment in each station. Re- 
cording demand meter and wattmeter will 
indicate the load on each individual sttb- 
station. It is contemplated that remote 
metering equipment providing for totaliz- 
ing the demand of all three substations at 
one point will be added at a future date. 
This will require the addition of contact- 
making watt-hour meters to transmit 
impulses over a direct-wire line to the dis- 
patcker’s office. In this office, an impulse 
totalizer will record the impulses and in- 
dicate the maximum power demand in the 
desired time interval. 


OPERATOR’S QUARTERS 


While these stations are provided with 
full automatic control, a watchman-— 
inspector will be assigned to each station. 
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The inspector’s duties, in addition to 
policing the grounds, consist merely of 
cleaning and inspecting the equipment. 
At any time that anything occurs to 
lock out the station, an alarm rings in the 
inspector’s quarters so that he is avail- 
able immediately to investigate the 
trouble and report to central head- 
quarters. Since this contract calls for 
the electrification completely installed 
and ready to run, all installation ma- 
terials, installation drawings, building 
design, and construction, and so forth are 
to be included. These include the de- 
sign and construction of living quarters 
for the operator at each substation 


TIE STATIONS 


In order to reduce the conductivity re- 
quired in the trolley circuit by taking 
advantage of the diversity of load on the 
two tracks, tie stations will be installed 
approximately midway between the sub- 
stations. At these points the two trolley 
circuits will be tied together through high- 
speed circuit breakers. Each tie station 
will have a 3,000-volt positive bus, and 
four high-speed breakers will connect the 
trolley circuits to this bus. The high- 
speed breakers in the tie station are 
tripped by short-circuit currents flowing 
from the bus into the trolley system. A 
flow of power in the reverse direction will 
not cause the breaker to trip. In this 
manner, only the breakers feeding the 
faulty circuit will open and isolate the 
fault. A pilot-wire system is used con- 
necting the control of the breaker in the 
tie station with that in the rectifier sub- 
station. The control scheme is so ar- 
ranged that opening of a breaker at 
either end of the trolley will cause the 
breaker at the opposite end to open, re- 
gardless of whether or not it may be 
tripped by the fault current. This in- 
sures removal of energy from the faulty 
circuit. A few seconds after the breakers 
are opened, the automatic equipment in 
the rectifier substation will function to 
check the resistance of the load circuit, 
and, if the fault has been cleared, this 
breaker’ will reclose automatically. As 
soon as the rectifier-substation-feeder 
breaker closes, supplying energy to the 
trolley system, a voltage relay in the tie 
station will operate to deliver the closing 
impulse to the breaker in that station. 
The pilot-wire control scheme is so ar- 
ranged that, if the circuits become open, 
both the substation and tie-station break- 
ers will be tripped and will remain open 
until attendants at both ends of the 
trolley section transfer the control of the 
feeder breakers over to local operation 
independent of the pilot-wire circuits. 
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The Effect of Corona on Coupling Factors 
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Synopsis: Measurements of coupling fac- 
tors between ground wires and phase con- 
ductors, as a function of ground-wire volt- 
age, have been made for a sufficient number 
of cases to determine them for any of the 
standard transmission-line configurations. 
It was found that the effect of corona can 
be expressed in terms of an effective corona 
ground-wire radius to be used in the con- 
ventional coupling-factor equations. Curves 
are also presented for the quick determina- 
tion of coupling factors for all standard line 
configurations. A photographic study of the 
visual characteristics of surge corona was 
made for a comparison with the effective 
radius and with 60-cycle corona. 

Actual measurements were made for po- 
tentials up to about 2,000 kv, but the data 
were extrapolated to 6,000 kv with what is 
considered to be reasonably good accuracy. 
Coupling factors for positive polarity were 
found to be considerably higher than those 
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- for negative polarity and both higher than - 


values previously calculated from purely 
theoretical considerations. For a potential 
of 1,000 ky the actual coupling is 1.2 to 1.5 
and 1.4 to 1.8 times as great, for negative 
and positive polarity respectively, as the 
values obtained by assuming no corona. 
At 2,000 kv the corresponding figures are 
1.4 to 2 and 1.6 to 2.7 respectively, and at 
4,000 kv 1.7 to 2.9 and 2 to 4. 


Ground-wire size was found to be unim- 
portant above about 200 kv and, therefore, 
need not be considered. Coupling factors 
measured below the critical corona voltage- 
checked calculations that assumed the actual 
earth’s surface to be the effective ground 
plane. These measurements were made over 
soil whose resistivity was as high as 600 
meter ohms. It is thought that the actual 
surface should apply for such electrostatic 
phenomena except for very high values of 
earth resistivity. 

Measurements were also made of the 
critical flashover of rod gaps connected 
between the ground wire and floating phase ~ 
conductor. The critical breakdown values 
of such gaps under these conditions were 
found, over the range of voltages studied, 
to be essentially the same as with the con- 
ductor grounded. These data also showed 
that, at heights of 30 feet or more above the 
earth, the influence of the earth plane is 
negligible. For symmetrical gap electrodes, 
breakdown is independent of polarity and 


DIVISION OF APPARATUS 


In order to meet the stipulation that 
apparatus in all substations must be 
duplicate, the division of apparatus to be 
supplied by the two manufacturers was 
made on the basis of partial equipment for 
each substation. The rectifiers with their 
associated apparatus and the main power 
transformers will be supplied by the 
General Electric Company and the a-c 
switchgear and d-c switchgear for both 
the substations and tie stations will be 
supplied by the Westinghouse company. 

Inasmuch as this is an entirely new in- 


stallation, there is no necessity for follow- 


ing existing practices or standards. Con- 
sequently, it was possible to provide a 
fully automatic scheme of control based 
on standard practices and proved circuits 
with minimum apparatus and maximum 
simplicity of circuits. 
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The contract for the manufacture of 
apparatus and equipment and the com- 
plete installation of the electrification 
was placed with the Electrical Export 
Corporation—a combination consisting 
of the International General Electric 
Company; the Westinghouse  Inter- 
national Company and a Brazilian con- 
structing company—Cobrazil (Compan- 
hia de Mineracao e Metalurgia Brasil). 
Substation apparatus, locomotives, and 
electrical equipment for the multiple- 
unit cars are being furnished by the 
General Electric and the Westinghouse 
Electric and Manufacturing Companies. 


Distribution system material-is being — 


supplied by the Ohio Brass Company 
and by the American Bridge Company. 
The Pullman-Standard Car Manu- 
facturing Company is building the subur- 
ban multiple-unit rolling stock. ; 


AIEE TRANSACTIONS 


close to the positive polarity breakdown of 
standard rod gaps. 

A configuration consisting of a third 
ground wire placed below the phase con- 
ductors for increased coupling was also 
studied. Although the coupling for all 
measured voltages was greater than without 
the third ground wire, it did not increase as 
rapidly with voltage as calculations assum- 
ing the effective corona radii found for only 
ome or two ground wires would indicate. 
This was thought to be due to mutual shield- 
ing produced by the ground wires tending to 
decrease corona streamers in the space be- 
tween them. 


HE lightning flashover performance 

of transmission lines provided with 
either overhead ground wires, or top 
conductors equipped with deion protector 
tubes and serving as shielding wires, is 
determined not only by the line insula- 
tion level and the tower top potential 
produced by a direct stroke but also by 
the voltage which appears simultaneously 
on the phase conductors through induc- 
tion. One of the principal factors deter- 
mining this induced voltage is the electro- 
static coupling with the ground wire. 
This is commonly represented by the 
coupling factor K which is the fraction of 
the ground-wire potential induced by it 
on the phase conductor. The surge 
induced in this manner consists ini- 
tially of only a voltage wave un- 
accompanied by current flow until a 
point of discontinuity on the conductor 


10 
MICROSECONDS 


Figure 1. Wave shapes of the ground wire and 
induced conductor potentials measured on 
the outdoor line 


1943, VOLUME 62 


is reached by the propagating wave. 
With the exception of strokes 
to substations, the only discontinuity 
to cause a reflection and establishment of 


close 


an accompanying current wave is pro- 
vided by the line insulators. These, 
however, are of such low capacity and 
high impedance that they produce only 
a minor effect that can usually be neg- 
lected. In any refined analysis to treat 
such points of discontinuity, the initial 
induced voltage wave must be known and 
is a fundamental consideration. 
Neglecting the effect of corona on the 
ground wire by virtue of the potential it 
acquires when struck, the coupling factor 
can be calculated readily from the geo- 
metric configuration of the line.! In the 
past it has been such values that were 
most commonly used. However, it has 
been recognized for some time®*® that 
the presence of corona on the ground 
wire causes the coupling factor to increase 
considerably with the ground-wire poten- 
tial. Calculations of the effect of corona 
have been made by Torok and Ellis.* 
Its effect is to produce a corona sheath 
around the ground wire and thus increase 
its effective radius. The corona radius 
was determined by them on the basis 
that it would be of such a magnitude for 
each ground-wire potential and height 
above earth as to produce a gradient 
at this radius equal to 30,000 volts per 
centimeter (the normal critical break- 
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down value of air). However, actual 
reliable measurements of the 
effect have not been available. 


corona 


Description of Measurements 


The coupling factor measurements de- 
scribed in this paper were made at the 
Trafford High-Voltage Laboratory on 
relatively short lengths of line. The low 
impedance of long lines makes it im- 
possible to obtain sufficiently high volt- 
ages to be of practical value. However, 
since the coupling factor is determined 
only by electric and not by magnetic 
effects, short lengths of line can be used, 
provided the voltage induced on the 
floating conductor can be reliably meas- 
ured by a potentiometer of sufficiently 
high impedance that it will not influence 
The development 
of such recording means was the princi- 
pal difficulty encountered. 

For a preliminary study to determine 
the effect of various controlling factors, 


the conductor voltage. 


measurements were made inside thelabora- 
tory on a line 65 feet long with a ground- 
wire height of ten feet. This readily 
enabled the changing of the line configura- 
tion. For such a short line, the capacity 
to ground of the floating conductor is of 


the order of 150 to 200 micromicrofarads, 


Figure 2. Oscillograms showing effect of 
corona upon voltage induced on a floating 
electrode 
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Figure 3. Curve showing that ground-wire 


size has no significant effect upon coupling 
factor when corona is present 
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Figure 4. Curve showing that, for one ground 

wire, coupling factor is determined only by 

ground-wire potential, its height, and spacing 
between it and conductor 


NEGATIVE POLARITY 
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and it was not found possible to construct 
a purely capacitive divider of small 
enough capacitance that could be ade- 
quately shielded from the ground wire. 
A high-resistance potentiometer was de- 
veloped that did not appreciably load 
the conductor. It had, however, a time 
constant of about one microsecond so that 
fronts of the induced voltage wave, if less 
than about five microseconds, could not 
be accurately recorded. 

Measurements on lines of practical 
dimensions were made on a single span 
providing a conductor length of 350 feet 
and constructed outside the laboratory 
over a level section of terrain. Two 
ground-wire heights 30 and 50 feet were 
studied. For the mean height of 50 feet a 
seven foot sag was allowed. For the 30 
foot ground-wire height the sag was about 
five feet. For both the indoor and out- 
door lines, the phase conductors were 
kept equidistant from the ground wire 
at all points. They were supported from 
wood poles by long ropes or cords and 
the ground wire extended at least ten 
feet past the ends of the conductors for 
the indoor line and 40 feet for the out- 
door line to minimize end effects. The 
capacity to ground of the floating con- 
ductors of the outdoor line was of the 
order of 700 to 800 microfarads, and a 
capacity divider was found most suitable. 
Its coupling with the ground wire did not 
exceed about ten per cent of the lower 
values of voltage induced on the con- 
ductors, and its capacity was never above 
about eight per cent of the capacity to 
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Figure 6. Coupling factors as function of 

ground-wire potential H=10 feet. Two 
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ground of the floating conductor. The 
effects of these factors act in opposite 
directions, and the recording accuracy 
is considered to be within five per cent. 

In Figure 1 are shown typical oscillo- 
grams of the voltages measured on the 
outdoor lines. These were always made 
at the surge generator end of the ground 
wire and phase conductor. For the os- 
cillograms of Figure la, the initial low 
magnitude crest on the ground-wire volt- 
age is produced by its initial low imped- 
ance which is its surge impedance. After 
a reflected wave propagates back from its 
far end, it is essentially a capacitor of 
about 900 micromicrofarads and allows 
the surge generator to increase the volt- 
age asshown. For wave fronts this short, 
an accurate record of the front of the in- 
duced voltage could not be obtained, be- 
cause it was necessary to place the 
cathode-ray oscillograph about 40 feet 
from the divider and connect them with 
a low capacity shielded cable. This pro- 
duced the reflections shown in the con- 
ductor voltages of Figure la. Figure 1b 
shows a ground-wire voltage wave of 
slower front which was also used and for 
which the front of the induced voltage 
could be recorded. 


Relation of Induced to Ground-Wire 
Potential for Different Points on 
Voltage Wave 


To study the effect of corona on the 
front of the induced voltage wave for 
steeper wave fronts, a special setup was 
made inside the laboratory. It con- 
sisted of an electrode to which measured 
voltages were applied with a floating 
electrode underneath that was connected 
directly to the plates of the oscillograph 


GROUND WIRE POTENTIAL IN kv only a few feet away. Typical oscillo- 
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grams obtained both above and below 
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corona voltage are shown in Figure 2. 
Comparison of the fronts of the waves at 
different magnitudes of applied voltage 
showed that at a given voltage of the up- 
per electrode the induced voltage is essen- 
tially the same regardless of the time of 
occurrence, as long as the comparison is 
made on the front or crest of the wave. 
The same result was shown by a study of 
the slower ten-microsecond front of Figure 
1b on the outdoor line. For all points 
on the wave up to its crest, the ratio of 
the induced voltage to the ground-wire 
voltage can be represented sufficiently by 
a coupling factor that is a function only 
of the ground-wire potential at that par- 
ticular time. 

However, because a small amount of 
current flows to the conductor when co- 
rona is present, the induced voltage wave 
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of a short length of floating conductor 
does not decrease on the tail of the wave 
at a rate proportional to the ground-wire 
potential but is determined by the amount 
of charge acquired and the leakage im- 
pedance of th conductor. This effect is 
shown in Figures 1 and 2. For a long 
line where the induced voltage is propa- 
gating away from the point on the line 
contacted by the stroke, the amount of 
charge is so small as to produce negligible 
magnetic effects and conductor current, 
except that the charge should be carried 
away so rapidly that the tail of the volt- 
age wave induced on the phase conductor 
by coupling with the ground wire should 
decrease at a rate determined by a 
coupling factor varying only with the 
ground-wire voltage magnitude. Thus, 
it appears evident that the wave shape 
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and magnitude of the induced conductor 
voltage can be determined from the 
ground-wire potential and a coupling 
factor varying only with ground-wire 
potential. The higher this potential at 
any instant the greater the proportion of 
voltage induced on the conductor. This 
means, for instance, that the tail of the 
induced wave on a long line should de- 
crease faster than that of the ground-wire 


Figure 10. Configuration showing dimensions 
used in calculating coupling factors for one 
ground wire 


b 
log = 
Coupling factor (K)=——— 


Thus the difference be- 
tween these voltages, 


voltage wave. 
or the voltage 
wave across the line insulation will have 


a tail longer than that of the ground-wire 


potential. 


Measured Coupling Factors 


The curves of coupling factor as a func- 
tion of ground-wire potential for all of 
the standard ground-wire configurations 
studied are presented in Figures 3 to 9. 
Each value of coupling factor is the ratio 
of the crest induced voltage to the crest 
ground-wire voltage. Examination of 
the curves shows that after the ground- 
wire critical corona voltage is reached, 
the coupling factor increases rapidly 
with ground-wire potential. It is also 
appreciably higher for positive voltages. 
The maximum voltages which could be 
produced were about 2,000 kv. Consider- 
ing that the upper limit of crest stroke 
current magnitudes is of the order of 
150,000 to 200,000 amperes,‘ this pro- 
vides data for tower top potentials over 
the full range of stroke currents and for 
towers having footing resistances up to 
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15 or 20 ohms. This is the most impor- 
tant range. However, as will be shown 
later, the data are extrapolated to higher 
voltages. Before considering the general 
character of the coupling-factor curves 
more thoroughly, a number of funda- 
mental considerations will be discussed. 


CouPLING Factors FoR No CORONA 


For the line configuration of each set 
of coupling-factor curves, the coupling 
factor has been calculated from standard 
formulas neglecting corona and assum- 
ing the actual surface of the earth as the 
true ground plane. These values are 
plotted on the curves at zero potential. 
For several of the line configurations (see 
Figures 5a and 8b) measurements were 
made below the corona voltage which 
showed good agreement with the calcu- 
lated values. There has been considerable 
controversy in the past as to the location 
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Figure 11. 


Configuration showing dimensions 
used in calculating coupling factor for two 
ground wires 


Coupling factor (K)= 


of the effective ground plane in relation 
to earth resistivity for both electrostatic 
and magnetic phenomena. 
ured data show that both the surface 
of the floor of the high-voltage laboratory 
and the ground under the outdoor line 
act as the effective ground plane for this 
electrostatic problem. During the period 
of these tests the earth resistivity under 


the outdoor line ranged from 400 to 600. 


meter ohms, as compared to the most 
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These meas-_ 


% i 
common general average value of 100- 
meter ohms.° 
EFFECT OF SIZE OF GROUND WIRE 


To determine the effect of the size of 
both the ground wires and phase con- 
ductors, tests were made on the indoor 


‘ 
f 


line (H = 10 feet) with smooth copper” 


wires 0.04, 0.125, and 0.25 inch in di- 
ameter. The size of the conductor should 
have no effect, and none could be found. 
The results of tests to show the in- 
fluence of ground-wire size are shown in 
Figure 3. Above a ground-wire potential 
of about 200 kv, no significant difference 
could be found in the coupling factors 
for this wide range of wire size. At lower 
voltages, the coupling factor approaches 
the calculated values for no corona. It is 
quite apparent that up to the critical 
corona voltage the coupling factor is. 
constant, and above this value for the 
larger wire there is little difference 

Ground-wire size is thus unimportant 
in the practical ground-wire voltage 
range. This was also confirmed by the 
tests on the outdoor lines. For the 
ground-wire height H of 50 feet, a five- 
eighths-inch smooth ground wire was 
used. For 77 of 30 feet a 0.1-nch wire was 
used. The analysis of the effective corona 


radius to be discussed later will also show ~ 


that this factor is unimportant. 


PRESENCE OF OTHER PHASE CONDUCTORS 


As theoretical considerations indicated, 
the presence of additional phase conduc- 
tors had no effect on the induced voltage 
of a given conductor. The conductor 
charge picked up from the ground-wire 
corona was too small to cause any mutual 
effect. ; 


EFFECT OF CONDUCTOR POSITION WITH 
ONE GROUND WIRE 


Calculations of coupling factor for no 
corona! have shown that for one ground — 
wire and practical conductor configura- 
tions, the only important dimension re- 
lating the position of the conductor rela- — 
tive to the ground wire is the distance a 
between them (see insert of Figure 4). 
The data of Figure 4 show that this is 
also true at high voltages when corona is 
present. - bei 


Gap Flashover Measurements 


h 


As a check against the accuracy of the © 


voltage measurements and also to deter- 
mine the character of flashoyer conditions 
on an actual line, data were also obtained 
on the ground-wire potential necessary 
to flashover rod gaps connected between 
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the phase and ground wires. Thesé were 
_ gaps with one-half inch round electrodes 
of. sufficiently low capacity to produce 
no appreciable effect on the induced volt- 
age, The points on the coupling-factor 
curves of Figure 7 indicated as measured 
_ by gap flashover were determined from 
the minimum crest flashover value of the 
gaps with the conductor first floating and 
then grounded. The points at highest 
voltage of Figures 5 and 6 (for H=10 
feet) were determined from flashover 
between the ground wire and conductor. 
The coupling-factor points determined 
by gap breakdown are from four to eight 
per cent higher than those determined 
from measurement of the conductor 
voltage. 

Two factors might cause this difference. 
The field configuration with the conductor 
floating and with it grounded may be 
somewhat different. With it floating, 
the discharge would usually be expected 
to start from the ground-wire electrode 
where the gradient is higher This 
should make less difference when the 
ground wire is positive, since for equal 
field distortion the discharge will always 
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Figure 13. Ground-wire cor- 

ona produced by surge volt- 

age with 11/9x40 wave shape. 

1/g-inch wire, H=10 feet. 

Effective radius (from Figure 
12a) is 11.5 inches 


be initiated from the positive electrode.® 
The other factor is the difference in the 
wave shape of the voitage across the gap 
under the two conditions. With the con- 
ductor grounded, the gap voltage is the 
ground-wire voltage which had a tail 
with 40 microseconds to half value. With 
it floating, it is (for the short lengths of 
line) the difference between this and the 
induced conductor voltage which had a 
longer tail as explained previously. The 
greater the ratio of the conductor voltage 
to the ground-wire voltage, the shorter 
the tail of the gap voltage wave. The 
shortest tail for the gap voltage in these 
tests was about 20 microseconds for 
which the critical breakdown voltage is 
about seven per cent above that for a 40 
microsecond wave. This would give, 
therefore, an indicated coupling factor 
seven per cent too high. The fact that 
the coupling factor points determined in 
this way are high by this order of magni- 
tude indicates this to be the principal 
factor. 

It thus is evident that for the range of 
voltages studied here the probability of 
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line flashover for direct strokes can be 
based upon the knowledge of the voltage 
across the insulation (which is the differ- 
ence between the ground-wire potential 
and the conductor potential) together 
with the flashover strength of this insula- 
tion determined from tests with the con- 


ductor terminal of the insulation 


grounded. 


EFFECT OF POLARITY ON GAP 
BREAKDOWN 


The field configuration for line insula- 
tion is not exactly the -same as it is 
when tested close to ground. It was 
found that for the flashover tests on the 
line with 7=30 feet, the critical break- 
down of the gaps was independent of 
polarity and lay close to the positive 
polarity breakdown of standard rod gaps 
on the ground. This is to be expected 
when the influence of the ground plane 
is negligible and the gap electrodes are 
similar. This difference is a secondary 
effect which cannot be taken into account 
until more gap breakdown data are 
available. 
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i 
Figure 14. Ground-wire corona showing 


Effective Corona Radius 


Standard for calculating 
coupling factors when corona is neglected 
are given in Figures 10 and 11 for the two 
most common types of ground-wire 
configuration. For any configuration of 
conductor and ground wires and ground- 
wire potential, there is a radius that can 
be substituted into these equations to give 
the correct coupling factor. If this 
“effective radius” is not a function of too 
many variables, considerable simplifica- 
tion is obtained from using it in the 
standard equations. Based upon the 
assumptions of Torok and Ellis,’ this 
effective radius is a function only of the 
ground-wire height H and its potential. 
With this thought in mind, values of 
the effective radius were calculated from 
the equations of Figures 10 and 11 and 
the coupling factors of Figures 3 to 9. 
These are plotted in Figure 12 for each 


equations 


ground-wire height and polarity as a 
function of ground-wire potential. These 
curves show that this effective radius is 
essentially a function of only the ground- 
wire height and potential. This would be 
expected for one ground wire as these 
are the only two factors affecting the 
field configuration around the wire, and 
the ground plane would not be expected 
to exert enough distortion to materially 
alter the effective center of the corona 
sheath. As shown by Figures 12a and 
c the effective radius for two ground-wire 
configurations deviates more from the 
mean curve. This is probably due to the 
mutual shielding effect of the two wires. 
However, 15 feet is near the lower limit 
for their separation in practice, and this 
effect should decrease with greater 
separations. Since the coupling factor 
varies with the logarithm of this radius 
the variations indicated by Figure 12 are 
not sufficient to cause more than a few 
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comparison between 60-cycle and both 
positive and negative surge voltages. 
1/g-inch wire. H=10 feet 


*Effective radii determined for Figure 12a 


per cent variation in the coupling factors. 


VISUAL CHARACTERISTICS OF 
SURGE CORONA 


To determine the visual characteristics 
of corona produced by impulse voltages 
and to compare the extent of streamer 
formation with the effective radii, still 
photographs were made of the indoor line 
with the one-eighth-inch ground wire. 
It was necessary to photograph about 20 
discharges to obtain a clear print showing 
the extent of the streamer development. 
Figure 13 shows a comparison between 
one and 20 discharges. Figure 14 shows 
comparisons between positive and nega- 


tive surge corona (20 discharges) and 60- 


cycle corona (three-second exposure). 

The distinctive difference between the 
surge and 60-cycle corona is of particular 
interest. As has been commonly ob- 
served, 60-cycle corona at voltages only 
moderately above the critical value is a 
rather uniformly distributed beaded glow. 
This does not extend as far from the wire 
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COUPLING FACTOR 
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Figure 16. Coupling factors when corona is 
not present. One ground wire '/9 inch in 
diameter 


cycle voltages brush discharges of about 
the same extent as for positive surges 
are formed (see Figure 14 for 1,100 kv). 
However, they are bunched at localized 
points on the wire. This is probably 
because streamers start first at these 
points, as the voltage increases relatively 
slowly on each half cycle, allowing suffi- 
cient time for them to develop and shield 
the other parts of the wire. The streamer 
formation is much more uniform for 
surge voltages probably because of the 
very rapid rate of rise of voltage tending 
to produce the more nearly instantaneous 
formation of streamers at all points along 
the wire. The photograph of Figure 13 
for one surge shows about one or two 
streamers per inch of wire extending a 
_mean distance of about 30 inches toward 


0.7 


ground and 23 inches upward for the crest 
voltage of 1,670 kv. In between these 
are shorter streamers of varying length 
that probably did not start to develop 
as fast as the longer ones and were partly 
shielded by them. 

As shown by Figure 14, the length and 
density of the positive corona streamers 
are considerably greater than for negative 
corona accounting for the greater effective 
radius for positive corona. Because of 
the influence of the ground plane, longer 
streamers are formed toward ground than 
upward. This dissymmetry increases 
with voltage. It also should be greater 
the lower the ground-wire height H. 
However, even the amount of dissym- 
metry shown in these photographs for H 
of ten feet does not cause the effective 
radius to change materially for the practi- 
cal range of variation of conductor posi- 
tion. The mean distances that the longer 
streamers extend downward from the 
ground wire is roughly twice the effective 
radii of Figure 12a for both polarities. 


EXTRAPOLATED CURVES OF EFFECTIVE 
Corona Rapius 


In Figure 15 the effective radii deter- 
mined from the measured coupling factors 
are compared to those calculated by 
Torok and Ellis. They are greater than 
the calculated values even for negative 
polarity. They also show somewhat less 


_decrease with ground-wire height and 


greater rate of increase with ground-wire 
potential. The variation with ground- 
wire height is less for positive polarity. 


0.7 


) 


In this figure the portions of the curves 
established by measured data are drawn 
as solid lines while the extrapolated curves 
are dashed lines. The extrapolation was 
based upon the variation of the radii 
(over the measured range) with ground- 
wire height, potential, and field gradient. 
The curves are extrapolated as far as 
deemed possible with reasonable accu- 
racy. This provides data over the full 
range of stroke currents for tower footing 
resistances up to 40 or 50 ohms. 


Practical Curves for Determining 
Coupling Factor 


The coupling factor for any practical 
line tonfiguration can be obtained by sub- 
stitution of the effective corona radii 
given by Figure 15 into any of the con- 
ventional forms of the coupling-factor 
equations, such as those of Figures 10 
and 11. However, they can be more 
simply obtained from the curves of Fig- 
ures 16 to 18. Figures 16 and 17 give 
values of coupling factor for one and two 
ground wires of one-half-inch diameter 
for no corona and are reproduced from 
reference 1. Figure 18 gives the proper 
multiplying factors to apply to the values 
read from these curves to account for 
corona. Since for the practical range 
of voltages the coupling factor is inde- 
pendent of actual ground-wire size, the 
coupling-factor data neglecting corona 
for any convenient wire size can be used 
as such a basis with the proper multiply- 
ing factors for this size. The analytical 
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Figure 17. ' Coup- 
ling factors when 0 
corona is not pres- 
ent. to ground wires 
1/9 inch in diameter 
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Figure 18. Multiplying fac- 
tors to use in conjunction with 
Figures 16 and 17 in determin- 
ing coupling factors as a func- 

w tion of ground-wire potential 
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character of these multiplying factors is 
shown by the following equations. 
For one ground wire 


' 2H 
ones 
_ logb/a log b/a . @) 
K= — x 

2H 2H 2H 


1 


08 HV) 


For two ground wires 


log V bibs log vibs log cai 

K= V aia2 ni Vara V are 
log i log ca log ot 
Var(V) Varo Var(V) 


where 7(V) is effective radius as a func- 
tion of voltage r, is actual radius neglect- 
ing corona. 

The other symbols are shown in Figures 
10 and 11. The multiplying factors are 
the second terms in these equations. In- 
spection of the preceding equation for one 
ground wire shows that the multiplying 


CALCULATED 


06 


factor is a function only of the ground-wire 
height and potential, so that a single curve 
for each height applies to all spacings be- 
tween ground wire and conductor. For 
two ground wires, their spacing a exerts 
a slight influence, but the deviation of the 
multiplying factors from the mean curves 
drawn in Figure 18 is only about five 
per cent for spacings of a lying between 10 
and 40 feet. 

The data for negative polarity are, of 
course, of greatest importance since 
about 90 per cent of all strokes are entirely 
of negative polarity’ and at least 95 per 
cent have negative polarity for the higher 
magnitude components. 


Increase in Coupling Provided by 
Additional Ground Wires 


The use of another ground wire below 
the phase conductors (see insert of Figure 
19) to provide additional coupling has 
been advocated by Whitehead® and ap- 
plied with good results. Coupling-factor 


r= Vor 
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Figure 19. Effect of adding 
third ground wire to increase 
coupling 


Comparison of measured values 

of coupling factors with those 

calculated from effective corona 
radii given by Figure 12c 
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measurements were made for such a con- 
figuration, and the measured values are 
compared in Figure 19 with those calcu- 
lated by using the effective corona radii 
of Figure 15. The actual increase of 
coupling with voltage is less than cal- 
culated. This is probably due to the 
mutual shielding effect produced by the 
ground wires in the space between them. 
However, comparison of the measured 
coupling factors of Figure 19 with those 
of Figure 9a, where the configuration is 
identical except for the third ground wire, 
shows that an increased improvement of 
coupling for all voltages is provided by 
the third ground wire. Because of this 
shielding effect, the effective radii of 
Figure 15 cannot be used, and each con- 
figuration of this type should be studied 
individually. 
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Pole-Face Loss in Solid-Rotor 


Turbine Generators 


W. W. KUYPER 


ASSOCIATE AIEE _ 


NE of the primary problems which 

confront the designer of electrical 
machinery is the predetermination of 
losses. This is peculiarly true for the 
designer of high-speed turbine-driven 
generators; the losses must be kept low, 
not only to increase the efficiency but also 
to keep the size of the apparatus to a 
minimum. 

Losses are usually classified as 


(a). Ventilation, windage, and friction. 
(b). Open-circuit core losses. 

(c). Armature and field copper loss. 
(d). Load loss. 


It is with one component of this last group 
of losses that this paper is concerned. 

The term “‘load loss,’’ as usually em- 
ployed, includes all extra losses coinci- 
dent with the operation of the machines 
which are not included in the other items. 
In test it is usually determined as the dif- 
ference between the actual losses on 
short-circuit loss test and the more readily 
determined components of windage, fric- 
tion, copper loss, and so forth. 

In solid-rotor turbine-driven revolving 
field generators, one of the largest com- 
ponents of load loss is caused by the 
existence of eddy currents in the surface 
of the rotor. These eddy currents are 
caused by the armature-coil currents. 
The balanced multiphase current of 
fundamental frequency which flows in 
the armature produces a magnetomotive 
force which rotates synchronously with 
the rotor. It also produces, because of 
the imperfect distribution of the arma- 
ture coils, magnetomotive forces which 
move with respect to the rotor, causing 
eddy currents and losses in the rotor sur- 
face. Unbalanced armature phase cur- 
rents and armature currents of other than 
_ fundamental frequency can also give rise 
to these losses. 

This paper concerns itself with the de- 
velopment of methods whereby the de- 
Paper 43-76, recommended by the AIEE com~ 
mittee on electrical machinery for presentation at 
the AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943. Manuscript submitted 
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signer may predetermine the amounts of 
these pole-face losses. 

In Appendix A the general mathema- 
tical relations governing the phenomena 
are written; equations for the loss are 
presented in forms which permit reason- 
able facility in calculation. Appendix B 
presents methods of determining winding 
factors which are fundamental to the 
determination of losses. Sample calcula- 
tions are given in Appendix C. A brief 
list of references is added for those who are 
interested in a further study of various 
aspects of the problem. A summary of 
the results of the investigation, a recapitu- 
lation of the assumptions in the solu- 
tions presented, a discussion of the limita- 
tions of the method, and a list of nomen- 
clature follow. 


Results 


It is found that the loss attributed to 
any harmonic of armature magnetomo- 
tive force which moves relative to the 
rotor may be written 


Loss = (1/2)Ion? (area)4r10~ VZfR (19) 


An equivalent form, using quantities 
with which the designer is more familiar 
is given by equation 24. Losses caused by 
each of several coexistent harmonics are 
added to obtain the total loss. 

The accuracy of the calculation for loss 
depends on the applicability of the as- 
sumptions and on the evaluation of the 


REGION IL 
AIR GAP 
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Idealized system 


Figure 1. 


The current sheet on the stator magnetomotive- 

force wave moves relative to the rotor causing 

eddy currents and losses there. See Ap- 
pendix A 
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factor R. Use of the method indicates 
that the assumptions are valid for the 
usual case and that for the extremes where 
rotor end effects or magnetic saturation 
are appreciable, means are available to 
mitigate the inaccuracies attributable to 
these causes. The factor R may be 
determined from: 


1. Equation 22. 


2. Figure 2, where a minor limitation is 
placed on the value of permeability as ex- 
plained in the text following equation 22. 


3. Figure 3, which, in effect, assumes a 
permeability such that loss is maximum. 
Figure 3 may be used with good accuracy 
for the determination of those losses in tur- 
bine generators of usual design which are 
caused by armature magnetomotive force 
harmonics of the fifth to the fifteenth order. 
Experience has shown that substantially 
the entire pole-face loss in most machines is 
caused by harmonics within these limits. 


Assumptions 


The major assumptions used in this 
paper to simplify the determination of 
pole-face losses are summarized: 


1. The fundamental solution is made in 
terms of rectangular, rather than cylindrical 
co-ordinates. 


2. End effects are neglected; the rotor is 


assumed to be infinitely long. 


38. The armature magnetomotive force of 
each harmonic order is represented in the 
calculations by a current sheet on the stator 
surface of sinusoidally varying density, 
which produces the same value of magneto- 
motive force in the air gap for that harmonic 
as the actual windings in the slots. 


4. The resistivity and permeability of the 
materials are constant. Stator permeability 
and resistivity are assumed infinite. 


5. The losses of all harmonics can be super- 
posed; the total loss is the sum of the losses 
determined for each harmonic. 


6. Discontinuities in the rotor surface 
because of wedges, and so forth, are 
neglected (but the value of permeability 
may be chosen to make allowances for this 
condition). 


7. In utilizing the equations developed, 
maximum permeability is limited by the 
tangential component of flux in the rotor 
surface. (See Appendix C.) 


Conclusion and Discussion 


The methods of determining pole-face 
loss in turbine generators which are pre- 
sented here are simple and reasonably 
accurate. For machines of normal de- 
sign they make possible a determination 
of loss within a few minutes after winding 
factors are known; for exceptional cases, 
the accuracy of the method is less, and the 
calculations are not simple, but the utility 
is great. 
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Figure 2. Plot of the resistance 
factor R and the flux density 


factor S with the parameters 


shown 


See paragraph following eque- 
tion 29 
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It has been gratifying, after investiga- 
ting mathematically these complex phe- 
nomena, to find that the calculation of 
losses by means of relatively simple equa- 
tions, without resort to empirical con- 
stants for the most frequently encoun- 
tered cases, is corroborated by test re- 
sults. 

One fact which is apparent from a re- 
view of the data presented in this paper 
is that, for three-phase machines of usual 
design, high pole-face losses most often 
arise from the fifth and seventh magneto- 
motive force harmonics. It is evident 
from Figure 3 that the low harmonics 
are the most powerful in increasing the 
factor R. A glance at the winding con- 
stants of Table I, together with equation 
24, will show that the fifth and seventh 
harmonics are most usually the cause of 
high pole-face losses. This is further 
illustrated by the third sample calcula- 
tion of Appendix C. 

It is interesting to note also that a 
winding with two-thirds pitch is by no 
means best from a standpoint of pole-face 
loss. In this connection it may be 
pointed out that the specification of the 
coil spacing on the rotor, together with 
the winding factors, determines the 
telephone influence factor of the open- 
circuit voltage of the machine. It is 
evident from the preceding remarks 
that any preference for a stator winding 
of given pitch, such as two-thirds pitch, 
except where all factors are adequately 
studied and quantitatively understood, 
is unwarranted. 

The paper presents not only equations 
for calculating the losses, but also equa- 
tions for determining the pitch and dis- 
tribution factors and the effects of phase 
groupings of armature coils. This ex- 
tension of the fundamental purpose of 
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the paper was made so that the designer 
might have at hand all the tools with 
which to treat most cases. 

A number of writers, in published and 
unpublished work, has treated the sub- 
ject of induced losses in solid materials. 
The singular contribution of this paper 
is believed to be the framing of the re- 
sults so that they can be readily applied 
in the design of turbine-driven gener- 
ators. 


Nomenclature 


Centimeter-gram-second units are used, 
except where otherwise stated. Electrical 
units are in the ‘“‘practical” system. 
English units are used in the sample cal- 
culation and in equation 24; the parts of 
the report probably most directly useful 
to the designer. 


A, B, C—Arbitrary constants. 
A,—“Square wave’’ value of armature re- 


action, nth harmonic: 
a—2r/l. 


ager ay 4ryol0~? (also coil side width in 
p 
Appendix B). 


C—Number of coils in a group (Appendix B). 
D—Gap diameter. 


Ronkan 
yer Ct 


D,—F actor proportional to 


E—Voltage. 

f—Frequency; f,, frequency in rotor. 

c—Gap length. 

H—Magnetic intensity. 

Ign—Density of current sheet for 
harmonic. 

Z,—Current of harmonic frequency m. 

7—Current density. 

i—\/ — 1 

RonRkan—Pitch and distribution factors for 
nth space harmonic, <1. 

I—Active machine length (inches). 

l—Wave length. 


nth 
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m—Order of time harmonic. 

n—Order of space harmonic. 

P—Number of poles. 

p—FPitch. 

Q—Number of phases, g=order of phase 
(Appendix B). 

qd, Vis Ir—See equation 21. 

R—Resistance factor (equation 20). 

S—Magnetic intensity factor (equation 25). 

t—Time. 

x, y, 2—Co-ordinates (Figure 1). 

6—Flux density (or electrical slot angle in 
Appendix B). 

y—Angle between coil groups. 

6—Electrical angle (Appendix B). 

u—Permeability. 

p—Resistivity. 

w—2rf. 


Appendix A. Development of 
the Equations for Loss 


This appendix is divided into three sec- 
tions. In the first, the region of the air gap 
is analyzed mathematically to determine the 
relations between the fundamental electrical 
quantities.* In the second section the 
equations governing the loss are written from 
those developed in the first section. The 
third section contains the development .of 
equations for the magnetic intensity at the 
rotor surface. In some cases, a knowledge 
of this magnetic intensity is necessary be- 
cause the loss is a function of the perme- 
ability of the rotor steel and the perme- 
ability depends on intensity of the magnetic 
field. ‘ 


Fundamental Relations 


The region of the air gap may be idealized 
as shown on Figure 1. One of the harmonics 
of stator magnetomotive force which moves 
with respect to the rotor is represented as 
a current sheet of infinitesimal thickness on 
the stator surface, which has wave length / 
and a maximum value of I,, per unit length 


* The method of analysis was outlined to the writer 
by Dr. H. Poritsky. | 


n$é 
Figure 3. Simplest manner of determining R 


For limitations see discussion following equa- 
tion 29 
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of sheet. The stator is represented as a 
perfectly laminated semi-infinite solid of 
infinite permeability and resistivity. The 
rotor (region 1) at a distance y=g from the 
stator, is represented by a semi-infinite 
solid of permeability u=, and resistivity 
p=p,. The air gap, region 2, has permea- 
bility 1=y.=1, resistivity p=p.= ©. 

Maxwell’s equations, in vector form, are 
written below. 


Vv XH=0.407 pi=E 


ra) = ma 
vx B= —10-+ B=uH (1) 


Since the only voltage existent is that in 
the Z—direction, the second part of equa- 
tion 1 reduces to 
oF OH, OF 

: Ba nee LOE Mui (2) 
oy ot Ox ot 


Combination of equations 2 and 1 yields 


OE, OE, 4xu10-* dE, 
dx? dy? op at 


(3) 


The solutions for current and voltage, 
and so forth, are harmonic; they may be 
written: 


i,= i,/¢] (ot+az) 
= E,/¢/(ttaz) 
H; =H,'¢)(ttar) 
H, = H,'e?(t+az) (4) 


Thus equations 2 and 3 become 


eh =jaE,=j10-8u0H, 
YE, jotmnl0-° 
oat (5) 
By. p 


The controlling differential equation is 
written from equation 5, 


aa =)°E, (6) 
where 
ptegt 4 HATeulO-? 
p 5 
a (7)'+ Hraete 9 (7) 


The solution may be written in the form, 
for region 1, 


E,y= Ce 0-0) (8) 
for region 2, 
E»=A cosh a(y—g)+B sinh a(y—g) (9) 


The constants A, B, and C are fixed by 
the conditions across the boundary be- 
tween regions 1 and 2, 


E, is continuous 


inOne Oy. < ‘ 
~ i geeeed 

P'Sy T Bt is continuous (10) 
and at y=0, 
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OR a 
oa = 747107 unl on 
The resulting equations are written below 


ey —9) 


Ex, = —jlon4a10- If 5 
sinh ag+ — cosh ag 
Ay) 
(11) 


Eg = —jlon4e10-%If X 


ab. 
cosh a(y—g) —— sinh (y-2) 
apy 
; (12) 
sinh pees cosh ag 
ay 


At the current sheet, where y=0, the 
impedance (per square centimeter) met by 
the current is 


=74r10- If X 


oniy=0 


by 
1+—\ tanh ag 
a 
a (13) 


tanh ag+ — 
apy 


The loss may be written from equation 13 


Ton? 
Loss = re (area of current sheet) 
(real part of Z) (14) 


Equation 14 will be stated in more con- 
venient forms in a subsequent section. 
Before this is done, the general equations for 
the magnetic intensities will be written. 

The equations governing the magnetic 
intensities may be written directly from 
equations 2, 11, and 12. 

In region 1 (rotor iron) 


b 
Hy, =—0.4xI on —X 
apy 
e—h(v—9) 


b 15 
sinh oe cosh ag AS) 
Ay 


: 1 
Hy, = —j0.4Aal on — X 
My 
e—o(y—9) 


b 16 
sinh ag+ — cosh ag Go) 
a 


In region 2 (air gap) 
Hx, =0-41Ton x 


by 
AR a(y— g) ——- cosh a(y—g) 
apy 


(17) 
sinh ago cosh ag 


Hy.= —j0.44IonX 


cosh a(y—g) 7 cosh aly— aera 


sinh ag to cosh ag 


(18) 


The Equations for Loss 


Equation 14 may be written 


Ton? tage: 
ne (area of inside stator surface) 


4r10-%fR (19) 


Loss 


The loss is in watts if other units are in 
the centimeter-gram-second system. R is 
defined by 


by 
1+— tanh ag 


Ay 


R=real part of j (20) 


by 
tanh ag-+— 
ae 


To obtain a more suitable expression for 
R, let 


b 
gi =imaginary part of mae 


apy 
by 
q,=real part of — 
apy 
ie ee aol On? 
ths wa Tp 1p (21) 


A combination of equations 20 and 21 
yields 


— h2 
pa qi(1 —tanh? ag) . (22) 
(tanh ag+q,)?+q? 


The preceding expression for R is general 
and holds for all conditions under the gen- 
eral assumptions of the analysis. Under 
most conditions encountered in the deter- 
mination of pole-face losses, an examination 
of equations 21 shows that g,=q;. Under 
these conditions it is practicable to make a 
plot of R against a factor proportional to 
lw/pu. It is assumed that p is relatively 
large. 

A plot of R, subject to the conditions 
stated in the preceding paragraph, can be 
made, similar to that illustrated in Figure 2. 
Subscripts are omitted, but it is to be 
understood that ] is the wave length of the 
harmonic under consideration, and f is the 
frequency of the eddy currents generated in 
the rotor surface. 

It will be noticed’in reviewing Figure 2, 
that lines of constant g/] have maxima 
within the region plotted. In many of the 
calculations made by the writer, it has been 
found that the parameters are so related 
that the factor R is found at or near the 
peaks of the constant g// contours. 

This fact permits a further simplification. 
The values of the maxima may be plotted 
against g/l or an equivalent parameter. 
This has been done in Figure 3. The actual 
parameter chosen is n(g/D)(P/2). 

It is evident that Figure 3 shows the 
maximum possible value of the factor R for 
any harmonic. As mentioned previously, it 
has been found that the factor R falls at or 
near these maxima for many cases en- 
countered in turbine generators of usual 
design. Departures occur at very low har- 
monics (the upper part of the curve) and 
at very high harmonics (below the range of 
the plot). 

In applying equation 19 to the determina- 
tion of loss attributable to the harmonic 
magnetomotive forces produced by currents 
of fundamental frequency in the armature, 
it is convenient to write the equation in 
terms of units more commonly used in 
design. The final equation results from 
application to equation 19 of the equations 
below and a departure from the centimeter- 
gram-second system. 
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ip 


oop ky Appendix B cients of the harmonic terms of Fourier 
i =- e 7 Series representing this solid line are 
1 WN Rp, Ray 
Determination of the Harmonic 1 ms 
a wl fess ee (consistent units) (23) Magnetomotive Forces zn (8) cos né6d6 
eee on us 
8 4 pn 


The resulting equation may be written: 


L k (4) 

oss (kw) =( 75 O00 
Ronkan \?/ P (Z\e)r a 
(iete\(2) 10/\n 


A,=square-wave value of fundamental 
armature mmf 
=nr/4Xpeak value of fundamental 
armature mmf 
Renkan=Pitch and distribution factors for 
nth harmonic of mmf, <1 
P=number of poles 
L=rotor length, inches 
f,=frequency of currents generated in 
the rotor attributable to mth mmf 
harmonic 
R=factor from Figure 2 or Figure 3 
or equation 22 


where 


The harmonic components of the arma- 
ture magnetomotive force may be said to 
depend on the coil pitch factor, the distri- 
bution factor, the relationship of the coils 
in the several phase groups, and the currents 


in the armature. 


The Pitch Factor, Kpn 


If the current in a single coil is assumed 
to flow in filaments on the stator surface, 
the distribution of the radial component of 
magnetomotive force attributable to the 
current in the single coil may be represented 


by the solid line in Figure 4. 


It is readily established that the coefh- 


sie “er % 
Sy ie =— Rp, 


(27) 

AT ni “ i 

The pitch factor, kp,, is defined by the 
factor in the brackets. 

It appears that for the lower harmonics 
the assumption of filamentary currents prob- 
ably causes little error. For the higher har- 
monics this may not be true, and greater 
accuracy may be obtained by assuming that 
the current flows in a ribbon on the stator 
surface. If this ribbon has width, b, elec- 
trical angle, the magnetomotive force dis- 
tribution may be represented by the dotted 
variation of the full line of Figure 4. Similar 


Table I. (KpnKan)/(Kp:Ka,) for Pitch and Distribution Shown 


49 Slots Per Pair of Poles 
Definitions of Symbols in Appendix B 


Pitch 18/21 17/21 16/21 15/21 14/21 13/21 12/21 11/21 10/21 
In the preceding equation a ‘‘winding 
factor” is not included; for example, the Distribution (7) (7) 
fact that a symmetrical three-phase winding Fi Ka fae ae 0.930. .0.911..0,.888..0.859 ..0.826..0.788..0.744 ..0.700..0.652 
with symmetrical phase current does not KpnKan shoe Meta 4 L serene pl li fe-l 1 2. 
AEST ESS SCONES LOD PUGH) SHasatte ecu, Cee Ler 0.540. .0.440. 0.315. .0. 167 0 ..0.182..0.376 ..0.573..0.774 
P) : ; : ieee Pee eels 0.091. .0.016..0.064..0.141 ..0.204..0.244..0.255 ..0.230. .0.168 
magnetomotive force in the air gap is con- Yaa Tanta 0 ..0.078..0.139..0.166 ...0.150..0.091.. 0 ..0.102..0.190 
sidered to be so well known that a factor eee 0.108. .0.226. .0.251. .0.166 0 ..0.182..0.300 ..0.295. .0:158 
to account for this phenomenon is not in- Ee SHAS Leo ee 0.081. .0.105. .0.061. .0.026 0.102. .0.117..0.056 ..0.052. .0.138 
: : : Ne Pass hens se 0.091. .0.069..0.014..0.091 ..0.091..0.008..0.091 ..0.118. .0.037 
cluded in the aforementioned equation. (on pee 0.166. .0.039. 0.139. .0.166 0 ..0.181..0.167 ..0.051. .0.232 
ree ee et 0.063. .0.030, .0.084.,0.020 ..0.078..0.069..0.043 -.0.105..0.0159 
Magnetic Intensity and Permeability 19) nc Shs Cer 0.034. .0.066. .0.055. .0.052 0.076. .0.034..0.095 ..0.007..0.111 
SA he ae O02 Ob Oat on 0 2.0.182... “0... 02200remma 
From a consideration of the equations for Bete Roi Pern ee 
loss and of Figure 2 it is evident that, for istap uO RT ese 
some calculations of loss, the loss may vary Kon Ea Licey e 0.912. .0.893..0.870..0.842 ..0.810..0.772..0.729 ..0.686. .0.636 
either directly. or inversely as the square Kpn Kan Silt: hist ine 1 ER ay ee on bee 1 le .6 Seo. 1a 
root of the rotor permeability. Since the Km Kai : bite e eens Nee eee ns eee: eet Pe 
permeability is a function of the magnetic aN CES eames 0 aoe aca wae eh Neaieeer Le 0.0 One 
intensity, a simple method of determining Oy Rasen 0.026. .0.055. .0.061. .0.040 0 ..0.044..0.073 ..0.072. .0.037 
this factor is desirable. Wa Byes oe ee 0.095. .0.123..0.072..0.031 ..0.119..0.137..0.065 ..0.061. .0.162 
Ree ams : 13% cane 0.159. .0.122..0.024..0.160 ..0.159..0.013..0.160 ..0.208. .0.066 
ee ae which ee OF Serer. IS ange 0.383. .0.090. 0.320. .0.383 0 ..0.417..0.385 ..0.117..0.536 
permeability can be estimate , it has been Uae satis = 0.170. .0.083. .0.227..0.053 0.212. .0.187..0.117 ,.0.285..0.048 
considered to be sufficient to determine the LO An anew 0.102. .0.197..0.166. .0.154 0.227. .0.103. .0.283 ..0.022. .0.333 
maximum value of H, at the rotor surf OY ee 0 ..0.469.. 0 ..0.509 0 (202555... 0 01625 amen 
For almost all cases, this component of _ pistribution (3-3) (3-3) 
magnet 
SREUC ( ULeRSTY 13 -COMSIMCTAD Ye Are ier Te saees 0.920. 0.902. .0.878..0.850 ..0.818..0.780..0.736 ..0.692..0.642 
than H,, and it indicates reasonably well ie i ; ; : i 
the degree of saturation of the surface Bue an Devwe sees Lites dg Wigs ness t Bal eae es ; 
4 KK So. een 0.497. .0.404. .0,290..0.154 0 ..0.168..0.346 ..0.527..0.715 
atts) the cpecsenity Drebleats (ay, Des tey lean Beet eet 0.029. 0.005. .0.020..0.044 . 0.064. 0.077. .0.080 . .0.072. .0.053 
duced to the determination of the absolute a Gee as 0 ..0.185..0.329..0.392 0.353. .0.214..- 0 ...0 2415505450 
value .of equation 15. Similar to the Das oe tie 0.207. -0.434. 0.483. .0.318 0 ..0.348..0.576 ..0.567..0.295 
: : 1d ee 0.236. .0.305..0.178..0.077 ..0.294..0.340..0.162 ..0.150. .0.403 
development of the equation for the resist- seat oR 0.071. .0.054. 0.011. .0.071 0.071. .0.006..0.071 ..0.092. .0.029 
ance factor R, equation 22, we can define 15. See 0.020. .0.005. .0.017. .0.020 0 ..0.022..0,020 ..0.006..0.028 
a magnetic intensity factor, S, such that ieee 0.068. .0:033..0.091..0.021 ..0,084..0.075..0.046 ..0.114. .0.017 
Ee acibes ras 0.120. .0.232..0.196..0.182 ..0.267..0.121. .0.334 ..0.025. .0.392 
MMarimniim value of PeereeT eG (25) OA ese Senter OU 0.369.280 50,3902 0. .0.427.-5 0) 2L0.4sieuueo 
Distribution (6-) (6-) 
where KnKa a See 0.942. 0.923. .0.898..0.870 ..0.837..0.798..0.754 ..0.708. .0.657 
ae KpnK an Lorelei te vis Dee Pa es.) oon 1 
0.4ar Vea Kaka CP eeoe ca 0.606. .0.493..0.354..0.1877 .. 0 ..0.204..0.423 ..0.642, 0.872 
7 (26) Pt cs See | 0.164. .0,028..0.116, .0.2538 . 0.367. .0.438..0.459 ..0.414, 0.3038 
cosh ag| (tanh ag+q,)?+q,7 Y teats 0 0 ac 0 ia OS eO OE Oh. ter 
Once amen 0.097. .0.203..0.226..0.1490 .. 0 ..0.163..0.270 ..0.266..0,138 
This factor may be plotted together with IY, eae 0.183. .0.237. 0.138. 0.0594 = 0,229 5. 0080, 2 Oi oats 
Rane : ‘ 13. ae ee 0.091. .0.069..0.014..0.0908 ..0:091..0.008..0.091 ..0. t 
‘ on pees ie placing the same 163. aoe 0.083. .0.020. .0.069..0.0831 .. 0 ..0.091..0.084 ..0.025..0.116 
imitation of the relation between g, and ie ie 0.141. .0,069. 0.189, .0.04398. .0.176. .0.156..0.097 , 0.237. .0.036 
dr as is used in the plot of R. 1S SS eck 0.061. .0.118..0.100..0.0929 ..0.136..0.062..0.170 ..0.013..0.200 
DS atest he 0. ero 0 0, 5.20 2%. 0°... 2. Oe) 


The use of the preceding equations is 
illustrated in Appendix C. 
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(Table I continued on next page.) ‘ 
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Table | (Continued). (Kp,Kan)/(Kp:Ka:) for Pitch and Distribution Shown 


—$—— — — —= = 


In Figure 5 the unit magnetomotive force 
vectors of each of a group of uniformly 
spaced coils are shown within the circle 


Pitch 18/21 17/21 16/21 15/21 14/21 13/21 12/22 11/21 10/21 pinch they dehine 
; The radius of the circle, 7, may be written 
Distribution (7) (3-3) in terms of the electrical slot angle, 8; the 
KpKa Ne ie Seharly 0.926. .0.907..0.884..0.855 %.0.823..0.785..0.741 ..0.696. .0.646 number of the harmonic, 7; and the number 
KpnKan Pasco eens a et eee le Ie eed ee Io dice td of coils in the group C. 
eos, ey eee 0.036. .0.048..0.059,.0.070 ..0.081..0.091..0.101 ..0.110..0.119 
ae perce | 0.520. .0.423..0.304..0.161 ,. 0 ..0.175..0.362 ..0.551..0.748 x 1 
Tipe din aa 0.065. .0.079. .0.087..0.088 ..0.081. 0.067, .0.045 ..0.016. .0.018 r= /s Fee 
Bi caer: 0.062, .0.011..0.044..0,097 ..0.140. .0.167..0.175 ..0.157..0.115 ae 
ere 0.081. .0.083..0.068..0.039 .. 0 ..0.043. 0.0815. .0.108..0.116 9 
eee Be 0 ..0.127..0.226..0.270 ..0.243..0.147.. 0 ..0.166..0.310 
Su eae 0.153. .0.321..0.358..0.236 .. 0 ..0.258..0.426 ..0.420. 0.218 : 
Katee aie. cA 0.150. .0.193..0.113..0.049 ..0.187..0.216. 00103 . .0.095. .0.255 The length of the resultant vector, di- 
ESE ees 0.017. .0.013. .0.003..0.017 ..0.017..0.001..0.017 ..0.022..0.007 vided by the numerical sum of the individual 
15 ater ce 0.081. .0.019. .0.068, .0,081 0 ..0.088..0.081 ..0.025. 0.113 vectors, is the distribution factor 
Deira care 0 Mpa Omen se Ours Oi en 0 ONO 
Cs hehe 0.073..0.142, .0.120,.0.112 ..0.163,.0.074. 0.204 ..0.016. .0.240 Be: 
Rio a O° ..0.255..- 0 -..0,270 GATOR 20ks |S Oe OER. 0 oe Beil 
. 1 2 2 
Distribution (7) (6-) Ran == = (29) 
KpKai Tbeastaera 0.934. 0.915. .0.891..0.862 ..0.830..0.791..0.747 ..0.702..0.652 Cc nee mB c 5,08 
KpnKan Ui ape one ere ace = Le cere: hep el et es Sa ee elle se Lo 7 2 2 
maka SE eee 0.036. .0.047, .0.059..0,070 ..0,080..0.090..0.100 ..0.110. 0.118 ; 
Bore. cned 0.568. .0.462..0.332..0.176 .. 0 ..0.192..0.396 ..0.602..0.816 If the center of the coil group is taken as 
Sapte ih 0.064. 0.078. .0.086..0.087 ..0.080..0.066..0.044 ,.0.016, .0.018 : coherence tariihereroun the 
Be ie ae 0.123. 0.021. .0.087..0.190 ..0.275. .0.328..0.344 ..0.310. .0.227 the point of teferen oe sf : Pe X 
eee 0.080. 0.082. .0.066..0.039 .. 0 ..0,042..0.081 ..0.107..0.115 resultant vector ts either directly in pias 
Tics wa: (es 0 ..0.042..0.075..0.089 ..0.080..0.049.. 0 0.055. .0.102 or out of phase with the central coil (with an 
Ca Bes tae, 0.111, .0.233.-0.259..0.171 -.. 0° ..0.187. .0:309° 0.304. -0.158 even number of coils the central coil is 
Tite cee Oe 0.134..0.173..0.101..0.043  ..0.167..0.193..0.092 ..0.085. .0.228 : api : 
ice Ae 0.013. .0.010, .0.002..0.013 ..0.013. .0.001..0.013 ..0.017. .0.005 hypothetical). Because it ts es 
OSes ee ate 0.121, .0.028..0.101..0.121 .. 0 ..0.132..0.122 ..0.037..0.169 necessary to obtain the resultant of severa 
bY fore, on Aris 0.088. .0.043..0.118..0.027 ..0.109..0.097..0.060 ..0.147..0.022 dissimilar groups of coils, it is necessary to 
TOMS eee 0.030. 0.057. .0.048..0.045 -..0.066..0.030..0.082 ..0.006..0.097 : : Seater ich 
Te eee 0 ..0.084.. 0 ..0.089 Ot 000741 Oly Oc 11Oeero determine the sign of this resultant, 
is the sign of equation 29. 
Distribution (6-1) (1-6) It is evident from the foregoing paragraph 
0.921. .0.902, .0.878..0.849 ..0.818..0.780..0.737 ..0.692. .0.642 that in the determination of the net distri- 
Kp ka ee eed SOE LACE Ona OF weet 0 oO Ole 10.180 bution factor for any number of groups of 
KpnKan PEG eI 0.011. .0.013..0.017..0.020 ..0.023. 0.026. .0.028 ..0.032. .0.034 coils connected in series, a graphical solu- 
aka Bey ene: 0.493. 0.402. .0.288. .0.150 0 ..0.167..0.843 ..0.524..0.710 ce : i cticable 
pact Cie se 0.036. .0.043..0.048..0.048 ..0.044. .0.037..0.024 ..0.009. 0.009 tion is readily made. It is also pra ‘ 
Baarcanie! 0.067..0.011..0.048..0.105 ..0.152.,0.181..0.189 ..0.170..0.125 to make an analytical solution as is shown 
ie ete, 0.131. .0.134. .0.112..0.064 0 ..0.069..0.132 ..0.175..0.189 in the following paragraphs. 
(ae ete 0 ..0,039..0.071. .0.084 0.076..0.045.. 0 0.051. .0.097 Consider m grotips of coils connected in 
Dee ae 0.024. 0.050. .0.056. .0.036 0 ..0.040..0.067 ..0.065..0.034 : : : 
WN a ieee 0.005. .0.008. .0.005..0.002 ..0.007..0.009..0.004 . 0.004. .0.011 series, each group having a given number of 
oon Seem 0.034. .0.026,.0.005..0.034 ..0.034..0.003..0.034 ..0.045..0.014 coils (Ci, Cu, - - . Cn) and a distribution 
tS a ime sa pe .0.026. .0.089. .0. 106 0 ..0.115..0.107 ..0.033..0.148 factor (Rain, Ratin, - - - Ramn)- The angles, 7, 
Mapeny ee 052. .0.026..0.071..0.016 ..0.066, .0.058..0.037 ..0.088..0.014 - are 
Othe 0.033, .0.063..0.054..0.049 ..0,.073. .0.033..0.091 ..0.006..0.011 between the center lines of the groups ; 
ra O ..0.159.. 0 ..0.168 0 ..0.183.. 0 ..0.208.. 0 known; for the harmonic, ™ these angles 


to equation 27 the coefficients of the Fourier 
series describing this distribution are 


Since the factors in the preceding tabula- 
tion are of interest only where a large pro- 


are: myaq_1, Mya—1p, and so forth. 

If the angle of the resultant of the first 
group is considered to be the origin, it may 
be shown that the net distribution factor is 


portion of the loss arises from the higher k 1 x 
= Bee eh ee nb harmonics, and because it is an approxi- LOSS aay dnl Ripe eye 
2 bn 2 mate correction to the usual method of 2 
determining pitch factor, it is not included cain = 


2 
Sill kyn(adjustment factor) (28) 
wT 


Thus for the higher harmonics the pitch 
factor may be modified by the “adjustment 
factor’ as an approximate means of com- 
pensating for some of the errors in the 
simpler method of determining the pitch 
factor. 

For the condition that the width, b, of 
the current-carrying ribbon is one half of 
the slot pitch, a few values of the afore- 
mentioned adjustment factor, (values of 
[2/bn] sin [bn/2]), are tabulated here: 


Slots Per Pair of Poles 
Harmonic 36 48 66 
i, Oa eee LoOleaee ns Tee Rees 5 iO) 
152 ses eee Os902, On995) eee 0.997 : es 
isl cee eee eae 0.06. =). ONO7Ta See. 0.988 Figure 4. Determination of 
Rete gal (ent gees OF05) ae 0.97 : 
CS at ea Ousiretuey Ousommaned 0.94 pitch factor 
FAB oo ee Aaa (OMG Aetle a Our omar 0.89 See Appendix B 


in the tabulations of pitch and distribution 
factors. 


The Distribution Factor kan 


By means of the pitch factor, the value of 
the nth harmonic magnetomotive force be- 
cause of the current in any one coil may be 
determined. By means of the distribution 
factor, the resultant magnetomotive force 
of a number of coils is found. Equations 
are developed in the succeeding paragraphs 
which cover most of the cases encountered, 
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+CRatin COS #Y (1-11) Es 
+CnRamn COS NY (1—m) 
2 


+c rkaitn sin my (1-11) (30) 


+Cmkamn Si NY(I—m) 


where the plus sign is used for connection 
in a direction the same as the first group, 
and the minus sign for connection in the 
opposite direction. The sign of the distri- 
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Figure 5. Determination of distribution factor 


See Appendix B 


bution factor for each group as found in the 
previous section must be carried into 
equation 30. 

For two identical groups equation 30 
reduces to 


Ran =Rain COS 1/2nya—11)for connection in the 
saine direction 

Ran=Rain sin 1/onya—n) for connection in 
the opposite direction (31) 


For any two groups, 


ee 1 ier eee 
n 


ate 2cRanciuiRatin COS NY(—-11) 
(32) 


where the sign convention is the same as that 
stated previously. 


Table ll A. Magnetomotive-Force Harmonics, 
Three-Phase Machine 


F ls Forward Moving Wave; B Backward 


Current Harmonic, m 


ND ivr ES EOS Pct ust sy gee BEaccierin BF 

oe oe ae Ls Sea 3B Sts, RO |e ab in ackds ion F 
Pes eee ae Bqerstes LDN pena aes re 1 ay car B 
3 Bt ER roe Sib BF.. oa A) ofS) 

AS ctype atte LSTA cea cee Wager! sie oi5e F 
Dare areas cyte Bree ROR seen Birr xs 
Orie Bin vctautere ater tre BEY Ce an ens BF 
ak i ies Per cars 1S RE a Oey Suen als One serra or lst 


Table Il B. Magnetomotive-Force Harmonics, 
Six-Phase Machine 


F Is Forward Moving Wave; B Backward 


Space 
Har- 


c Current Harmonic, m 
monic, 


“Ff 


Vy 


Table Il C. Magnetomotive-Force Harmonics, Two-Phase (90-Degree) Machine 
F Is Forward Moving Wave; B Backward 
Space Current Harmonic, m 
Harmonic, 
n 0 1 2 3 4 5 6 ¥/ 
Osawote BF -;.0.707BF.. 0° 9 :.,0:707BE.. BREW. 40. 707BF..<.. 0) ROnsOmE 
Lisette 0.707BF.. F ..0.707BF.., B 20.707BR.. F , 0. 707 BES B ss 
Die ahaa ateks 0 ..0.707BF.. BEST 07707 E... 0 7.0. 707BRY,. B ..0.707BF 
3 eroty 0.707BF.. ~B .10-707BF > sak 2) 202707BF. . 2B 10). 707 Rae \ 
See at BET 2 On707B Re 0 ..0.707BF. . BEES nO. COv Beats 0 ..0.707 BF 
Bsa Ry 0.707BF.. F 9.40. 707BE, BA). 0707BES. | Ravn.0, 707 BE 
6ST 0 ..0.707BF,.- BF ..0.707BF.> 0° .f0;707BR), BE) O07 Be 
Ride aetna 0.707BF.. B 00, 707BF. . F .- 0. 707.BE. : B a0. 707BHEe F 


In Table I are given the values of the ratio 


(RpnRan)/(RpiRa) for several values of pitch 
for each of several distributions for machines 
with 42 slots per pair of poles. The tabu- 
lation is presented to permit a few generali- 
zations concerning the effect of various 
winding arrangements on the pole-face loss. 
The shorthand notation for the distribution 
is explained by the following examples: 
(7) is seven coils connected in series in 
consecutive slots; (7) (6-) is the same as (7) 
under one pole, with six in series and one 
slot open under the opposite pole connected 
in series in the opposite direction to the 


(7); (1/541) represents interspersion of the 


two end coils of a phase group with the end 
coils of adjacent phase groups. 


The Phase Relationships 


Where the currents in each of the phases 
of a multiphase system are equal and 
symmetrically displaced with respect to 
the system, the currents in each of the 
phases may be represented by 


= Din cos m(wt) 


2 
= >in cos mw -7*) 


(33) 


where 7, is the current in the gth phase, 
Q is the total number of phases, and J, is 
the value of the current of harmonic order, 
m. 

Where these currénts flowin the armature 
of a machine, symmetrically wound with 
respect to the phases, the magnetomotive 
force acting on the air gap will be: 


n= © 
mmf, = >> 


n=1 


m= © 


> 11D,y cos n@ 
m=1 


co OT 2 
mmf, = Ds cos o(o -**) 
n=0 m=0 v Q 
n=O m= Cc 1 
mmf, = ye De igDy, Cosn (0-5 2r) 
n=0 m=0 Q 


(34) 


where the subscript, 7, indicates the order 
of the space harmonic, mmf, is the mag- 
netomotive force produced by the qth 
phase, and D,, may be defined by 


Ronkan 


D,, is proportional to (35) 
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The equations 34 may be written in a more 
convenient form, as follows: 


n= @ 
mmf, = > 
n=1 


m= @ 


TAD) 
are 


cos [(mat+n8) +( mut — 16) | 


Te Oke, 
mmts= ) | VASE 
cos ( nN ge 
Q Q 
cos ( mato" yo 4 2) 
Q Q 
—s "—~ ImDn $ 


( Fe ES zr + 
cos TON a LT NO — SSSA 
Q Q 


Seg q-1 ) 
cos | mat ——— m2n —n0+— n2a 
( Q Q 


(36) 


A study of equation 36 shows that a forward 
(the same direction as the fundamental) 
revolving wave of magnetomotive force 


exists where 
m—n=0, +Q, +20 and so forth (37) 


and a backward revolving magnetomotive 
force wave exists when 

m+n=0, £2Q, and so forth (38) 
The magnitudes of these revolving waves is 


(Q/2)ImDn (39) 


The following ratio may therefore be 
written 


Magnitude of any mmf wave 


Magnitude of fundamental mmf wave 
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If the rotor is revolving at the speed of 
the fundamental, the speed of the traveling 
wave with respect to the rotor is 


(2 25 1) radians per second (41) 


n 


“A > 
where the plus sign is used with a backward 
revolving wave, and the minus sign is used 
with a forward revolving wave. The for- 
ward direction is the direction of rotor 
rotation. : 

The frequency of the currents generated 
in the rotor surface by these traveling 
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Table IID. Magnetomotive-Force Harmonics, 
Four-Phase Machine 


F Is Forward Moving Wave; B Backward 


Space 


Har- Current Harmonic, m 
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Mees 25 BSG aceus ale Eee aeysictatons Bye cate rhe F 


magnetomotive force waves may be written, 


w fm 
| in 
ab ) 


with the same sign covention as in equation 
41. 

In Tables II are shown the magneto- 
motive force harmonics which can exist in 
three-, six-, two- (90°), and four-phase 
symmetrically wound machines. The two- 
phase machine does not fulfill the general 
conditions established for the preceding 
equations, and special rules must be ap- 
plied. The exceptional case of the four- 
phase machine ITI-D is included for reference 
in reviewing the tabulation for the two-phase 
winding. Similarly, the six-phase machine 
can be considered to represent a three-phase 
machine with six symmetrically wound 
phase groups. 

In Tables II the letter F indicates a 
magnetomotive force wave revolving for- 
ward, in the same direction as the funda- 
mental; B, a backward wave. The co- 
existence of both is equivalent to a standing 
pulsating wave. All harmonics have a 
strength of 
* 


(42) 
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times the fundamental except where stated 
in the case of the two-phase machine. 

In the cases usually encountered, the 
armature currents are substantially of single 
frequency, and only that part of the tabu- 
lations is applicable which refers to funda- 
mental frequency currents. The equations 
for pole-face loss as written in Appendix A 
are then directly applicable. 

Where harmonic currents are sufficiently 


large to cause appreciable loss, the loss 
equations are applicable by multiplying 
them by (J,/:)? for those portions of the 
loss caused by the harmonic currents. In 
the case of the two-phase machines, a 
factor (0.707)? must also be included in 
the loss equations where it applies. 


Appendix C 


Sample Calculations and Tests 


When the equations which have been 
written are used to calculate losses in actual 
machines, it is necessary to make allowances 
for departure from the idealized case used 
in the development of the equations. 

The length of the air gap for the determina- 
tion of pole-face losses is chosen in the cal- 
culations which follow as that used by de- 
signers in the determination of the relation 
between fundamental air gap magneto- 
motive force and flux density. 

The slots in the rotor surface affect the 
permeability as used in the equations. The 
eddy current losses occur only in the skin 
of the rotor (except for very low frequencies) ; 
the magnetic fluxes which coexist with these 
eddy currents are directed primarily around 
the periphery of the machine. In the regions 
near the pole centers they lie wholly in solid 
iron;. in the region of the slots they en- 
counter wedges, which, if they are magnetic, 
are usually saturated by the main field 
current. For this reason the effective per- 
meability of the rotor to these stray fluxes 
should probably never be assumed to exceed 
a value greater than several hundred times 
that of air. 

As is evident in the examples considered 
below, where high pole-face losses occur, the 
stray fields themselves tend to saturate the 
rotor surface. Because the density of the 
eddy currents decreases rapidly and expo- 
nentially with depth below the rotor surface, 
a nonuniform permeability exists. When 
losses are caused by simultaneous action of 
magnetomotive forces of more than one 
frequency, the eddy currents of higher fre- 
quency, because they lie closer to the sur- 
face, are associated with a lower perme- 
ability. The device used below to treat, or 
rather to obviate this complex situation is 
to assume a permeability (if it is less than 
about 400) such that the flux density at the 
surface is 200,000 to 300,000 lines per 


square inch, about twice the saturation 
point of common steels, and to assume that 
losses attributable to the different har- 
monics can be calculated separately and 
added directly. 


Zero-Sequence Connection 


In this test a machine was operated at 
1,800 and 3,600 revolutions per minute and 
with direct current applied to the armature 
winding connected open delta. Thus only 
the odd triple harmonics of armature 
magnetomotive force appear. From equa- 
tions 36 and 23, the following relation is 
written. 


Tao/ 2 


Irms(rated) 


I A GrateayP 4 RpnRan 
on D © Ryka 


(43) 


Data concerning the machine follow: 


“ 


Inside stator diameter...., .20 inches 
Active length..............380 inches 
RIEAD ADD inital esses na ena nVa 0.375 inch and = in- 


creased to 0.500 inch 


Effective gap..............0.437 and 0.562 


Rated 'rpmtias. . eka nnn, CO: 
Rated armature reaction,A.9,000 ampere turns per 
pole 


Rated stator winding current.451 amperes 
Phases, 3...36 coils in 36 slots 
PIDOB ter acorn aw song thin Weve 11/18 


Ronk 
EE or 3rd, 9th, 15th, and so forth, 


Rp Ray harmonics =0.213 


For the calculation of losses gap diameter, 
D, is taken as 19.5 inches; p=20X107¢ 
ohm-centimeters. 

For convenience in calculation, the follow- 
ing equations may be written for the specific 
problem from equations 43 and 19: 


Kw loss=7.00( 2%) (22™ ),. 
 aaeedis (00) oN 600 


3, 9, 15, etc. 


Ry (44) 


Tn (amperes per centimeter) =0.308/ac 


The factor Ig, is the same for all triple 
harmonics in this special case, which simpli- 
fies the computation. 

The results are shown in Table III. In 
the calculation R is determined both from 
Figure 2 and by the simpler method of 
Figure 3. It should be noted that calcula- 
tions based on the simpler method of deter- 
mining R always show the highest value, as 


| 
Table III. Sample Calculation of Pole-Face Loss, Open-Delta Connection; See Appendix C 
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they should, and that the simpler method is 
in reasonable agreement with the more 
complex method for harmonics of higher 
order than the third and lower order than 
the fifteenth. 

The test loss as shown is the total loss of 
the machine on short circuit, less the wind- 
age and friction and less the total copper loss 
as calculated. It therefore includes stray 
losses other than pole-face loss, and should 
be consistently larger than the calculated 
pole-face loss. 


Single-Phase Short Circuit 


When a machine is operated on single- 
phase short circuit, the armature reaction 
may be considered to have two fundamental 
components, one revolving in the same 
direction as the rotor and stationary with 
respect to the rotor, the other revolving in a 
direction opposite to the rotor and inducing 
in its surface eddy currents of twice arma- 
ture current frequency. This second com- 
ponent produces the pole-face loss, the 
subject of calculation below; because the 
fundamental of armature magnetomotive 
force is so large compared with the har- 
monics, the losses attributable to these 
harmonic magnetomotive forces are ne- 
glected. 

From equations 23 and a consideration 
of the development leading to equation 36, 
for a line-to-line short circuit 


actuale ad 

I rated +/3 
Pertinent data concerning the machine 
tested follow: 


P 4 
Io, =A (rated) D Ee 


(45) 


Inside stator diameter...... 24 inches 

Active length..............371/2 inches 

AIT LAD iss cereale tee ae ai 0.687 inch; effective 
gap, 0.785 per cent 

Rated:fpmisi. tis ccieses soy oy 000 

Rated armature reaction, A.10,140 ampere turns 
per pole 


Rated stator winding current 2,170 amperes 

Three-phase line-to-line short circuit on wye con- 
nection 

For calculations, diameter = 23.25 inches, p=20X 
106 ohm-centimeters 


From equations 45 and 14 the following 
equations may be written for calculation 


if 2 
Kw loss = 145 (725) R (46) 


2,170 
Maximum flux lines per square centimeter in 


rotor surface = 238 Jims. Su 
2,180 


The simpler method of Figure 3 for deter- 
mining R is not applicable; both R and S 
are determined from Figure 2. 

The results of the calculations and tests 
are presented in Table IV. Here, again, 
the test loss is the so-called load loss less 
the stray loss in the copper; it therefore in- 
cludes stray losses in addition to pole-face 
loss. Under the assumption, discussed 
elsewhere, that the permeability should not 
exceed a value which permits calculated flux 
densities in excess of about 250,000 lines per 
square inch (35,000 per square centimeter) 
in the skin of the rotor the calculations are 
seen to be consistent at about two thirds 
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Machine Test 
Revolu- es Lines Per Load 
tions Per \ £1710 Calculated Square Loss 
Minute Amperes BL up R SS) Kilowatts Centimeters (Kilowatts) 
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Table V. Sample Calculation of Pole-Face Loss, Normal Machine; See Appendix C 
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the value of the test loss. This difference 
may indicate that the method requires an 
empirical factor in the equations or that the 
other stray losses arelarge. In either case, it 
is gratifying to note that the results are of 
the correct order of magnitude, even for 
cases where the departures from the funda- 
mental assumptions are great. 


Normal Machine 


For machines of normal design, the cal- 
culation is most readily made if equation 24 
is written in the form 


n 
A LAO de 
Kw= emia, ol 
>| Gas) 10 shi be 
(Gey « 
nfi]\ Roikar 
fi: =fundamental armature frequency 
Fnp=time order of harmonic of current 


generated in rotor 
R—from Figure 3 


where 


The items in the second bracket are those 
which vary with the harmonic. 
For the machine under study: 


A =14,330 ampere turns per pole 

Pitch = 14/21 

Distribution, (7) (6-) one coil omitted at end of one 
group 

Revolutions per minute, 3,600; air gap 15/16 inch 
(mechanical); length 60 inches; rotor diameter, 
271/3 inches; 2 poles. 


* The calculation of loss is made in Table V. 


From the tabulation it is apparent that the 
major part of the loss is caused by the fifth 
harmonic and that the loss attributable to 
the very low order harmonics is small. 
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Since the simpler method of Figure 3 is 
sufficiently accurate for harmonics greater 
than the third and less than the fifteenth, 
no attempt for greater accuracy by use of 
the method of Figure 2 would be fruitful. 

From a perusal of Table I the reader will 
note that there is good possibility of reduc- 
ing the pole-face loss by changing the arma- 
ture winding. Calculation shows that a 
distribution (7) (3-3) would reduce the loss 
by about 30 per cent. An even greater re- 
duction is possible by using a (6-) (6-) dis- 
tribution (and a longer pitch—to maintain 
flux density substantially constant). 

The tests on this machine (7) (6-) distri- 
bution, showed a total load loss of 45 kw. 
It has been found that usually the pole-face 
loss calculation is about 75 per cent of the 
tested load loss. That the calculated pole- 
face loss is so nearly equal to the total 
load loss may be attributed to testing and 
calculation errors and in part to a stator 
end structure specially designed for low 
load loss in that region. _ 
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Application of Carrier to Power Lines 


F. M. RIVES 


MEMBER AIEE 


URING the 20 years or so that have 

elapsed since power-line carrier was 
first introduced on a commercial basis, 
enormous advances have been made in 
the communication arts. In the some- 
what specialized branch of power-line 
carrier, advances in technique and appa- 
ratus design have not been as highly 
publicized as those in some other branches 
of the art; nevertheless, they have kept 
pace with the field, with the result that 
power-line carrier is today one of the most 
useful and versatile tools available to 
the power-utility engineer. There are 
now over 1,300 terminals of power-line 
carrier in operation in the United States. 
These terminals provide channels for 
telephone circuits, pilot relaying, tele- 
metering, load-control, supervisory, and 
other remote-control functions over trans- 
mission lines of all voltages, totaling over 
40,000 channel-miles. The last several 
years have seen a rapid increase in the 
number of terminals and in channel- 
miles, and there is every indication that 
this rate of growth will continue to increase 
for some time. With very few exceptions, 


every new transmission line of any im- . 


portance is now engineered to include 
power-line carrier for one or more func- 
tions. Many large integrated systems! 
have already made such extensive use of 
catrier circuits that the problem of chan- 
nel space and frequency assignment is 
rapidly becoming of major importance. 
A considerable portion of the more 
recent increase in the use of power-line 
carrier is directly connected with the in- 
creased load the war production has placed 
on the power industry. High-speed pro- 
tection, obtainable on long lines only 
through the use of carrier pilot relaying, 
increases the stability limit of transmis- 
sion circuits so as to permit increased 
loading of existing lines. This factor, 
alone, provides large savings in copper 
and other transmission-line materials 
which, otherwise, would be required by 
new construction or by the use of double- 
circuit lines with slower relaying. In ad- 
dition, the reliability and convenience of 
carrier telephone circuits for dispatching 


Paper 43-80, recommended by the AIEE committees 
on power transmission and distribution and on pro- 
tective devices for presentation at the AIEE na- 
tional technical meeting, Cleveland, Ohio, June 
21-25, 1943. Manuscript submitted March 16, 
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permit existing generating and substation 
equipment to be operated nearer maxi- 
mum load and efficiency conditions. The 
increase in the number of system inter- 
connections to pool generation and trans- 
mission facilities for new or increased war 
production loads has also resulted in a 
large increase in the use of carrier channels 
for telemetering and load control. 

This growth in the use of power-line 
carrier has confronted the power-utility 
engineer with many new problems. To 
guide him in their solution, it is desirable 
to make available much of the application 
information which has been accumulated 
by those who have concentrated on this 
work since the initial installation of 
power-line carrier in 1921. 


In answer to the growing demand for 
application information, it is the prin- 
cipal purpose of this paper to present a 
description of methods successfully used 
in calculating transmission losses and 
applying power-line-carrier equipment. 
These methods are largely based on ex- 
perience accumulated over a period of 
some 20 years in applying carrier to all 
types of power-transmission lines. They 
are supported by a considerable amount of 
field and laboratory data and have been 
corrected and revised from time to time 
as new data and experience have indi- 
cated. In general, they are somewhat on 
the conservative side. However, the fac- 
tors of safety incorporated have not 
burdened the equipment design, and, in 
numerous instances, have proved to be 
essential in maintaining a high degree of 
reliability under adverse conditions. 

Since the behavior of high-frequency 
currents, when applied to power lines, is 
sufficiently complex and the difficulties 
of obtaining quantitative data are suffi- 
ciently great, we find that,-even at this 
late date, the process of application is 
still more of an art than the exact science 
many would expect it to be. It is not 
intended, therefore, that the material 
presented herein be interpreted as the 
complete and final word on the subject. 
This paper is intended more as a guide 
for the power-utility engineer in the pre- 
liminary work of laying out carrier chan- 
nels on a power-transmission system. 

For the sake of simplicity, the subject 
matter is confined entirely to the problems 
of establishing the carrier circuits; the 
choice and application of the terminal 
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equipment using these circuits is not 
covered. 


The Problem 


Basically, the problem of applying 
carrier to power lines is one of utilizing 
circuits that have been designed for the 
reliable and efficient transmission of power 
in terms of kilowatts, kilovolts, and 
hundreds of amperes at very low fre- 
quencies and adapting them for the trans- 
mission of power in terms of watts, volts, 
and milliamperes at frequencies of 50 
kilocycles or higher. More specifically, 
for a given carrier channel, the problem 
resolves itself into one of establishing and 
maintaining a carrier-frequency path or 
circuit between two or more transmitting 
and receiving stations within certain 
limits of attenuation or transmission loss. 
The fundamental requirement imposed 
by the power system is that the means 
used to adapt the circuits for carrier chan- 
nels shall not in any way interfere with 
the primary function of power transmis- 
sion. At the same time, to attain the 
desired degree of reliability, the carrier 
channels established should be free from 
interference or interruptions caused by 
switching or normal operation of the 
power system and transient disturbances 
attributable to lightning or other causes. 
It is also essential that the carrier circuits 
shall be safe; that is, they should be 
adequately insulated and _ protected 
against normal and abnormal voltages 
and currents so as to impose no hazard 
to connected apparatus or to personnel 
using and maintaining the equipment. 


One of the most important factors in 
the problem is the wide differential be- 
tween power frequencies and frequencies 
normally used for the carrier circuits. 
Circuit elements and power apparatus 
which offer very low impedance paths to 
power frequencies may appear as very 
high impedances at carrier frequencies, 
and high impedances or open circuits for 
power frequencies may appear as low 
impedances at carrier frequencies. This 
phenomenon is largely responsible for the 
“sap-jumping’’ myth that has attached 
itself to power-line carrier. There are 
numerous instances of the carrier chan- 


“nel being maintained through what ap- 


peared to be gaps or breaks in the line, 
but a painstaking analysis of such cases 
would doubtless reveal a carrier-frequency 
path of some sort. Through this potenti- 
ality, carrier has rendered invaluable 
service in many serious emergencies, but 
this highly desirable faculty is unpre- 
dictable and can hardly be given practical 
treatment in application engineering. 
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Carrier-current coupling capacitors, 


type CW 


Typical base-mounted assemblies for 34.5 ky, 
69 kv, 115 kv, 138 kv, 161 kv, 230 kv, and 
987 kv, left to right 


Figure 1. 


In laying out a carrier circuit, to obtain 
the reliability usually required, it is es 
sential that all obstructions or possible 
breaks in the carrier path between the 
channel terminals be removed by definite 
provision of alternate paths or by-passes 
for the carrier frequency.  Intervening 
transformers, autotransformers, current 
limiting reactors, as well as circuit 
breakers or disconnect switches that may 
be opened, usually require by-passing. 
Low-impedance shunts at the carrier fre 
quency such as some spur lines or parallel 
circuits, and 
applied when the circuit is de-energized 


branches, cable grounds 
for repairs, usually require trapping. 
Another important point to keep in 
mind is that transmission at carrier fre- 
Table |. Standard Coupling-Capacitor As- 
semblies 


Withstand Test Voltages 
(Based on Proposed AIEE 


Standard Capacitor Standard 31) 


Assemblies --—- — : — 
-— ~- a Low Prequency 
Maximum ° -_-_— _— 
Rated Dry,1 Wet, 10 


Apparatus Capacitance Impulse Minute Seconds 


Voltage (Micro- (Kilo- (Kilo- (Kilo- 
(Kilovolts) farads) volts) volts) volts) 
US aie « 0,006) sss VALOR Ga OO mee AS 
a MR iN e's OSOOG oe ic SOU ie GOinen wn 60 
Om cOsiiheas OV000) sr ROO se eB Beene 80 
CN) gsi cae 0.008 .., BOO ea cake tin 100 
OY Tine, OV008) Amie O07 > wi dOonm a ve 145 
1 Be ae a DNOOR rire cdOOn phe LO tema 100 
LUG le aatots ONOURS nn = Ob02% «(265.0 ee0 
TOR Mri DS DOUD viv v 680. 91 880i. 278 
AD he stages DOLL a enna 2 OO ty arc STO Muni cele. 
100 os) cia, DOO Te sa C0040) x dOOe non 385 
BBO Peta OOO L anal; O00? vin OkOnw ee ehao: 
OBI» hi OnO0O(Gitnin L800) 0.50 Bb Barc CES 
DAO: Mes icksbe 0.0006 ,....1,560,...785..,..,665 
836 


quencies along a transmission line, in 
common with transmission at lower fre- 
quencies, requires a complete circuit; 
that is, in terms of the simplest concept, 
there must be a “return path’’ as well as 
a “forward path.”’ It is also just as im- 
portant that this return path have low 
carrier-frequency loss as it is for the for- 
ward path. If one conductor of a trans- 
mission line is selected for one side of 
the circuit or the forward path, the other 
side of the circuit or the return path is 
usually provided by one or more of the 
other conduetors, the overhead ground 
wire, the earth itself, or a combination of 
these. The selection of this return path 
and the provision made for its continuity 
may have considerable bearing on the 
efficiency of the carrier circuit, The fre- 
quent suggestion for the use of oil pipe 
lines or other buried pipe lines as carrier 
circuits is an illustration of neglecting 
this return-path requirement. 
Fortunately, the devices or tools avail- 
able and actually used in establishing 
carrier circuits on power lines are rela- 
tively simple and few in number. The 
physical and economic restrictions im- 
posed by a high-voltage power system 
limit the devices that can be inserted 
directly in the power line to essentially 
only two; the coupling capacitor and the 
line trap, These two, together with line- 
tuning apparatus associated with the low- 
voltage side of the coupling capacitor, are 
the basic tools used, In order to apply 
these tools most effectively, it is important 
that their functions, characteristics, and 
limitations be thoroughly understood. 


Coupling Capacitors 


In some of the early concepts, power- 
line carrier was considered as a special 
case of radio transmission in which the 
power line was caused to guide the radio 
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waves by locating the antennas associated 
with the transmitting and receiving equip- 
ment as close to the line as possible. The 
antennas so located were thought of as 
“coupling” the equipment to the line 
and were thus called ‘‘coupling wires.” 
A great deal of experimental work was 
done in determining the most effective 
location and arrangement of these coup- 
ling wires, and from this work it soon be- 
vane apparent that the capacitance be- 
tween the coupling wires and the line 
conductors was the most important factor 
in obtaining the desired end. However, 
the inefficiency, hazard, and inconveni- 
ence of the coupling wire soon led to the 
development of a high-voltage capacitor 
for obtaining this capacitance more di- 
rectly and efficiently, and it naturally 
followed that this device was called a 
“coupling capacitor,” 

After passing through numerous stages 
in development, covering a considerable 
range in dielectric material and physical 
shape, the coupling capacitor has attained 
the status of a standardized and highly 
dependable piece of equipment, uni- 
versally accepted as the standard means 
for connecting carrier circuits to high- 
voltage lines. In its modern form, as 
illustrated by Figure 1, it consists of an 
assembly of one or more porcelain-shell 
oil-filled paper-dielectric capacitor units 
together with a base unit containing a 
grounding switch and protective equip- 
ment. The individual capacitor units are 
co-ordinated as to capacitance and voltage 
rating so that they may be connected in 
series to form assemblies for any standard 
circuit voltage. Table I shows the 
capacitances available for various stand- 
ard apparatus voltage ratings together 
with test voltages which these assemblies 
will withstand, 

The inclusion of the protective equip- 
ment in the capacitor base is now stand- 
ard practice. This protective equipment 
usually consists of a gap and a power- 
frequency drainage coil. The drainage 
coil ordinarily consists of an inductor 
connecting the low-voltage side of the 
capacitor to ground, This coil which 
has an impedance of over 50,000 ohms at 
carrier frequencies and less than 100 ohms 
at power frequencies, serves to provide a 
path for the. power-frequency current of 
50 milliamperes or so through the capaci- 
tor to ground and thus maintain the lead 


to the carrier equipment at a normal — 


power-frequency voltage of less than five 
volts. The gap, which is connected across 
the drainage coil, limits the voltage which 
can be built up on the carrier lead during 
transient voltage disturbances, 
Frequently, the coupling capacitor is 
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Figure 2. Simple single-frequency tuning 


used with a capacitor potential device to 
provide potential for instruments and 
telays. The potential device usually 
forms the base for the capacitor assembly 
in these cases, replacing the capacitor 
base unit. A choke coil, having im- 
pedance characteristics similar to the 
drainage coil, is used between the capaci- 
tor and potential device to maintain a 
high shunt impedance for carrier fre- 
quencies on the carrier lead. The use of 
the potential device also inserts an auxil- 
iary series capacitor in the carrier lead. 
However, since the capacitance of this 
auxiliary capacitor is large compared to 
that of the coupling capacitor, the slight 
reduction in total capacitance resulting 
from the use of the potential device can 
usually be neglected. 

From the standpoint of the power- 
transmission system, it is essential that 
the insulation level of the capacitor as- 
sembly, in terms of impulse and wet and 
dry flashover withstand voltages, be 
co-ordinated with that of associated 
power-line apparatus. From the stand- 
point of the carrier circuit, it is desirable 


' that the capacitance be as large as pos- 


sible, consistent with an economic design, 
preferably at least 0.001 microfarad. 
Also, from the carrier-circuit standpoint, 
it is essential that the carrier lead brought 
out from the base of the capacitor as- 
sembly be well insulated so as to maintain 
low capacitance and high leakage resist- 
ance to ground between the capacitor 
and the line-tuning equipment. The varia- 
tion in capacitance with temperature 
should be sufficiently small as to have 
negligible effect on the carrier-frequency 
circuit. 


Line-Tuning Equipment 


Associated with each coupling capacitor 
in its function of connecting carrier cir- 
cuits into the power lines, certain auxiliary 
apparatus, generally known as line-tuning 
equipment, is usually required. This 
equipment, located in the circuit betwen 
the coupling capacitor and the carrier- 
terminal equipment, performs the pri- 
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mary function of tuning or resonating 
with the capacitive reactance of the 
coupling capacitor to provide a low-loss 
path for one or more carrier frequencies 
or bands of carrier frequencies between 
the terminal equipment and the power 
line. The combination of line-tuning 
equipment and coupling capacitor may be 
thought of as forming a filter of the band- 
pass type, passing or offering a low-loss 
path for the desired carrier frequencies 
or channels and rejecting or offering a 
high-loss path for the power frequency 
and undesired frequencies in the carrier 
band. 

Line-tuning equipment may be very 
simple or fairly complex, depending on 
the number of carrier frequencies or chan- 
nels to be passed through the coupling 
capacitor. The question of the number 
of frequencies or channels that can be 
handled through a single coupling capaci- 
tor is primarily one of balancing the cost 
of additional capacitors against the cost 
and the inconvenience of additional com- 
plexity in the line-tuning equipment. 
The most commonly used line-tuning 
equipment is available in standard units, 
having various arrangements of variable 
inductors and capacitors that can be com- 
bined to form series and parallel resonant 
circuits for one or more channels in the 
normal range of 50 to 150 kilocycles. 


SINGLE-FREQUENCY LINE-TUNING 
EQUIPMENT 


In its simplest form, for a single fre- 
quency or channel, the line-tuning equip- 
ment may consist of a single variable in- 
ductor connected in series with the coup- 
ling capacitor to form a series-resonant 
circuit for the carrier frequency used. 


Table Il. Recommended Maximum Concen- 
tric-Cable Lengths When Outdoor Line 
Tuning Is Omitted 


Recommended Maximum Cable Lengths 
in Feet From Coupling Capacitor to 
| Terminal Equipment (Kilocycles) 
Size of 


Coupling 1-Decibel 

Capacitor Attenuation 2-Decibel Attenuation 
(Micro- 
farads) 50 85 150 50 85 150 

Impedance Match Transformer Not Used 
0.00075... 40.. 60.. 75.. 90.. 120.. 140 
0200 = .- 70° 100- 5110.4 5140.) 1160; .* 190 
0.0012...110, .120..180.. 200:. 200.. 210 
0.0015 ..120,.120..160.. 230.. 240,.. 250 
0.002 ..210..220..230.. 340.. 340.. 340 
0.003 ..320..320..310.. 500.. 480.. 420 
0.006 ..500..480..370.. 800.. 700.. 550 

Impedance Match Transformer Used 

0.00075. .150..180..200.. 300.. 350.. 410 
0.001 ..200..230..250.. 390.. 430.. 600 
0.0012 ..240..270..300.. 430.. 500.. 750 
0.0015 ..260..300..340.. 500.. 600.. 800 
0.002 ..360..390..460.. 680.. 800..1,000 
0.003 ..450..450..475.. 900..1,000..1,000 
0.006 ..800. .800. .800. .1,000.. 1,000. . 1,000 
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Such a circuit is shown schematically in 
Figure 2, where, for simplicity, a ground- 
return circuit is assumed. Since the por- 
tion of the circuit between the capacitor 
and the line-tuning inductor operates at 
highest carrier-frequency impedance (to 
ground), it is highly desirable that shunt 
capacitance or leakage to ground in this 
lead be kept at a minimum for maximum 
efficiency. For this reason it is usually 
desirable to locate the line-tuning equip- 
ment as close to the coupling capacitor as 
possible, in order to keep the length of 
this lead-in conductor to a minimum. 
However, by using a well-insulated con- 
ductor, supported by a minimum number 
of insulators, lead-in lengths of up to 100 
feet, or so may be used without excessive 
losses in this portion of the circuit. 

For some years it has been standard 
practice to mount some types of carrier- 
terminal equipment outdoors near the 
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Figure 3. Single-frequency tuning with 
impedance-matching transformers 


coupling capacitor; in such cases the line- 
tuning equipment is included in the same 
cabinet with the terminal equipment. 
While this arrangement eliminates the 
losses in the circuit between the line- 
tuning and terminal equipments, and, in 
some cases, simplifies the installation 
somewhat, general experience has shown 
these advantages to be outweighed 
heavily by the inconvenience of main- 
taining the terminal equipment under 
extreme weather conditions. More recent 
practice is to install all terminal equip- 
ment indoors and to carry the circuit in 
from the line-tuning equipment through a 
special low-loss concentric cable. The 
transmission losses in this special cable, 
as will be noted in Table II, are suffi- 
ciently low as to permit this portion of 
the circuit to be carried several thousand 
feet without excessive loss. Since the 
concentric cable has a characteristic im- 
pedance of approximately 70 ohms and 
the line-tuning coupling-capacitor circuit 
an impedance in the order of 400 to 800 
ohms, an impedance-matching trans- 
former is usually used between the cable 
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Two-frequency tuning of single 


Figure 4. 


coupling capacitor with lead-in 


cables 


separate 


and the line-tuning equipment, as shown 
in Figure 3. 


MULTIFREQUENCY LINE-TUNING 
HOUIPMENT 


When a single coupling capacitor is to 
be used for two separate carrier channels, 
a commonly used line-tuning cireuit is 
that shown in Figure 4. In this arrange- 
ment, the coupling capacitor is connected 
to two branch circuits, each having a 
parallel resonant, or ‘‘trap’’ circuit, a 
series tuning element, and an impedance 
matching transformer, In the branch 
which is tuned to pass frequency fl, the 
trap formed by L3-C3 is tuned for parallel 
resonance at frequency f2 so as to offer a 
high impedance for f2. The series tuning 
element L1 is tuned for series resonance 
at fl with the coupling capacitor C and 
the reactance which the trap L3-C3 pre- 
sents at fl. Similarly, the other branch 
is tuned to pass frequeney f2 with L4-C4 
shunt tuned tof1. 

By adding a third branch and an addi 
tional shunt-tuned trap in each branch, 


Figure 5. Three-frequency tuning of single Spectrum, and in some cases two coupling ; 
coupling capacitor with separate lead-in capacitors in parallel may be required, — Figure 7. Band-pass tuning of single coupling 
cables While commercial designs of this type of capacitor 
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a single coupling capacitor can be used 
in common for three separate channels as 
shown in Figure 5. In this arrangement, 
L6-C6 and L9-C9 are tuned to f1, L3-C3 
and L8-C8 are tuned to f2, and 12-C2 
and L5-Ch are tuned to fg. The series 
elements L1, 14, and L7 may be simple 
variable inductors as indicated, or they 
may include additional series capacitors, 
depending on the frequencies involved, 
the residual series reactance of the trap 
circuits, and the capacitance of the 
coupling capacitor, 

Because of the excessive losses intro- 
duced into each channel and the difficulty 
of adjustment in the field to obtain satis- 
factory band-pass characteristics for 
each channel, it has not been considered 
practical to extend the arrangements 
shown in Figures 4 and 5 beyond a 
maximum of three channels per coupling 
capacitor. When additional channels are 
to be coupled to the same line conductor, 
additional coupling capacitors are gen- 
erally used. 

Frequently, when tuned circuits or 
filters are included in the terminal equip- 
ment for separating the channels of a 
multichannel system, it is desirable to 
carry the several channels between the 
line-tuning equipment and the terminal 
equipment over a single concentric cable. 
A single coupling capacitor can be tuned 
to pass two frequencies through a single 
cable by using the line-tuning arrange- 
ment shown in Figure 6, In this circuit, 
the inductor L1 and the coupling capaci- 
tor C are tuned for series resonance at 
the upper frequency “1. L2 and C2 are 
also tuned for series resonance at /l. 
By means of the inductor 13, the entire 
circuit can be adjusted for series resonance 
at the lower frequency 12. While this 
arrangement can be extended to handle 
as many as three frequencies with stand- 
ard line-tuning units, here again it is 
common practice to use additional coup- 
ling capacitors if more than three channels 
are involved, 

When the several frequencies of a multi- 
channel system have been selected defi- 
nitely and are known in advance, it may 
be advantageous to use conventional 
band-pass filter circuits such as shown in 
Figure 7. To use this type of cireuit it 
is necessary that the several channels be 
grouped together in one part of the fre- 
quency spectrum. The capacitance avail- 
able in the coupling capacitor is an impor- 
tant factor in the maximum band width 
provided by this type of cireuit, par- 
ticularly at the lower end of the frequency 


Figure 6. Two-frequency tuning of single 
capacitor with common lead-in cable 


line-tuning equipment are not generally 
available as yet, the rapid increase in 
the number of channels being applied 
indicates that their general use in the near 
future can be predicted safely. 


OMISSION OF OUTDOOR LINE-TUNING 


. 


EQUIPMENT 


In the interest of maximum theoretical 
efficiency, it is usually assumed that line- 
tuning circuits, such as have been de- 
scribed thus far, are adjusted and operated 
so that the reactance of the coupling 
capacitor and the reactive components 
presented by the transmission line itself 
are largely compensated or ‘‘tuned out,’’ 
and that the concentric cable is termi- 
nated thus in a resistive load approxi- 
mately equal to its characteristic im- 
pedance. While this maximum theo- 
retical efficiency is generally desirable, 
there are many instances in which it is 
not essential, Carrier circuits, having 
total transmission losses well within the 
maximum range of the terminal equip- 
ment used, can frequently accommodate a 
considerable amount of loss in the line- 
tuning and lead-in circuit with no ap- 


preciable decrease in reliability, Some- 


consideration may therefore be given to 
arrangements that strive for something 
appreciably less than maximum efficiency. 

If the concentric-cable lead-in is 
brought into the base of the coupling 
capacitor and connected directly to the 
low side of the capacitor, without benefit 
at aline-tuning unit, as shown in Figure 8, 
there will be a considerable mismatch in 
impedance at the junction of the cable 
and capacitor. The resulting reflections 
or standing waves will cause the losses 
in the cable to exceed considerably those 
shown in Figure 22 for ideal termination 
conditions. However, under favorable 
conditions and depending on the size of 
the coupling capacitor and the carrier 
frequency involved, the cable may be 
several hundred feet in length and still 
not add over two decibels loss to the cir- 
cuit. Compared with a total allowable 
attenuation varying from 30 to 60 or 
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Figure 8. Coupling capacitor with concentric- 
cable lead-in brought directly into base 


more decibels for various transmitter- 
receiver combinations, this loss is small 
and frequently can be allowed. If an 
impedance-matching transformer is added 
to this circuit, as shown in Figure 9, to 
step down the impedance of the capacitor 
and the line to a value numerically ap- 
proximating the cable-characteristic im- 
pedance, the effect of the mismatch will 
be considerably reduced and a greater 
length of cable can be used with the same 
loss. Table II shows the lengths of 
cable that may be used with these two 
arrangements for attenuation figures of 
one and two decibels. Because of com- 
plications introduced in tuning, it is not 
recommended that these cable lengths be 
exceeded. With either of these arrange- 
ments, it should be noted that line-tuning 
equipment or its equivalent must be pro- 
vided in the terminal apparatus or at the 
other end of the cable to handle the re- 
actance components transmitted through 
the cable. However, since the impedance- 
matching transformer may be mounted 
in the base of the coupling capacitor, 
these arrangements do result in eliminat- 
ing the outdoor-mounted line-tuning unit. 
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Figure 9. Coupling capacitor with impedance- 
matching transformer in base 


By-PASSES 


In addition to their primary functions 
of connecting the carrier-terminal equip- 
ment to transmission lines, coupling ca- 
pacitors and line-tuning equipment are 
also used extensively in maintaining car- 
rier circuits around discontinuities such 
as transformers (including autotrans- 
formers) and open switches. This ap- 
plication is generally referred to as a 
by-pass. 

Most of the problems encountered in 
applying by-passes are similar to those 
encountered at the terminals. If the 
coupling capacitors associated with the 
two sides of a simple by-pass are physi- 
cally separated by a distance of over 100 
feet, it is the usual practice to use a 
separate line-tuning unit with each ca- 
pacitor to avoid excessive lengths in the 
leads from the coupling capacitors. Such 
an arrangement for a single frequency 
by-pass is shown in Figure 10. Here, it 
should be noted, the usual practice is to 
carry the connections between the two 
tuning units through a concentric cable. 
Where two frequencies are to be by- 
passed, the arrangement used in Figure 
6 is used in place of each of the single- 
frequency units shown in Figure 10. 
Where more than two frequencies are to 
be by-passed, it is common practice to 
use additional coupling capacitors and 
line-tuning equipment. However, band- 
pass circuits such as shown in Figure 7 
should be considered for three or more 
frequencies. 

Frequently, in connection with party- 
line or system-broadcast types of carrier 
circuits, it is necessary to by-pass around 
possible open switches at the junction of 


= 


Figure 10. Two-way single-frequency ground- 
return by-pass 


several lines so that carrier circuits are 
maintained through more than two 
branches. Such an arrangement is the 
three-way by-pass shown in Figure 11. 
Here, it will be noted that the concentric 
cable leads from the three line-tuning 
units are simply paralleled. Ifa terminal 
station on the same channel is also lo- 
cated at the by-pass point, the connection 
into the circuit is made by paralleling the 
cable from the terminal equipment with 
the line-tuning units. In both of these 
cases there is an unavoidable impedance 
mismatch at the junction of these paral- 
leled cables which introduces a small loss. 

When the coupling capacitors associ- 
ated with a two-way by-pass are physi- 
cally separated by less than 100 feet, it is 
usually possi e to simplify the by-pass 
arrangement considerably by including 
all of the line-tuning equipment in one 
cabinet, preferably located halfway be- 


single-frequency 
ground-return by-pass 


Figure 11. Three-way 


tween the two coupling capacitors. For 
a single frequency, the arrangement shown 
in Figure 12 is all that is required. For 
the higher carrier frequencies or for the 
higher values of coupling capacitance, a 
single variable inductor is often sufficient. 
The by-passing of two frequencies under 
the same condition involves the use of a 
two-frequency pass circuit similar to the 
one shown in Figure 6, omitting the 
impedance-matching transformer. For 
by-passing three or more frequencies 
through one tuning unit, a band-pass cir- 
cuit such as Figure 13 may be considered. 


Line Traps 


The third important tool used in apply- 
ing carrier circuits to power lines is the 
line trap. Inits simplest form, this device 
consists of an air-core reactor with a fixed 
or tapped capacitor connected in parallel 
to form a parallel resonant circuit. It is 
usually used in series with a conductor of 
the transmission circuit to provide a high 


impedance or “‘trap’’ for currents of the 
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carrier frequency to which the resonant 
circuit is tuned. In this series position, 
the reactor of the trap must carry not 
only the normal line current but all ab- 
normal or short-circuit currents that the 
line itself is called upon to carry. The 
conductor with which the reactor is 
wound must therefore be comparable in 
size or cross section with the line conduc- 
tor, and the construction must be such as 
to withstand the mechanical stresses im- 
posed by short-circuit currents. Its 
position in the line also exposes it to 
transient high-voltage disturbances at- 
tributable to lightning and switching, 
and adequate lightning arresters must be 
provided across both reactor and capaci- 
tor. 

The impedance developed in the trap, 
at the resonant carrier frequency, is a 
function of the coil inductance and the 
carrier-frequency losses in the coil and 
its shunt capacitor. With capacitor 
types and coil construction normally used, 
peak or resonant-frequency impedances 
of well over 10,000 ohms are not unusual. 
However, these high peak values are only 
incidental to the primary objective of 
developing an impedance of at least 500 
ohms, or so over a band of frequencies. 
The width of this band required depends 
on the nature of the carrier channels to 
be trapped. Narrow-band channels, such 
as are used for pilot relaying or telemeter- 
ing, require trap band widths of not wider 
than two or three kilocycles, while broad- 
band channels, carrying voice or audio- 
tone-modulated signals, require band 
widths of five or six kilocycles. Fre- 
quently, narrow-band channels can be 
located close enough together in the fre- 
quency spectrum to use a single broad- 
band trap to cover several channels. 

The band width developed in the trap 
is largely a function of the total inductance 
available in the coil and for general use 
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Figure 12. Simple single-frequency by-pass 
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Figure 13. Band-pass by-pass circuit 
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with both narrow-band and broad-band 
channels, a single-frequency trap requires 
a minimum coil inductance of approxi- 
mately 150 microhenrys. If the total 
inductance available is in the order of 250 
microhenrys, the coil may be double 
tuned to provide two high-impedance 
bands in the normal frequency range, each 
wide enough for a single broad-band 
channel. This two-frequency trap re- 
quires a more complex tuning arrange- 
ment, consisting of additional tapped ca- 
pacitors and one or more auxiliary vari- 
able inductors. However, since the coil 
is the major item of cost in the line trap, 
this additional complexity is usually 
justified when two channels are to be 
trapped. Practical considerations of size, 
weight, and cost have limited largely the 
maximum inductance available in the 
line-trap reactor to approximately 250 
microhenrys. This fact, together with 
the complexity and difficulty in adjust- 
ment involved, has made it impractical 
to tune a single trap coil to more than two 
frequency bands. Where it is necessary 
to trap more than two widely separated 
channels in a single line conductor, addi- 
tional traps are generally used. 

In general, the function of the line trap 
is to insure the reliability and improve the 
efficiency of carrier channels applied to 
a transmission line by confining the car- 
rier-frequency currents to desired portions 
of the system or by minimizing the losses 
in low impedance loads or irrelevant 
branch lines and preventing interruption 
or interference from normal switching 
operations or faults. More specifically, 
the principal applications of line traps 
may be listed as follows: 


1. To reduce transmission losses in irrele- 
vant branch lines. 


2. To minimize the effect of low impedance 
shunts. 


3. To prevent interruption attributable to 
external faults or intentionally applied 
grounds, 


4. To isolate the carrier channel effectively. 
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Figure 14. One-line diagram illustrating the 

use of line traps in eliminating the effect of 
branch lines 
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The one-line diagram shown in Figure 
14 illustrates the use of line traps in re- 
ducing the losses introduced by irrelevant 
branch circuits. For a carrier channel 
between stations A and B, each of the 
branch circuits at A, B, C, and D may 
absorb a considerable amount of carrier- 
frequency energy as a shunt load, aside 
from possible undesirable reflection effects. 
The effects of the branches at A and B 
may be greatly reduced by means of two 
traps located as shown. At’°C and D, 
traps are used in each of the branch cir- 
cuits. 

Because of reflections, a short branch 
line, such as D of Figure 14, if over 1,000 
feet or less than 20 miles in length, may 
have the effect of a very low impedance 
shunt at certain frequencies in the carrier 
range. The difficulty of determining 
accurately the frequencies at which the 
branch will appear as a low impedance 
and possible limitations in choice of a 
frequency to avoid this loss usually make 
it advisable to use a trap in each of these 
cases. 

High-voltage -cable circuits, such as 
shown for one of the branch circuits at 
station C of Figure 14, almost invariably 
require a trap. The extremely low char- 
acteristic impedance of such cable circuits, 
as compared with the line impedance, 
imposes a heavy load on the carrier cir- 
cuit at all frequencies, and in addition it 
may cause undesirable standing-wave or 
reflection effects. 

For certain classes of carrier channels, 
such as those used for pilot relaying, line 
traps are as essential to the circuit as the 
coupling capacitors or the terminal equip- 
ment itself. Their principal function in 
these circuits is to insure that an external 
fault does not short out the carrier circuit. 
This application is illustrated by Figure 
15, showing a pilot-relaying carrier chan- 
nel between stations A and B. If a fault 
occurs on the system at some point be- 
yond B, such as at X, the line trap at B 
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Figure 15. One-line diagram illustrating the 
use of line traps in maintaining the carrier 
circuit when faults or grounds are applied 
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Figure 16. Single interphase coupling 


CARRIER TERMINAL 


will function to maintain a sufficient 
amount of impedance between the fault 
and the carrier circuit so that a normal 
carrier signal may be transmitted over 
the circuit during the fault. 

Figure 15 also illustrates the use of 
line traps in maintaining a carrier circuit 
over a line that may be removed from 
service and grounded at its terminals. 
This is accomplished by locating the 
traps between the coupling capacitors 
and the grounding switches as shown. 
In some types of switchyard construction, 
where a grounding bus is used, the bus is 
insulated and tied to ground through one 
or more line traps. 

In the case of certain types of carrier 
circuits it is desirable to isolate effectively 
the line conductor or conductors used at 
the carrier frequencies of the channel, by 
using traps at each terminal and in all 
branch circuits. Two-terminal circuits 
such as used for two-frequency duplex 
telephone channels, most frequently fol- 
low this practice. In addition to the usual 
gains in efficiency and reliability, this 
arrangement essentially clears the circuit 
of transmission irregularities and permits 
the circuit to be terminated properly by 
the terminal equipment. Under these 
conditions, definite channel frequencies 
may be assignedin advance of installation. 


Methods of Line Coupling 


There are five general types of line 
coupling commonly employed for single- 
circuit and double-circuit lines. These 
types are listed in the order of their 
general preference, based upon over-all 
reliability and ease of installation of the 
carrier channel, as follows: 

Single interphase coupling. 
Ground-return coupling. 
Intercircuit coupling. 


Double-circuit ground-return coupling. 
Double-circuit interphase coupling. 


Sal 


Detailed descriptions of these various 
types of coupling follow. 


SINGLE INTERPHASE COUPLING 


Single interphase coupling, as shown in 
Figure 16, uses two of the three power 
phases of the transmission line as a path 
for the carrier energy; consequently, it is 
not affected by high ground resistances or 
variations in ground resistance as is any 


type of coupling which requires a ground- 


return path for the carrier energy. — 
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In an interphase-coupled carrier cir- 
cuit, conditions on the phase wires to 
which coupling is not made have negligi- 
ble effect on the operation of the carrier 
channel. In addition, this type of coup- 
ling provides a circuit having the most 
stable operating characteristics, the lowest 
attenuation, and the lowest noise level. 
Its principal disadvantages lie in the cost 
and the construction’complexity involved 
in providing coupling and line traps for 
two phases throughout the circuit, as 
well as the complexity of line-tuning 
equipment at terminals and by-passes. 
It has been used most extensively for long- 
haul circuits where its efficiency justifies 
its higher cost. 


GROUND-RETURN COUPLING 


Ground-return coupling utilizes only 
one phase wire of the transmission line 
and ground or any other suitable path 
for the return side of the circuit, as illus- 
trated in Figure 17. If good grounds are 
present at the carrier terminals or if a 


Figure 17. Ground-return coupling 


ground wire is carried between the ter- 
minals, this type of coupling compares 
very favorably, in respect to line-atten- 
uation losses, with interphase coupling. 

The principal advantage of ground-re- 
turn coupling is that it generally requires 
only half the number of coupling capaci- 
tors and line traps as required for full 
metallic coupling such as interphase. In 
addition, the line-tuning equipment re- 
quired at terminals and by-passes is 
usually less complicated. Its main dis- 
advantages lie in its somewhat higher 
attenuation and higher noise level as com- 
pared with the interphase circuit. 

Another characteristic, sometimes con- 
sidered b disadvantage for the ground- 
return circuit, is the fact that a consider- 
able portion of the carrier energy uses 
the uncoupled phase wires of the line as a 
return path (in addition to the ground- 
return path); and, since definite provision 
is seldom made for maintaining this re- 
turn path around transformers or open 
switches, the circuit may be subject to 
wider variations in attenuation. 

For many types of carrier channels, the 
disadvantages of the ground-return circuit 
are greatly outweighed by its simplicity 
and lower cost. It is almost universally 
used for all pilot relay channels and exten- 
sively used on medium and short-haul 


circuits for all other types of carrier chan- 
nels. 


INTERCIRCUIT COUPLING 


Where a double-circuit transmission 
line is available between carrier-terminal 
stations, it is sometimes desirable to use 
both lines for the carrier circuit to insure 
its continuity when either line is taken 
out of service. The intercircuit coupling 
arrangement shown in Figure 18 is used 
sometimes to provide this feature. 

This is a form of interphase coupling in 
which coupling is made to one phase wire 
of one line and to a different phase wire 
of the other line of a double-circuit power 
line. It is only applicable on double-cir- 
cuit lines which are incapable of being 
sectionalized between the carrier terminals. 
Where a suitable frequency is available 
to permit operation of the carrier channel 
with the increased number of switching 
configurations possible on the double-line 
channel, as compared with a single-line 
channel, this double-circuit type of 
coupling will provide uninterrupted car- 
rier service with all phases of either line 
solidly grounded at any point. In this 
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Intercircuit coupling 
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Figure 18. 


respect, it will provide most of the ad- 
vantages of double-circuit interphase 
coupling with but half the coupling ca- 
pacitors and line-tuning assemblies re- 
quired by the double-interphase arrange- 
ment. 


DouBLE-CIRCUIT GROUND-RETURN 
COUPLING 


The essential difference between 
double-circuit ground-return coupling, as 
shown in Figure 19, and intercircuit coup- 
ling is that the coupling is made to the 
same phase wire instead of a different 
phase wire in each line. Since earth or 
ground wire provides the return path for 
the carrier energy, this type of coupling 
can be applied even where the double- 
circuit lines are sectionalized between 
carrier terminals. That is, it will provide 
uninterrupted operation with either line 
open, or, in mast cases, with either line 
grounded. 


DovusLe-Circuir INTERPHASE COUPLING 


This type of coupling, shown in Figure 
20, provides the possible advantages of 
both double-circuit ground-return coup- 
ling and intercircuit coupling but requires 
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twice the number of coupling capacitors, 
line traps, and line-tuning units as these 
former types of double-circuit coupling. 
The small advantage gained with double 
interphase coupling makes it difficult to 
justify its comparatively high cost. 

The preceding comments assume that 
the coupling capacitors are connected to 
the conductors on the line side of the sta- 
tion breakers and disconnecting switches. 
In a limited number of cases, particularly 
where it is desired to couple to several 
transmission lines at one location, the 
coupling capacitors have been connected 
to the station high-voltage bus. The 
“bus coupling’? may be ground-return, as 
shown in Figure 21, or interphase. 

Any advantage of bus coupling is in the 
reduction in the quantity of coupling 


Double-circuit 
coupling 


Figure 19. ground-return 


capacitors required. However, the proper 
use of line traps is often impossible with 
bus coupling, and the opening of any 
breaker interrupts the carrier channel 
over that particular transmission line. 
Also, the common use of multiple busses, 
or busses that can be sectionalized, fre- 
quently makes the arrangement imprac- 


tical. These restrictions seriously limit 


ac 


Figure 20. Double-circuit interphase coupling 


the use of bus coupling and reduce or 
eliminate its apparent economic advan- 
tage. 


Selection of Frequency 


The frequency range of from 50 to 150 
kilocycles has been recognized as standard 
for power-line-carrier equipment for a 
number of years; for this reason, the bulk 
of application effort will probably be con- 
cerned with carrier channels in this range. 
However, there are conditions occasion- 
ally encountered that require considera- 
tion of frequencies outside of this standard 
range, even at the expense of special 
equipment. Some systems have already 
become so crowded with channels in this 
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a Figure 21. Bus coupling a 


range that new channels can be added 
only by extending the range somewhat, 
both up and down, or modifying older 
apparatus to modern standards of selec- 
tivity. However, by careful advance 
planning in the selection of channel fre- 
quencies, it is usually possible to provide 
for all of the channels required on a sys- 
tem in the range available with standard 
equipment. 

There are several factors that should 
be considered in selecting a frequency for 
anew channel, If there are already carrier 
channels in use on the system or on ad- 
joining interconnected systems, the ques- 
tion of possible interference with these 
other channels is usually of primary 
importance. The spacing of channels is 
largely dependent on the type of channels 
involved, the selectivity characteristics of 
the carrier receivers and the carrier power 
levels. Wide-band channels such as re- 
quired for telephone or tone-modulated 
control and telemeter systems may re- 
quire a minimum band width of five or 
six kilocycles with a minimum separation 
of channels running from 10 to 20 kilo- 
cycles. Narrow-band channels such as 
required for pilot relaying or for fre- 
quency-shift-type telemetering may re- 


‘quire only one to two kilocycles of the 


frequency spectrum and, under favorable 
conditions, may be spaced only one or 
two kilocycles apart. 

For some types of channels, such as 
are used for single-frequency party-line 
telephone systems, reflections attributable 
to untrapped branch lines or short tap 
lines may limit the choice of frequencies 
that will give satisfactory transmission 
between all stations under a variety of 
line-configuration conditions. Often, in 
these cases, it is necessary to make circuit- 
frequency-characteristic measurements 
before the best frequency can be selected. 
For most medium and short-haul cir- 
cuits, however, reasonable judgment in 
the use of line traps will usually permit a 
wide choice of frequencies. 

Where several types of carrier channels 
are to be operated on the same system, it 
is usually a good plan to reserve the lower 
end of the band for the long-haul circuits 
to realize the advantage of lower line 
attenuation. The short-haul circuits can 
often stand the additional attenuation at 
the higher frequencies. 

When it is found necessary to use fre- 
quencies below 50 kilocycles, they should 
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be used only for narrow-band stress i 
where possible, because of the increased 
difficulty in getting satisfactory wide-band 
characteristics in tuning units and traps. 


Carrier-Circuit Attenuation 


The attenuation or dissipation of the, 
carrier-frequency energy in the course of 
its transmission from a carrier transmitter 
at one terminal to a carrier receiver at 
another terminal may be considered as 
analogous to voltage drop in 60-cycle 
power transmission. However, where 
voltage drop at 60-cycles is usually ex- 
pressed in per cent, the ratios of trans- 
mitted volts and watts to received volts 
and watts at carrier frequencies is so 
great that it is most conveniently ex- 
pressed in decibels, which is a measure of 
the ratios on a logarithmic scale. A power | 
ratio of 10,000, corresponding to an at- 
tenuation of 40 decibels, is not uncommon 
in transmitting carrier energy over long 
lines. With this amount of attenuation, a 
transmitted power of ten watts would 
appear at the receiver as only 0.001 watt. 

Fortunately, the carrier receiver is es- 
sentially a voltage-actuated device, re- 
quiring a negligible amount of carrier 
energy at a fraction of a volt on its input 
terminals to produce the desired output. 
Compared to a standard broadcast radio 
receiver, however, the carrier receiver is 
relatively insensitive. Attributable to the 
relatively high noise level present on the 
average transmission system, the maxi- 
mum sensitivity that can be used in the 
receiver is limited. The received carrier 
signal must therefore arrive at the receiver 
input terminals at a level sufficiently high 
to establish a satisfactory signal-to-noise 
ratio. 

Another fortunate feature of the modern 
carrier receiver is its automatic volume 
control. Practically all types of carrier 
receivers now have some form of auto- 
matic volume control that functions to 
produce an essentially constant and usa- 
ble output for a wide variation in input 
signal. Some types of carrier telephone 
receivers are in use that will hold the 
audio-output-level variation within five 
decibels for a carrier-input-level variation 
of up to 40 decibels. 

From the foregoing considerations it 
would appear that the application of a 
carrier circuit would involve such deep- 
seated problems as determining how much 
transmitter power is required to produce a 
certain ‘voltage on the receiver input 
terminals. In order to simplify the prob- 
lem greatly, it has become standard 
practice to rate a transmitter-receiver 
combination, normally used to operate 
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together in forming a carrier channel, in 
terms of the maximum attenuation in 
decibels through which the combination 
will operate successfully. This rating 
takes into account three factors: the re- 
ceiver sensitivity, the automatic-volume- 
control range, and the transmitter output. 
The problem therefore resolves itself into 
one of laying out a circuit that will have 
a total estimated attenuation within the 
decibel rating of the equipment it is de- 
sired to use for the channel. 

The process of estimating the total at- 
tenuation for given carrier circuit is 
simply a matter of determining a value 
for each of the components involved and 
adding them up. The principal attenua- 
tion components making up the total and 
the methods used in evaluating each are 
given in the following list and discussion. 


1. ATTENUATION IN LEAD-IN CABLE AT 
TRANSMITTER TERMINAL 


This component is the loss in the con- 
centric cable between the transmitter 
terminals and the terminals of the line- 
tuning or coupling equipment. When the 
line tuning is located with the coupling 
eapacitor and the cable is properly 
matched through an impedance-matching 
transformer at the tuning unit, this loss 
is determined from Figure 22 by multiply- 
ing the cable length by the attenuation 
per 1,000 feet indicated for the carrier 
frequency selected. If the frequency has 
not been determined, the value for 85 
kilocycles may be used as an average 
figure. 

If the line-tuning equipment is mounted 
with the terminal equipment and the con- 
nection to the coupling capacitor carried 
directly to the coupling through a con- 
centric cable, the loss should be estimated 
from the values indicated in Table II. 

When both the terminal and line-tun- 
ing equipment are mounted together and 
located near the coupling capacitor, no 
loss is included for this component. 


2. LINE-TUNING AND COUPLING LOSSES 
AT TRANSMITTER TERMINAL 


The losses in the line-tuning and 
coupling equipment will vary somewhat 
with the complexity of the tuning circuit 
and the frequency used. However, since 
this loss is small and usually less than one 
decibel, the usual practice is to neglect 
the variations and use a value of one 
decibel as shown for item A of Table III. 


3. TRANSMISSION-LINE ATTENUATION 


The attenuation of the carrier energy, 
in transmission over the power line itself, 
is influenced by a number of factors; 
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Table III. 


Attenuation Introduced by Miscellaneous Sources 


Decibel 
Item Source of Attenuation Loss 
Eig es Kite CHIE ANACONDA EC APIO Telia oly ods sista Mle slatela sis oe «.celaGon enh avienrd ewe ly L 
‘ ; TAP 
Biyaacn Untrapped single tap or spur line TRANS REC tt 3.5 
C.......Untrapped double tap or spur line A ah 3h van 6 
TRANS REC 
rr. Se Untrapped triple tap or spur line prars Te es 8 
E......Untrapped loop ONS BEC ey eae: 6 
TR Ri 
| pte sete Additional bridged terminals on same carrier channel, ENS ne the 1 
each , TAP 
Geter ees located at junction with one untrapped tap TRANS REC 3 
4 3 : P TAPS = 
Hee Terminal located at junction with two untrapped tap = le Ae UES 
lines TRANS REC 
eee a4 Terminal located at junction with three untrapped LAGS sar eat eee 6 
tap lines TRANS REC 


principal among these are the size, spac- 
ing, insulation, and disposition of the line 
conductors, the carrier frequency used, 
the type of coupling used, that is, 
whether it is ground-return, interphase, 
and so forth. For practical purposes, 
some of these variables can be neglected 
and the others combined to form the 
simple set of curves and charts given on 
Figure 23. 

The attenuation values indicated are 
based on the use of copper or the equiva- 
lent steel reinforced aluminum cable con- 
ductor and full-metallic coupling. For 
ground-return coupling, the values should 
be increased by 20 per cent. The values 
indicated are purposely made somewhat 
higher than actual measured values taken 
on de-energized lines, to include additional 
miscellaneous losses contributed by con- 
nected power equipment. 

In using Figure 23, if the line voltage 
and conductor sizes to be used do not 
coincide with one of the line descriptions 
listed, the correct value to use for the 
attenuation per mile may be determined 
by interpolating between curves or by 
using the next higher curve. The geo- 
graphical line length, neglecting sag and 
topography, may be used with sufficient 
accuracy. If the frequency of the channel 
has not been selected, the value for 85 
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kilocycles may be used as an average 
figure. 


4. ATTENUATION ATTRIBUTABLE TO 
IRRELEVANT BRANCH LINES 


If the transmitter or receiver terminal 
is located at a line-junction point and 
the carrier-energy is permitted to dissi- 
pate over one or more paths, not included 
in the carrier circuit under consideration, 
the attenuation introduced may be found 
under G, H, and J of Table III. 

Untrapped spur or branch lines on the 
circuit between transmitter and receiver 
terminals will introduce similar losses 
which may be obtained from B, C, and 
D of Table ITI. 

Untrapped loop circuits between the 
transmitter and receiver terminals may 
introduce the large loss indicated for E 
in Table III, at certain frequencies. Un- 
less it is essential that, the alternative 
paths provided by the loop be maintained, 
the usual practice is to insert a line trap 


Ww 


hp Scie ED ES 


a 
mane 
Se 
=a 
eye 


= 10 20 30 4050 70 100 150200 300 


< KILOCYCLES 


Figure 23. Attenuation introduced by the 
transmission line 
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Attenuation characteristics of 
concentric lead-in cable 


Figure 22. 
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(Kilovolts) Conductor Size Curve 
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Table IV. Multiplying Factors 


aa ————— 


Multiplying 
Type of Carrier Channel Factor 
Telephones. fo sauce de EY spt Oe ia denes 1.3 
Pilot relayiD go dercetecctete corte cd coe etene eee 1.5 
Telemetering, high accuracy.,,.........: 1.5 
Telemetering, indication only.,.......... 1.3 
Supervisory COMtLOls i iststs ute nels pte eveaetenels 1.5 
Load .coatrol ys cic tives det eb etl otternss 1,3 


at one end of the loop and treat the re- 
mainder as a single branch line. 

The values indicated in Table II] for 
circuit configurations are based largely on 
losses caused by energy being absorbed 
by these loads on the circuit and do not 
include additional losses which may be 
introduced at certain frequencies at- 
tributable to reflections caused by short 
(less than 20 miles) untrapped spur lines. 
It is usually not considered good practice 
to leave more than two such short spur 
lines untrapped even when a wide choice 
in frequency is available. If the choice in 
frequency is already limited by the pres- 
ence of other carrier channels, it is good 
practice to trap all such short spur lines. 


5. ATTENUATION ATTRIBUTABLE TO 
CONNECTED POWER APPARATUS 


Most high-voltage power transformers 
appear to the carrier circuit as a relatively 
high capacitive reactance, and a line 
terminating in a transformer behaves at 
carrier frequencies essentially as though it 
were terminated in an open circuit. Such 
a small amount of carrier energy is trans- 
mitted through a transformer that it is 
seldom necessary to trap it. It is most 
convenient to include the small amount 
of loss in transformers and other power 
apparatus as an average figure making 
up a small part of the line loss. It is 
therefore usual practice not to include a 
specific item for losses in connected power 
apparatus. 


6. ATTENUATION ATTRIBUTABLE TO 
By-Pass Circuits 


The attenuation introduced by losses 
in each by-pass around transformers or 
open switches may be obtained by con- 
sidering the loss in each line-tuning and 
coupling equipment and the loss in the 
interconnecting concentric cable, when 
used, The loss in each tuning unit is 
given under A of Table III, and the loss 
in the cable is obtained from Figure 22. 


7. LiIng-TUNING AND CoupLING LossEs 
AT RECEIVER TERMINAL 
Line-tuning and coupling-equipment 
losses at the receiver terminal are treated 
in the same way as similar losses at the 
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Figure 24. One- 

line diagram show- 

ing typical circuit 
application 


transmitter terminal and calculated as 
indicated for item 2 of this list. 


8. ATTENUATION IN LEAD-IN CABLE AT 
RECEIVER TERMINAL 


This loss is treated in the same way as 
for the transmitter terminal, under item 1 
of this list. 


9. MULTIPLYING FACTORS 


It is a well-known fact that the accumu- 
lation of ice, sleet, snow, and frost on the 
conductors .and insulators of open-wire 
telephone lines may increase the attenua- 
tion of such circuits enormously at carrier 
frequencies. The increase in attenua- 
tion of a power-line-carrier circuit as a 
result of formations of ice, sleet, snow, or 
frost.on line conductors and insulators 
has not as yet been determined accu- 
rately; however, general experience has 
indicated that this increase is much 
smaller than experienced on telephone 
lines and, in general, can be accommodated 
easily in the receiver automatic volume 
control, 

The accumulation of dust and oily or 
sooty deposits on line insulators also has 
the general effect of both increasing the 
attenuation and increasing the noise level 
on a power-line carrier circuit. 

The most satisfactory method of ac- 
commodating these variations and insur- 
ing that they fall within the automatic- 
volume-control range of the carrier re- 
ceiver is through the use of a multiplying 
factor. Since the effect of attenuation 
variation and the effect of abnormal line 
noise will vary with the type of service 
rendered by a carrier channel, different 
multiplying factors are applied for differ- 
ent types of carrier channels as listed in 
Table IV. 

As the last operation, therefore, in de- 
termining the total circuit attenuation, 
the total of the several attenuation com- 
ponents as covered by items 1 through 8 
should be multiplied by the proper factor 
selected from Table IV. 


Example 


In order to illustrate, more clearly, the 
complete procedure in arriving at the total 
attenuation figure for a carrier circuit, a 
typical circuit such as Figure 24 may be 
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taken as an example. 
telephone channel is to be established be- 
tween stations A and C over a line distance 
of 140 miles on a 69-kv 4/0 line, using a 
carrier frequency of 100 kilocycles and’ 
interphase coupling, the components and 
totals would work out as follows: 


Assuming that a 


Lead-in cable at A (Figure 
Line tuning and coupling at 
A (Table III, item A)...... 
Untrapped spur line at A ‘ 
(WableILT, itemiG)); . 5. eee 3.00 decibels 
Transmission line from A to 3 
By (Pilgitre 20) Geri eeare eee 
By-pass at B (Figure 22 and 
‘Lable JiL) area? eee oa 
Transmission line from B to 
Ge(Bicure:23)) er ee 
Line tuning and coupling at 
Cx(Lable hil). oe: shee 
Lead-in cable at C (Figure 


0.27 decibel 


1.00 decibels 


6.00 decibels 
2.18 decibels 
8.00 decibels 


1.00 decibels. 


22 iz hae Are hain sad Cat rer cee 0.45 decibel 
Total attenuation com- 
PONENTS. 3. bee 21.90 decibels 
Multiplying factor (Table 
EN) ics eae Pee ibe 
Total attenuation......... 28.47 decibels. 


Based on the preceding estimate, a 
transmitter-receiver combination having 
a rating of 28.47 decibels or more could 
be used for the channel. 
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Synopsis: Many factors must be considered 
in establishing safe ratings for overhead 
copper line conductors. Most important is 
the low-temperature annealing and loss of 
strength of the hard-drawn copper itself. 
Others are the effect of atmospheric condi- 
tions and line location relative to structures 
‘and topographical features tending to ob- 
struct the wind. The actual construction 
details of the line, such as ground clearances, 
conductor splices, and connectors are perti- 
ment, as are the policies of the personnel 
responsible for maintaining the line. 

This paper attempts to show how these 
factors can be evaluated to establish operat- 
ing ratings, indicating how readily available 
data can be utilized, pointing out the lack of 
completely satisfactory data on other 
points. Procedure is stressed rather than 
results, as the influence of local conditions 
apon many of the factors precludes publi- 
cation of ratings which are entirely safe to 
_apply without careful investigation of the 
effect upon the particular copper conductors 
to which they are to be applied. 


ARTIME urgency is focusing in- 

creasing attention upon utmost 
power to defense plants with minimum 
critical material to reinforce the bulk 
power system. Quite logically pressure is 
being applied to raising the operating 
limits of many types of equipment. The 
need is unquestionable, but extreme cau- 
tion is essential lest the very effort to as- 
sist our war production by allowing in- 
creased ratings prove to jeopardize the 
service we are endeavoring to render. 
‘This need for caution applies, of course, to 
all component parts of the electric-power 
system, but particularly to the bare con- 
ductors of the overhead transmission 
system where it is too easy to overlook 
the seriousness of permanent impairment 
by overheating. This paper is intended 
to discuss that phase of the problem with 
the aim of presenting a complete analysis 
of one commonly used conductor in such 
form as to facilitate similar analyses of 
any other copper conductor. The author 
has endeavored to collect all the pertinent 
data that are available and to present the 
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combined results in a form suitable for 
determining safe ratings. Several phases 
of the analysis are inadequately sup- 
ported by factual data and will be indi- 
cated as assumptions in the hope that 
laboratory test programs may be arranged 
to determine the exact relationships. 

The allowable rating for any overhead 
conductor depends upon at least eight 
factors, as follows: 


1. The ability of the conductor to with- 
stand the resulting temperature without ex- 
cessive loss of mechanical strength by 
annealing. 


2. The ability of clamps, connectors, and 
joints on the conductor to withstand the 
resulting temperature without oxidation of 
the contact surfaces and local heating in 
excess of the allowable conductor tempera- 
ture. 


3. The adequacy of span clearances to 
permit the additional sag caused by the 
conductor temperature associated with the 
proposed rating. 


4. The problem of providing short-circuit 
and overload protection to operate within 
the margin between the current rating and 
destructive overloads. 


5. The adequacy of substation and ter- 
minal equipment to carry the currents for 
which the transmission conductors may be 
rated. 


6. Operating problems of the bulk power 
system with individual circuits rated to 
high values. 

7. The ability of voltage-regulating equip- 
ment to compensate for the voltage varia- 
tions which accompany heavily loaded 
lines. 


8. The considerable energy losses resulting 
from heavy line currents. 


No engineer would contend that all eight 
are of equal importance, but neither can 
he afford to ignore any one until he has 
satisfied himself that it does not limit the 
particular line which he wishes to rate. 


Methods for Raising Limitations 


Methods are available to improve many 
of these limiting conditions to the point 
where other considerations establish 
limitations at higher current ratings. In 
general, increased vigilance is essential, 
as many of the limitations depend upon 
visual observation for detection, and 
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operation at higher current ratings should 
be expected to require more frequent in- 
spection and maintenance. 

One company, desiring to carry heavier 
loads on a 66,000-volt 336,400-circular-mil 
steel reinforced aluminum cable transmis- 
sion circuit, ordered close inspection of the 
dead-end clamp, loop, and insulator as- 
semblies on several structures. This in- 
spection revealed conductor strands 
damaged in the dead-end clamps to the 
point where heavier loading probably 
would have caused failure, and parallel- 
groove connectors distorted to the point 
where contact pressure had been relaxed 
and strands had welded to the contact 
surfaces. The circuit was rebuilt with 
compression-type dead-end clamps and 
improved connectors, then raised to the 
higher rating. 

After that discovery, the policy has 
been established of thoroughly inspecting 
and overhauling any circuit before it is 
released for operation above a nominal 
rating. Tests in still air at currents up to 
750 amperes on 4/0 conductors and vari- 
ous types of connectors indicated that the 
newer and heavier bronze parallel-groove 
connectors and the U-bolt type bronze 
connectors operate much cooler than the 
4/0 conductors themselves and appear to 
be adequate for any currents that can be 
applied safely to the conductors. Auto- 
matic line splices in tension seem to be 
satisfactory, but the old served joints 
have been found inadequate. Split-bolt 
connectors of the types used for distribu- 
tion construction cannot be recommended 
for heavily loaded transmission lines. 
Further tests may prove the adequacy of 
more devices, but methods are available 
now to eliminate clamps and connectors 
as restrictions to the rating of copper con- 
ductors for conductor temperatures up to 
at least 100 degrees centigrade. 

Magnetic heating of suspension and 
strain clamps may be a serious problem. 
W. H. Burleson! has reported tests on 
500,000-circular-mil stranded copper con- 
ductor indicating conductor temperatures 
inside the usual malleable iron suspension 
clamps as much as 100 degrees Fahren- 
heit higher than the conductor tempera- 
ture outside the clamps, evidently caused 
by magnetic losses in the iron. His tests 
indicated also that the magnetic heating 
is reduced considerably by substituting 
nonferrous U-bolts in the malleable iron 
clamps and virtually eliminated by the 
further substitution of a nonferrous 
keeper. Similar tests by other experi- 
menters using large aluminum conductors 
without armor rods in malleable iron 
suspension clamps show substantially 
the same magnetic heating, with consider- 
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able reduction when armor rods were 
added to the conductor in a correspond- 
ingly larger clamp. Although the effect 
seems less pronounced with smaller con- 
ductors and correspondingly lower cur- 
rents, there is ample reason to fear that 
magnetic heating in conventional sus- 
pension and strain clamps may raise the 
temperature of copper conductors well 
beyond the limit established by annealing. 
Suspension clamps also have been found 
within which the copper conductor has 
been burned badly, apparently caused by 
loosening of the clamps to the point where 
arcing has occurred between the conduc- 
tor and the clamp. Every suspension and 
strain clamp thus becomes subject to 
investigation before high current ratings 
can be allowed, and two methods offer 
possibility of correction, namely: 


1. Replace or rebuild the clamps to elimi- 
nate the closed magnetic paths and provide 
teliable contact between the clamps and 
the conductor. 


2. Install additional conductor material, 
possibly in the form of armor wires, through 
larger all-ferrous clamps to reduce the re- 
sistance loss and to aid in dissipating the 
magnetic heating. 


Many transmission lines have been de- 
signed for safe clearances to ground and 
structures under the spans at conductor 
temperatures of 50 degrees centigrade or 
less. Raising the maximum operating 
temperature to 100 degrees centigrade 
causes a considerable increase in length 
by expansion of the conductors and re- 
duces clearances to ground by nearly four 
feet ina 1,000-foot span. Obviously, then 
it is important to ascertain that the line 
has ample clearances before the operating 
ratings are increased. Occasionally addi- 
tional clearance can be secured by increas- 
ing the tension, but this method must be 
applied with due consideration to the 
strength of supporting structures and 
recognition of the fact that higher design 
tensions allow less margin for annealing 
and thus reduce the maximum current 
rating that can be allowed. There re- 
mains always the possibility of raising the 
point of attachment on structures by 
remodeling the structure or sometimes by 
changing the conductor attachment from 
suspension to strain. Clearance at ele- 
vated temperatures may be a problem, 
but several methods are available to 
eliminate it as a final limitation to higher 
current ratings. 


Currents of the magnitude caused by 
line faults may be exceedingly destructive 
if allowed to persist, as they tend to cause 
very high conductor temperature. Most 
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protection in common use depends upon 
some form of overcurrent relays to dis- 
criminate between load currents and fault 
currents, the principal exception being 
several adaptations of differential protec- 
tion such as pilot-wire or carrier and 
double-circuit balanced protection. Ob- 
viously some portion of the useful life of 
the conductor must be allocated to short- 
circuit operation, the amount depending 
upon how fast and how close above load- 
current ratings the fault protection can 
be maintained and upon the frequency 
and magnitude of the faults. Conserva- 
tion of conductor life of heavily loaded cir- 
cuits thus becomes an additional argu- 
ment for improved lightning protection 
to reduce the number of faults, and im- 
proved relay and breaker protection to 
reduce the conductor heating caused by 
the fault currents. 

No increase in transmission conductor 
rating is useful unless all associated equip- 
ment is adequate. The entire circuit 


corrected quite easily if detected before 


the rating is raised. 

Operating problems of a power system 
become increasingly involved as the rela- 
tive importance of operating units is in- 
creased. When a transmission circuit 
forms part of a loop or network, it is cus- 
tomary to maintain service to all the load 
through the remaining circuits during any 
single circuit outage. As the load carried 
by any one circuit is increased, the pro- 
vision of reserve capacity in the other 
facilities which must carry the load during 
outages of the heavily loaded circuit be- 
comes increasingly difficult. In some cases 
the point is reached where the only re- 


course is to lighten the load by dumping, - 


which would be intolerable where essential 
service would be interrupted. In this 
manner, operating problems may become 
a critical aspect requiring extensive analy- 
sis before an increased rating can be per- 
mitted to supplant system reinforcement. 

Transmission circuits designed for 
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must be reviewed from substation bus 
through the disconnect switches, circuit 
breakers, metering and relay equipment, 
and leads to the transmission line conduc- 
tors, thence through any intermediate 
switching stations to the substation at 
the other end of the circuit. Numerous 
investigations have disclosed disconnect 
switches which failed to pass test at the 
higher currents without reinforcing or 
silver plating of contacts or enlarging the 
leads near the switch terminals to prevent 
heat flow from the conductors into the 
switch contacts. Some circuit breakers 
have required additional contacts or 
larger bushings, and metering trans- 
former ratios, and meter scales have 
been changed. Many such limitations 
may be found, most of which could cause 
serious trouble if overlooked but can be 
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operation at lower ratings frequently 


have no provision for voltage-regulating 


equipment to compensate for’ transmis- 
sion regulation or have been provided 
with synchronous capacitors or other 
equipment of limited range. Heavier 
loadings may be expected to cause greater 
voltage variations, possibly in excess of 
the maximum for which the system was 
designed to operate. This aspect is not 
likely to be critical in metropolitan sys- 
tems but may easily constitute a problem 
on more extensive lines. System sta- 
bility may be involved, also, and these 
two factors should be investigated to- 
gether. Many methods are available, 
however, to provide relief in case either 
one should prove a limitation. 

Energy losses at the ratings indicated 
by this paper amount to 100 kilowatts 
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or more per mile of circuit. The cost of 
the system investment and energy thus 
lost from useful service in some cases 
may justify the provision of additional fa- 
cilities in lieu of remodeling existing cir- 
cuits for increased ratings. In other 
cases, installation of power-factor-correc- 
tive equipment may be indicated. 
Limitations of the conductor itself 
have been left for final consideration. 
Overhead conductors depend upon their 
inherent mechanical strength for support. 


Many conductors now in service have . 


been weakened by flashover burns and 
broken strands, which’ tend to increase 
the heating at points already reduced in 
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strength but not sufficiently damaged to 
justify repair. Heavier current loading 
means increased temperature in the con- 
ductor with a tendency to approach some 
limit as yet not defined. Whereas all of 
the other limiting factors have been found 
susceptible to relief, however, it seems 
probable that the conductor itself will 
prove to be a final limitation which can- 
not be relieved by any method short of 
replacement. 


Relationship Between Current and 
Conductor Temperature 


It is reasonable to expect that the 
ultimate limit to thé current-carrying ca- 
pacity of a conductor will be established 
by temperature rise caused by energy 
losses to the point beyond which perma- 
nent damage begins. The first approach 
to the solution, therefore, involves a deter- 
mination of the heat energy which can be 
dissipated into the atmosphere at various 
conductor temperatures. 
to consider 


It is necessary 


1. Atmospheric temperature. 


2. Wind velocity and direction relative to 
conductor. 


3. Atmospheric pressure. 


4, Effect of solar radiation. 


5. Conductor surface thermal emissivity 
constant. 


6. Conductor outside diameter. 


Atmospheric temperatures ranging 
from —20 degrees Fahrenheit to 103 de- 
grees Fahrenheit have been recorded by 
the United States Weather Bureau at 
Pittsburgh. For our purpose, however, an 
annual equivalent ambient temperature 
will be derived, using the method pro- 
posed by W. C. Sealey” with the aging 
curve of hard-drawn copper. Pertinent 
Weather Bureau data and calculated 
values are shown as Table I. 

Plotting the various temperatures of 
Table I as Figure | serves to demonstrate 
the conservatism of this method for deter- 
mining the equivalent ambient tempera- 
tures. Pittsburgh temperature data are 
recorded well above the ground under con- 
ditions closely resembling those prevailing 
along the transmission system, hence 
should be a satisfactory basis for establish- 
ing current ratings. It is proposed sub- 
sequently to use the annual equivalent 
ambient temperature in determining the 
relationship between current and tempera- 
ture. 

Wind velocity likewise is important as 
an aid to dissipating heat from the con- 
ductors. No way has yet been found to 
establish the effectiveness of wind inde- 
pendent of other variables, however, and 
it is necessary to resort to approxima- 
tions. Weather Bureau records during the 
three-year period, 1940-2 inclusive, show 
wind velocities from practically zero up 
to 46 miles per hour, with an average 
velocity of 10.5 and a slight but consist- 
ent seasonal variation. These data are 
shown as Table IT. 

Subsequent formulas will show that 
wind velocity is effective approximately 
as the square root in dissipating heat, 
hence the squared average of the square 
roots of the hourly observations would be 


more suitable than the arithmetical aver- 
age shown in Table II. Such data are 
not readily available, but computation 
from the hourly readings of wind velocity 
for several typical months indicates the 
squared average root of the wind velocity 
to be approximately 90 per cent of the 
arithmetic average. 

Wind direction also is important insofar 
as it affects the angle of incidence to the 
conductors. With most lines having sec- 
tions at considerable angular displace- 
ment from the general source-to-destina- 
tion direction, it is not feasible to attempt 
to consider the specific direction of the 
wind. Marked deviation from the per- 
pendicular has comparatively small in- 
fluence,showever, as wind at any angle 
from 30 degrees to 150 degrees should be 
at least equivalent to a perpendicular 
wind of 50 per cent of the velocity. No 
information has been found which could 
be applied to a wind parallel with the 
conductors, but when the angular shifting 
of even a steady wind is considered, to- 
gether with the catenary curvature of 
span wires and the effect of ground con- 
tours in setting up local turbulence, it 
seems reasonable to assume that wind in 
any direction can be represented by a per- 
pendicular wind with 50 per cent of the 
velocity. Following that assumption, 
wind velocities will be used at 50 per cent 
of the squared average root of the re- 
corded values, and the direction dis- 
regarded. 

Still another factor having considerable 
influence upon the cooling effect of winds 
is the shielding effect of high ground and 
buildings near the line. A good example 
is found in the ten per cent differential be- 
tween the monthly average wind velocity 
recorded at the Allegheny County Airport 
situated on high ground and simultaneous 
recordings on the roof of a large building 
in the valley at Pittsburgh. For 66-kv 
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Figure 1. Equivalent ambient temperatures 

for copper conductors and equivalent effective 

temperatures including solar heating, Pittsburgh 
district 


transmission circuits, located as they com- 
monly are on hill tops and in open 
country, the Weather Bureau data from 
the downtown Pittsburgh observation 
post should be amply conservative, and 
no other allowance for shielding seems 
necessary. When airport data are used, 
they will be reduced ten per cent to ap- 
proximate corresponding data as they 
would have been recorded at the down- 
town location. Lower-voltage lines, par- 
ticularly when located in built-up urban 
areas, definitely require an allowance for 
the shielding effect of buildings and hill- 
sides, however, and tests by Schurig and 
Frick’ seem to indicate that only approxi- 
mately 25 per cent of the undisturbed 
wind velocity would reach the line. 

Summarizing these wind-velocity fac- 
tors, average wind velocities recorded at 
the airport are reduced to 40.5 per cent of 
the recorded values when applied to ex- 
posed 66-kv lines, to 10.1 per cent when 
supplied to shielded lower-voltage lines. 
Hourly wind velocities recorded at the 
downtown Pittsburgh observation post 
are reduced to 50 per cent of the recorded 
values when applied to exposed 66-kv 
lines, to 12.5 per cent when applied to 
shielded lower-voltage lines. 

Atmospheric pressure enters the 
formula for heat dissipation as the square 
root. The normal variations in any one 
location do not often exceed plus or 
minus two per cent, hence have little ef- 
fect upon the heat conductivity. Altitude 
reduces the atmospheric pressure nearly 
four per cent for each 1,000 feet above 
sea level, however, and should be in- 
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cluded in the calculations for many locali- 
ties. In the vicinity of Pittsburgh, for 
example, the altitude of transmission con- 
ductors is close to 1,000 feet above sea 
level and the normal pressure is 0.96 
atmosphere. 

Solar radiation tends to raise the tem- 
perature of conductors exposed to sun- 
light above that normally associated with 
the losses generated by current flow and 
the atmospheric temperature and wind 
velocity. Of course the effective surface 
of a cylindrical conductor is only 1/7 
times the total exterior surface and any 
rise in temperature results immediately in 
greater dissipation of heat to the sur- 
rounding air and other masses so that the 
added temperature rise from solar radia- 
tion should be small. Schurig and Frick* 
observed a two to eight degrees centi- 
grade temperature increase attributable to 
solar radiation with the higher values 
applying only to conductors starting at 
atmospheric temperature. Several other 
sources show temperature increases of ten 
degrees centigrade for dark surfaces other- 
wise at essentially atmospheric tempera- 
tures. As an extreme condition, there- 
fore, it will be assumed that loaded over- 
head conductors are subject to a five 
degree centigrade rise in temperature 
during all the hours in which sunshine is 
reported by the Weather Bureau. 

Solar heating is very similar in effect 
to a corresponding increase in the atmos- 
pheric temperature. Arbitrarily adding 
nine degrees Fahrenheit (five degrees 


centigrade) to each monthly equivalent’ 


ambient temperature for the normal hours 
of sunshine for that month, then com- 
bining the two blocks by the method 
used by Sealey? for combining different 
months gives an equivalent which will be 
called the “monthly equivalent effective 
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Figure 2. Curves for 4/0 bare stranded copper 
conductor 

1. Watts dissipated 

2. Resistance 

3. Current at various conductor temperatures 
for equivalent effective atmospheric tempera- 
ture (including solar heating) =26.2 degrees 
centigrade, and effective crosswise wind 
velocity, 40.5 per cent of airport avetage = 

4.95 miles per hour 


temperature.” The monthly values then 
may be combined into seasonal and an- 
nual equivalent effective temperatures 
as shown in Table III. 

Conductor surface of bare copper ulti- 
mately becomes darkened by exposure to 
the atmosphere. Various investigators 
have reported surface thermal emissivity 
factors from 0.15 for bright copper in- 
creasing to 0.77 for well-tarnished copper. 
In industrial districts, the formation of a 
tarnish film is accelerated by atmos- 
pheric smoke and other waste products 
and'a coating develops which is judged 
to have an emissivity slightly higher than 
the ordinary tarnished surface. As a 
compromise, it is proposed to use 0.50 
in subsequent calculations. This value 
would permit slight overheating of new 
conductors, which would tend to ac- 
celerate oxidation and would be compen- 
sated amply by underheating after the 
tarnished surface had formed completely. 

Conductor outside diameter enters into 
computations of convection and radia- 
tion, both of which are dependent upon 
the outside surface area. For solid con- 
ductors, the surface is obyiously 
(diameter) (length). Stranded conduc- 
tors have an irregular surface which is 
considered equivalent to an envelope 
measured as m (diameter over strands) 
(length). 

With the feapisite data thus estab- 
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lished, it is possible now to compute 
the dissipation of heat at various con- 
ductor temperatures. During the last 
forty years, many experimenters have 
published reports about the dissipation of 
heat from cylindrical surfaces in air, but 
I. Langmuir* and C. W. Rice*® seem to 
haye prepared the most complete pre- 
sentations. 
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Figure 3. Tensile strength and elastic limit of 
cold-drawn copper 


Total dissipation of heat, 


W=Wr+We watts per centimeter of length 
(1) 


where radiation, 


Wr =18.55X10-"2D [(T»)*—(T;) JE watts 
per centimeter of length (2) 


and convection, 


We=S(¢2.—¢1) watts per centimeter of 
length (3) 


The shape conductance, S, of the station- 
ary film of air held by friction to the sur- 
face of the conductor is determined as 


2B +) 


S=27/log, ( (4) 


where the film thickness for moving air 


B=(0,00572D°-5T,,°-877) /( P05 0-5) 
centimeter (5) 


The thermal conductivity of the air film 
($2— 1) =3.46 X 10-67 "754(T> — T;) (6) 


In equations 1 to 6, the symbols are de- 
fined as follows: 


T,=absolute temperature of conductor, 
degrees absolute 

T,=absolute temperature of atmosphere, 
degrees absolute . 

T, =average of conductor and atmospheric 
temperatures, degrees absolute 
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¢2=thermal conductivity of air at atmos- 
pheric pressure and temperature 7» 

¢:=thermal conductivity of air at atmos- 

“ pheric pressure and temperature 7; 

E=thermal emissivity factor for surface 
of conductor (black body =1.00) 

D=outside diameter of conductor, centi- 
meters 

P =atmospheric pressure, atmospheres 

V=wind velocity, centimeters per second 


Subsequent tests by Schurig and Frick® 
confirmed the aforementioned relation- 
ships within close limits for conductor 
sizes from 0.46-inch diameter up, 

The next step is to utilize these data and 
equations to compute the energy which 
can be dissipated from the conductor. 
A typical calculation for 4/0 stranded is 
given as Appendix A, with the annual 
equivalent effective temperature (in- 
cluding solar heating) substituted for 
atmospheric temperature. Similar cal- 
culations for other conductor tempera- 
tures permit drawing the curves for the 
dissipation of heat from the 4/0 bare 
stranded conductor shown in Figure 2. 

Knowing the conductor temperature, 
it is necessary now to determine the con- 
ductor resistance. The resistance of 4/0 
stranded hard-drawn copper is given as 
0.0624 ohm per 1,000 feet at 75 degrees 
centigrade and the temperature coefficient 
is 0.00408 per degree centigrade. Hence 
the resistance at any other temperature 
is found from the relationship 


R=0.0624(1+0.00408t) /(1+0.00408 X 75) 
ohms per 1,000 feet (7) 


where ¢:=conductor temperature, de- 
grees centigrade. For convenience, the 
resistance at various temperatures has 
been added to Figure 2. 

With the total watts dissipation and 
the resistance both known for various 
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conductor temperatures, the correspond- 
ing conductor current is determined as 


) /W/R amperes (8) 


Various points give the heavy curve of 
Figure 2 for the relationship between 
current and conductor temperatures in air 
at 76.0 degrees Fahrenheit (24.5 degrees 
centigrade) with sufficient solar heating to 
raise the effective conductor temperature 
3.1 degrees Fahrenheit (1.7 degrees centi- 
grade) and wind velocity of 10.5 miles 
per hour at the airport. 

The family of curves for other values of 
temperature and wind velocity can be 
derived readily from Figure 2 by modi- 
fication of the method proposed by Kidder 
and Woodward.’ Their equation 13 is 
modified for bare wire to 


T= CD1-?5(to — ty) 9-5 V0-26 (9) 


In this equation for a given wire size 
CD. is substantially constant through- 
out the range of temperatures and wind 
velocities required, therefore we may write 


I’ =I (ty! —ty')9-*( V) 9-25 / (tp — ty) 9-5( V)0-25 


amperes (10) 


where 


T=current from Figure 2, amperes. 

J’=current for other atmospheric condi- 
tions, amperes 

tg = conductor temperature from figure two, 
degrees centigrade 

t,' =conductor temperature for other atmos- 
pheric conditions, degrees centigrade 

t;=annual equivalent effective ambient 
temperature = 26.2 degrees centigrade 

tg=other equivalent effective annual tem- 
perature, degrees centigrade 

V=annual average wind velocity at 
Weather Bureau observation post= 
10.5 miles per hour 


Annealing rate of cold-worked 
electrolytic copper 


Figure 4. 


30 PER CENT ANNEALING IS 
SHOWN BY DASHED CURVE WITH 


PER CENT OF TIME FOR COMPLETE ANNEALING 
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V =other wind velocity at Weather Bureau 
observation post, miles per hour 

With this relationship established, 
multiplying factors to convert the cur- 
rent curve of Figure 2 computed on the 
annual equivalent effective basis to cor- 
responding current curves at the same 
conductor temperatures for summer and 
winter are determined as follows: 


degrees centigrade. The rate of annealing 
at these low temperatures depends upon 
the temperature, the time for which that 
temperature is maintained, the purity 
of the copper (small fractions of one per 
cent of silver or arsenic have marked 
effect), and the amount of cold-working 
in the process by which the copper was 
prepared. 


Summer Winter 
Annual (May-September) (November-January) 

1a ree ck 56.0 C 

fe eS ek A RPL A ee Pee AL rb cieeel 5." 1 0) Opa tert, SEF AN rt Lots eo be Sei 56.0 C 

Pye ihe. siake 79.1 F=26.2C 

iC ee oviaaess Wale alate tere Soca ae ae nea ae S837 FHSS Cuneta ste tame oa eee 60.5 F=15.8C 

Vi= ote 10.5 miles per hour 

[ik ee PP RES oS nahn iia ae OO miles; per Toure tt 7 acts a iotece eens 11.8 miles per hour 


eres 


(24.5)9-5(9.0) 0-25 
(29,8) 95( 10.5)% 25 


Wy (cleft /h Otelaad «Rosie < ORO ARE DEL ES 


=444 amperes ....5 


m4 (40-2)5 (11.8) 25 


= =611 amperes 
(29.8)95(10.5)9-25 


Thus we have a method to correlate 
conductor temperature and current with 
atmospheric temperature and pressure, 
solar heating, and wind velocity for any 
period of the year. 


Annealing Characteristics of Copper 
Conductors at Low Temperatures 


An offhand figure for the annealing 
temperature of copper often is given as 
200 degrees centigrade. Investigation of 
the literature on the subject, however, 
discloses a number of notations of copper 
being annealed at temperatures below 100 


PER CENT OF ANNEALING TIME OF 71 PER CENT COLD-WORKED COPPER 


10) 20 40 60 80 100 
PER CENT OF REDUCTION 
BY COLD-WORKING 


Figure 5. Effect of percentage of cold-working 
upon the annealing time of electrolytic copper 


Wire is manufactured to meet the 
American Society for Testing Materials 
specifications which measure purity in 
terms of ability to meet mechanical and 
electrical requirements. Since it is 
known that pure copper has the lowest 
annealing temperature and electrolytic 
copper is probably the purest grade used 
in the manufacture of commercial wire, 
it is proposed to base all annealing con- 
siderations upon commercial electrolytic 
copper. - 

The amount of cold-working in solid 
copper transmission conductors is indi- 
cated by the tensile strength. Stranded 
conductors are rated as cable, usually 
running approximately 90 per cent of the 
summation of strength of the individual 
strands, whence determination of the 
characteristics of the copper must be 
based upon the individual strands. Com- 
parison of the specifications for conductors 
in common use indicates rather consistent 
ranges of tensile strength. 


Tensile Strength 


Con- (Pounds Per Square 
ductor Strands Inch) 
Size 
(BandS Num- Size Con- 
Gauge) ber (Inch) ductor Strands 
Hard Drawn 
4/0....2°7.....0.1739..55,100. .61,200 to 62,000 
1/0.....7..,..0.1228. .57,300. .63,700 to 64,300 
3......1.....0,2294. .59,000. .59,000 
Medium Hard Drawn 
4/0.....7.....0.1739..45,600. .48,660 to 56,000 
1/0.....7.....0.1228. .48,500. .49,660 to 57,000 
3......1.....0.2294. .51,500. .48,000 to 55,000 


The hard-drawn copper ranges from 
59,000 to 64,300 pounds per square inch; 
the medium-hard-drawn from 48,000 to 
57,000 pounds per square inch. Because 
of the change to stranded conductors for 
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the larger sizes, the variation in diameter 
of the copper is held to a rather close 
range, 0.1228 to 0.2294 inch. By group- 
ing the conductors in this way, it becomes 
feasible to derive one set of data for the 
annealing of hard-drawn conductors and 

a second set for medium-hard-drawn. 

The only extensive investigation of the 
annealing characteristics of cold-worked 
-copper which has been found is that by 
Pilling and Halliwell.’ They prepared 
samples of four different amounts of cold- 
rolling from the same batch of com- 
mercial electrolytic copper and heated 
test pieces from these samples for differ- 
ent lengths of time at different tempera- 

tures. From these tests, they derived 


1. A curve showing the relationship be- 
tween the amount of cold-rolling and the 
tensile strength. } 


2. A curve showing the per cent of anneal- 
ing against per cent of the time required for 
complete annealing which applies to widely 
different conditions. 


3. Two curves showing the effect of the 
amount of cold-rolling upon the time re- 
quired for complete annealing. 


4. Curves showing the time required at 
various temperatures for complete annealing 
of copper of two different amounts of cold- 
rolling. 


Chemical analysis of the copper showed 
oxygen 0.066 per cent, iron 0.003 per 
cent, sulphur 0.002 per cent as the only 
measurable impurities. 

Equivalent data for hard-drawn copper 
wire are not available, but limited test 
data have been reported by various ex- 
perimeters. Metallurgists advise that 
there is no great physical difference be- 
tween cold-drawn and cold-rolled copper; 
therefore it is reasonable to utilize the 
Pilling and Halliwell curves to convert 
the wire test data to a common base of 
an initial tensile strength of 64,000 pounds 
per squareinch. Data published by Web- 
ster, Christie, and Pratt’ establish a curve 
for tensile strength versus reduction of 
area by cold-drawing for electrolytic cop- 
per, reproduced as Figure 3, by which 
64,000 pounds per square inch tensile 
strength is found to correspond to 80.5 
per cent cold-drawing. This curve, to- 
gether with the Pilling and Halliwell data 
showing the per cent of annealing versus 
per cent of time for complete annealing 
and the effect of per cent of cold-working 
upon the annealing time, reproduced here 
as Figures 4 and 5, respectively, complete 
the tools for this conversion. The twelve 
points, after conversion to 80.5 per cent 
cold-drawing, have been plotted in Figure 
6, then averaged by the method of least 
squares to the solid curve. For compari- 
son, the corresponding curve for cold- 
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rolled copper has been added. The points 
show greater deviation than could be 
considered desirable, but that may be 
attributed to probable errors in tests run 


- for other purposes in which the annealing 


data were only incidental, also in part to 
possible variations in the silver content 
of the test specimens. It is hoped that 
carefully controlled tests can be run to 
establish the time-temperature data for 


hard-drawn copper transmission conduc-- 


tors definitely in order to make available 


their full capacity. Until this is done 


however, the only reasonable procedure 


_ is to use such a curve as Figure 6, allowing 


ample margin for possible error in anneal- 
ing data. : 

Similar analysis for medium-hard- 
drawn copper of 57,000 pounds per square 
inch tensile strength indicates that the 
temperature must be approximately 26 
degrees higher than for hard-drawn cop- 
per to anneal completely in the same time. 

Since some engineers are interested in 
the amount of annealing at a certain tem- 
perature for varying lengths of time, or, 
in the remaining tensile strength, Figure 
7 has been derived from the aforemen- 
tioned data. This illustration shows 
clearly the rapid loss in strength of hard- 
drawn copper as compared with medium- 
hard-drawn and may be useful for com- 


_ parison of these calculated values with 


laboratory data. - 

The ultimate strength of completely 
annealed hard-drawn copper (annealed at 
low temperature) is about 33,000 pounds 


conductor 


Points from 
other tests 


P&H Computed 
from Pilling 
and Halli- 


well  cold- 
rolled data 


LL TT 
PTT 1 


per square inch, hence the loss from an 
initial strength of approximately 64,000 
pounds per square inch is only 48 per 
cent. Since most designs are based on 
conductors stressed to 50 per cent of 
ultimate for heavy-loading conditions, it 
is probable that sufficient margin would 


remain to keep the conductor from failing. | 


The softened conductor has a very low 
elastic limit, however, and tends to stretch 
until the resultant stress has been reduced 
to the new elastic limit. This phe- 
nomenon causes the annealed wires to 
sag lower than originally, and removing 
the slack does not permanently correct 
the condition. 


In order to maintain approximately the 
design sags, it is necessary to keep the 
elastic limit above the design tension. 
All annealing data are expressed in terms 
of tensile strength, and there appears to 
be no direct relationship between the 
strength and the elastic limit after partial 
annealing. A curve plotted from limited 
data for the elastic limit against the per 
cent of reduction by cold-working has 
been added to Figure 3 to provide an 
approximate means for converting the re- 
quired elastic limit into corresponding 
ultimate tensile strength. The difference 
between this and the initial tensile 
strength is the allowable loss due to an- 
nealing which in turn establishes time-tem- 
perature limits for the copper conductor. 

Hard-drawn stranded conductors have 
an initial tensile strength in the strands 
of approximately 64,000 pounds per 
square inch. Transmission design nor- 
mally provides a factor of safety of 2.0, 
stresses the strands to approximately 
32,000 pounds per square inch under ice 
and wind loading conditions. High- 
temperature operation tends to reduce 
the tensile strength and must be pre-~ 
sumed to lower the elastic limit also. It 
would seem desirable, therefore, to restrict 
the temperature and time to values which 
will preserve an elastic limit not lower 
than the design tension of 32,000 pounds 
per square inch and an ultimate tensile 
strength to give a factor of safety of at 
least 1.5. 


Figure 7. Annealing and doss of tensile 
strength of hard-drawn copper conductors (HD) 


A corresponding curve for medium-hard- 

drawn copper conductors (MHD) shown by 

dash line for comparison. Design stress and 

1.5 factor of safety limits (F of S) indicated by 
broken lines 
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The elastic limit of copper is indefinite 
at best, and the available data are exceed- 
ingly limited. It appears to increase 
with cold-drawing in much the same man- 
ner as the tensile strength, as indicated 
by the curve added to Figure 3. Since 
all data available on annealing are 
measured in terms of tensile strength 
rather than elastic limit, the only means 
available for establishing an annealing 
limit from elastic limit is in terms of the 
corresponding tensile strength. Assum- 
ing that the elastic limit of hard-drawn 
copper annealed down to a medium-hard- 
drawn tensile strength is similar to that 
of copper drawn directly to the same 
medium-hard-drawn tensile strength, we 
find that an elastic limit of 32,000 pounds 
per square inch requires a tensile strength 
of 41,000 pounds per square inch. This 
strength gives a factor of safety of only 
1.28, however, and the limitation of 
annealing is established by the desired 
1.5 factor of safety at a minimum tensile 
strength of 48,000 pounds per square 
inch. The permissible annealing thus is 


(64,000 — 48,000) /(64,000 —33,000) =51.6 
per cent 


Reference to Figure 4 indicates that 
51.6 per cent annealing occurs in 2.47 
per cent of the time for complete anneal- 
ing. Accordingly a dashed curve has been 
added to Figure 6 showing the time-tem- 
perature limits of cold-drawn copper as 
established by annealing. It is interest- 
ing to note that 100 degrees centigrade for 
only 3,500 hours terminates the entire 
useful life of the conductor, whereas 75 
degrees centigrade extends the life to 
27,000 hours. 

With the allowable time-temperature 
limits established, and a method de- 
veloped to correlate current with tem- 
perature, it becomes possible to set up a 
basis for operating current ratings. It is 
intended to provide for 20 years of service 
before it becomes necessary to replace 
the conductors because of loss of strength 
by annealing. 

Before operating ratings can be in- 
vestigated, it is necessary to determine 
how much annealing is caused by short- 
circuit currents. Records for a 280-mile 
66-kv system show an average of 1.65 
faults per line per year, of which over 50 
per cent were single-phase-to-ground 
drawing less than 1,000 amperes. Assum- 
ing that the long-time average in excess 
of 1,000 amperes will be 1.00 faults per 
year, it becomes possible to determine 
how much annealing will occur from faults 
during the 20-year life. 

Analysis of the clearing-time-current 
curves for 4/0 conductors indicates that a 


852 


_in this case is negligible. 


t 


curve allowing 5,000 amperes for one 
second should provide ample opportunity 
for fault clearing. For currents of such 
short duration, dissipation of heat into 
the atmosphere can be ignored, and the 
temperature rise computed entirely on the 
basis of thermal capacity. The specific 
heat of copper averages approximately 180 
watt-seconds per pound per degree 
centigrade, whence 4/0 conductors weigh- 
ing 640 pounds per 1,000 feet will absorb 
115,000 watt-seconds per 1,000 feet per 
degree centigrade. This energy is sup- 
plied by the J?R loss, which permits 
setting up the equation 


I?*Rgt = 115,000(7;'—7;) (11) 
where 


R,=resistance of conductor per 1,000 feet 
at average temperature 
T, =initial conductor temperature, degrees 
absolute 
T,'=final conductor temperature, degrees 
absolute 
t=time in seconds 


The resistance, R,, at average tempera- 
ture may be represented approximately 
by the expression 


Rag =8.95 X10-5(T,)’ +7) (12) 


which is substituted in equation 11, re- 
arranged to give 


Ty’ = T,(12.86 X 108 +-J*t) / (12.86 X 108 —J°t) 
: 3 (13) 


Assuming that the initial temperature 
of conductor was 100 degrees centigrade 
= 373 degrees absolute, then 5,000 am- 
peres for 1.0 second would give 


T;' =388 degrees absolute = 115 degrees 
centigrade 


A straight line increase from 100 degrees 
centigrade to 115 degrees centigrade in 
one second is approximately equivalent 
to 109 degrees centigrade throughout the 
one second. From Figure 6 it is seen that 
a temperature of 109 degrees centigrade 
will use up the allowable annealing of 
hard-drawn conductors in 1,600 hours. 
Since the total time at 109 degrees centi- 
grade from short-circuit currents in 20 
years is only 20 seconds, the annealing 
It is well to 
note, however, that lines having higher 
fault experience and slower clearing time- 
current characteristics very easily could 
be subject to partial annealing from 
short-circuit currents. Annealing thus 
becomes an additional argument for im- 
proved protection against faults and bet- 
ter relay protection of circuits requiring 
high load current ratings. 

In this case, the entire allowable anneal- 
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ing is available for apportioning between 
normal recurrent loading and nonrecur- 
rent emergency loading. Obviously cer- 
tain lines are more useful with a high 
nonrecurrent rating and relatively low 
normal rating, while other lines require a 
relatively high normal rating and very 
little or no additional capacity for non- 
recurrent loading. For this analysis, the 
allowable annealing has been apportioned 
two-thirds to normal loading and one- 
third to nonrecurrent, which factors may 
be applied directly to the time scale of 
the 51.6 per cent annealing curve of 
Figure 6. 

For present purposes, it is convenient 
to work on the basis of continuous loading 
throughout the 20 years at 100 per cent 
annual load factor. Data thus will be 
made available for the worst possible con- 
dition to which correction factors may be 
applied to secure corresponding ratings 
for the load factor on any particular cir- 
cuit. Lesser load factors can be con- 
verted into equivalent hours at maximum 
temperature, taking into consideration 
the coincident atmospheric temperature, 
solar heating, and wind velocity. The 
method used by Sealey? to convert atmos- 
pheric temperature data into equivalent 
ambient temperatures could be adapted 
to the conversion of load factor, but for 
the present it will be assumed that the 
equivalent time may be expressed as a 
percentage identical with the load factor. 
Taking into consideration the usual daily 
load factors, the variations in peak from 
day to day, and the shifting of load and 
of generating schedules over a period of 
20 years, it is not likely that the load fac- 
tor during 20 years will exceed 50 per 
cent based upon the highest load with the 
system operating normally, which will be 
represented as 50 per cent equivalent 
time. 


Computation of Ratings 


The economic life of transmission con- 
ductors has been assumed to be 20 years. 
It should be perfectly possible to set up 
an economic comparison of total annual 
cost per kilowatt-hour transmitted versus 
resulting life of conductors and so deter- 
mine a more exact figure for the economic 
life. For present purposes, however, a 
20-year life is a marked reduction below 
the life span previously taken for granted 
and will be used to establish'ratings. 

Twenty years constitute 175,200 hours, 
which is to be two thirds of the total al- 
lowable annealing time. From Figure 6, 
the annual equivalent copper temperature 
at which the total allowable annealing 
occurs in 3/2175,200 hours (262,500 
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hours) is found to be 47.5 degrees centi- 
grade. Referring to Figure 2, the conduc- 
tor current corresponding to 47.5 de- 
grees centigrade is found to be 435 am- 
peres. This value is the maximum cur- 
rent which could be carried continuously 
for 20 years in a 4/0 hard-drawn bare 
copper transmission conductor fully ex- 
posed to atmospheric temperature and 
winds without dangerously annealing 
the copper. « 

Nonrecurrent emergency loading must 
be restricted to nonprearranged operating 
conditions not to occur more frequently 
than possibly five times per year if the 
rating is to be sufficiently higher to be of 
value. A convenient duration to provide 
time for most emergency repairs seems 
to be 24 hours per nonrecurrent load 
period. With 100 such load periods dur- 
ing the twenty-year life, a total of 2,400 
hours must be assumed, which constitute 
one third of the total annealing time. 
From Figure 6, the annual equivalent 
copper temperature at which the total 
allowable annealing occurs in three times 
2,400. hours (7,200 hours) is found to be 
91 degrees centigrade, and Figure 2 shows 
a corresponding current of 720 amperes. 

The conductor temperatures thus far 
have been expressed on an equivalent 
annual basis, assuming atmospheric tem- 
perature based upon monthly means, 
average wind velocity, and less than the 
maximum solar heating. Some indica- 
tion of the amount of deviation above and 
below these equivalent average tempera- 
tures is given as follows: 


Conductor 
Temperature 


Decem- 
July ber 
Equiva- 1942 1942 
lent (High (Low 
Annual Hour) Hour) 


Current, 100 per cent load 


factor amperes......... 435 ..-435 ..435 
Atmospheric tempera- 

ture, degrees Fahren- 

ME Nes cid opin Scie aceain's 76.0 2:78.07, » 7.0 
Solar heating, degrees 

LDN eC BAe: 020., 00 
Wind velocity, miles per 

EMIS ies aiccs eke vinta rah Sas, TON 26.0 
Conductor temperature, 

degrees Fahrenheit...... 117.5 -..190..0.. 29:0 
Conductor temperature, 

degrees centigrade ..... ATNOL gel Omar Ll 


* Squared average root equivalent at Pittsburgh 
of 10.5 miles per hour average at airport. 


Dropping back to the 50 per cent 20- 
year load factor, the allowable tempera- 
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tures would be these shown on Figure 6 
corresponding to 50 per cent of the ag- 
gregate time for 100 per cent load factor. 
The annual equivalent copper tempera- 
ture for normal operation is found to be 
56.0 degrees centigrade corresponding to 
510 amperes; the annual equivalent cop- 
per temperature for nonrecurrent loading 
is 99.5 degrees centigrade, corresponding 
to 760 amperes. With these ratings estab- 
lished on an annual equivalent basis, they 
may be modified by means of equation 10 
to any desired seasonal or monthly con- 
dition. 

As long as the conductor temperature 
does not exceed approximately 120 de- 
grees centigrade, it is not likely that the 
contact surfaces in connectors and splices 
will become hot enough to cause rapid 
oxidation and consequent damage to the 
joint. This temperature limitation should 
be maximum, however, not annual equiva- 
lent, and it would seem advisable to use a 
somewhat lower value on the order of 
100 degrees centigrade unless a detailed 
hour-by-hour analysis of weather data 
and load currents is to be conducted. 

An earlier section of this paper has 
mentioned several reasons why transmis- 
sion conductors cannot be assumed to be 
always in perfect condition. In addition, 
the entire discussion of weather data has 
been directed toward deriving a set of 
indexes to represent in one set of figures 
the composite effect of many variables. 
Finally the information available by 
which to incorporate annealing of the 
hard-drawn copper conductor in this 
analysis has required many approxima- 
tions. In view of all these possibilities 
for error, it must be urged that the ratings 
thus derived be applied with a generous 
margin of safety until further investiga- 
tion of the points now inadequately 
covered by test data permits more ac- 
curate analyses. 

It is recommended for the present that 
the calculated ratings should be derated 
at least 20 per cent. Any circuits so 
rated should be set up for close observa- 
tion of actual load and coincident atmos- 
pheric conditions with periodic tensile and 
elastic limit tests on samples removed 
from service at definite intervals of time 
as a check upon the validity of the cal- 
culations and as an indication of the time 
when the conductors should be replaced. 
Only by such procedure is it likely that 
thoroughly dependable information will 
become available to the industry. 
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Appendix 


~ Calculation of heat dissipation from 4/0 
bare conductor at 100 degrees centigrade 
into atmosphere at 26.2 degrees centigrade 
equivalent effective temperature with wind 
velocity of 10.5 miles per hour: 


T.=100 C=3873 K 
7, =79.1 F=26.2 C=299.2 K 


MRE pe: i 
Rates GeO ee OO} K 
E=0.50 


D=0.528 in. = 1.340 cm 
P=0.96 atmosphere 
’=40.5% of 10.5=4.25 mph=190 
cm per sec 
Wr=18.55 X 107 !2& 1.840 [(373)4— 
(299.2)4]0.5 
= 0.142 watt per cm length=4,330 
watts per 1,000 ft 
Tq-754 = logy 1(0.754 X 2.527) =79.8 
($2— $1) =3.46 X 10-* X 79.8) (73.8) = 0.0204 
D°-50=1.16 p259=0.98 V2-50=13.8 
T-q9-877 = logy—1(0.877 X 2.527) = 165.0 
0.00572 X 1.16 X 1,650 
a 0.98 X 13.8 
5 2r 2a 
~ log, (1.121) 0.114 
W,=55.5(0.0204) = 1.130 watts per cm 
length 
= 34,450 watts per 1,000 
ft 
W =1.272 watts per cm, =38,780 watts per 
1,000 ft 


=0.081 cm 


55.1 
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Interim Report on Characteristics and 


Performance of Conductors for 


Supervisory Control and Telemetering 


AIEE SUBCOMMITTEE ON CHARACTERISTICS AND PERFORMANCE 
OF CONDUCTORS FOR SUPERVISORY CONTROL AND 
TELEMETERING 


Preface: The present war emergency re- 
quires that the maximum use be made of 
existing equipment and systems and that a 
minimum of critical material be used for 
new equipment. 

This publication and other guides and 
reports of this series have been prepared 
for the information of users during the war 
emergency. Upon termination of the war 
emergency, they will be reconsidered by the 
Standards committee and the committees 
which prepared them, and will be approved, 
tevised for normal use, or rescinded. 

This procedure is being followed in pref- 
erence to the preparation of special emer- 
gency Standards which might involve re- 
designing and drastic changes in manufac- 
turing practices. These guides will accom- 
plish the maximum conservation of critical 
materials, since they provide for the maxi- 
mum use of existing equipment and systems, 
as well as new equipment, without changing 
the fundamental basis on which the present 
Standards have been prepared. 


URING 1941, in collaboration with 
the relay subcommittee of the com- 
mittee on protective devices,* a question- 
naire with regard to pilot conductors** 
for supervisory control and telemetering 
systems, was sent to a number of operat- 
ing companies by the committee on auto- 
matic stations. 

The number of reporting companies or 
governmental units (25) represents but a 
small portion of those to whom the ques- 
tionnaire was sent, and the summary may 
not, therefore, represent completely the 


Paper 43-101, recommended by the AIEE com- 
mittee on automatic stations for presentation at 
the ATEE national technical meeting. June 21-25, 
1943, Manuscript submitted April 21, 1943: 
made available for printing May 19, 1943. 


Personnel of subcommittee on characteristics and 
performance of conductors for supervisory control 
and telemetering: R. F. Davis, chairman; M. E. 
Reagan, J. R. Harrington, Perry Peterson. 


This interim report was prepared by the AIEE 
subcommittee on characteristics and performance of 
conductors for supervisory control and telemetering 
of the committee on automatic stations for the pur- 
pose of making essential information immediately 
available to war industries, thus furthering the 
conservation of valuable material for the war 
emergency. It is educational and in no way manda- 
tory. It is not intended as a “Standard” and 
has not been formally approved by the Standards 
committee nor the board of directors. 


The committee on automatic stations expresses its 
appreciation to the 25 companies and governmental 
units which furnished the data in the “‘Detailed 
Summary of Answers to Questionnaire.” 
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practice and experience of the majority of 
those in the electric-power industry using 
pilot conductors for supervisory control 
and telemetering. Itis believed, however, 
that within its limitations as a sample, it is 
indicative of certain features and is being 
presented with this view in mind. 


Summary of Data 


The summary is based on the data cov- 
ering 189 circuits totaling slightly under 
1,200 circuit-miles and slightly over 9,000 
circuit-mile-years. The generalizations 
permissible from the data are: 


(a). Of the 189 circuits of an average 
lengtht of 6.3 miles—only 15 per cent being 
over ten miles in lengtht—about 55 per 
cent utilized privately owned pilot con- 
ductors. Of 75 of these privately owned 
pilot conductors, 84 per cent were close to 
power circuits. Of all the circuits—both 
privately owned and leased—for which data 
were received, less than 15 per cent used 
oOpen-wire construction for even a part of 
the circuit. Only about ten per cent used a 
ground-return path for any portion of the 
circuit. 


(b). Considering the performance of the 
pilot conductors alone, the out-of-service 
time is not over 1!/oth of one per cent of 
the total time. While this figure is signifi- 
cant, data are not available showing what 
part of the total out-of-service time of the 
supervisory-control or telemetering systems 
may be due to the pilot conductors. 


(c). It may be noted—see section VII of 
the summary—that two bases for summariz- 
ing the service performance have been used. 
Basis A indicates that the leased pilot con- 
ductors had about double the outages per 
circuit-mile-year of the privately owned con- 
ductors. The average duration of an outage 
for the leased conductors was slightly less 
than that for the privately owned conduc- 
tors. Basis B indicates that the leased con- 
ductors had about one-half the outages per 


* The results of the questionnaire with regard to 
pilot-wire circuits used for protective relaying were 
covered in a report of the committee on protective 
devices which was presented at the AIEE national 
technical meeting, January 25-29, 1943.1 


** The term, “‘pilot conductors,” as used in this re- 
port should not be confused with conductors used 
for protective-relaying systems, even though the 
conductor characteristics may be quite similar. 


+ In the case of the 174 circuits for which the length 
was stated. 
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circuit-mile-year of the privately owned con- 
ductors and a slightly longer average dura- 
tion for an outage. Considering both bases 
for summarizing, it appears that there is no 
substantial difference between the perform- 
ances of privately owned and of leased pilot 
conductors. There is also indication that: 


1. There is a continuing improvement in the de- 
gree of service continuity for pilot conductors. 
Most of the troubles for the systems occurred duringy © 
their initial periods and, in some instancesinvolving 
the older systems, these troubles largely occurred ten 
years or more ago. 


2. This improvement appears to be due largely to 
an increased use of cable conductors and to more 
effectively designed and co-ordinated terminal pro- 
tection. 


(d). The special information covered in 
section VIII of the summary indicates that 
for new pilot conductors: 

1. There is a preference for automatic supervision. 
2. Cable conductors are desired. 


3. The protective terminal equipment is more fre- 
quently connected to the power station ground 
than (a) to a remote ground or (5) left ungrounded. 


Detailed Summary of Answers 
to Questionnaire 


I. GENERAL 


(a). Number of companies and govern- 
mental units submitting answers........ 25 
Number of circuits for which some data 
were, provided!.20) sk): ee 189 


(b). Uses for circuits 


1. Circuits ~for supervisory control and/or 
indication: 0 <.\\Gah isc. 08h dale once 80 
2. Circuits for telemetering. :< ..- Jenene 31 
3. “Cirenits for bothy...c..\.. cca eenaeee 13 
4. Circuits for systems not identified......... 65 
(c). Ownership of circuits (question 1 of 
questionnaire of March 12, 1941—see 
appendix) 

it Privately owned throughout.............. 106 
2. Leased throughout. .... 3. ...<..) seen 81 
3. Partially leased and partially privately 
OWNER. Ei ies ce ci Sareie Ys ne on 


(d). Type of construction (question 2) 


1. Circuits wholly of cable construction....... 163 
2. Circuits wholly of open-wire construction... 17 
3. Circuits of both cable and open-wire........ 8 
4. 


Not indicated jci0) 0 seis ace ieee 1 


(e). Proximity of supervisory or indicating 
conductors to power circuits (question 3) 
1. Privately owned 

Near... 63 Distant.... 12 


2. Leased 
Near....5 Distant. ©.65 


eel 


Notinformation:.. cue... a4 41 


PER CENT. OF 
CIRCUITS 


les 


aD 
ch 


PER CENT OF CIRCUITS 


LENGTH OF CIRCUIT (ONE WAY) 
Figure 1. Cumulative per cent curve of circults. 


versus length 
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(f). Type of channel used (question 4) 


Tecompiletely metallici...20,. ste «hele he assieae 168 
SP SEOUMG -TOtUTE seals 5 cco rk quale th o'e nc salaiwian vr 9 
3. ; Operating on phantom*.:...............- 11 
4. Part metallicand part ground-return....... 1 


II. CHARACTERISTICS OF PRIVATELY 
OWNED CONDUCTORS 


(a). Size of conductor—number of. cir- 
cuits of various gauges (question 5) 


Number 
8 copper Number Number Number Number Num- 
orcopper- 12 14 16 19 ber 
weld copper copper copper copper 22 
ll 42 4 12 21 8 
Miscellaneous (not over 2 of any gauge) Not given 
8 2 


(6). Type- of insulation—number of cir- 
cuits having various insulating material 
(question 6) 


Open-wire 
Rubber Paper (bare) Not given 
47 39 21 1 


(c). Size of cable—number of circuits in- 
volved in cables which have (question 7) 


1-5 6-10 11-20 21-50 
conductors conductors conductors conductors 
10 35 19 11 

51-100 101-202 
conductors conductors Not given 
4 9 1 


(d). Arrangement of conductors in cables— 
number of circuits where conductors were 
(question 8) 


Not given 
(or 
Nontwisted Twisted Quadded indefinite) 
39 34 5 6 


(e). Type of sheath—number of circuits 
in cables having (question 9) 


Nonmetallic 
Lead sheath sheath Not given 
79 5 1 


Ill. Lenctu, RESISTANCE, AND LOADING 
oF CONDUCTORS 


(a). Length (question 10—see Figure 1) 


Average of 174 circuits for which length 

RECUR TTU MNT res. cia olie a) vintooNSstelaiphe s\arete 0 6.3 miles 
Range: Minimum of 0.28 mile to maxi- 

mum of 112.9 miles 


(6). Resistance (question 11—see Figure 2) 


Average of 115 circuits for which resistance 
PRL SPR CHL ty) pv ero a onl '\ <: neh ex g/e-eSatelar# bvexsi he 475 ohms 

Range: Minimum of 6.5 ohms to maxi- 
mum of 4,000 ohms 


(c). Loaded or nonloaded (question 12) 


149 circuits nonloaded 

21 circuits loaded 

2 circuits partly loaded and nonloaded 
17 circuits no information given 


IV. PROTECTION AT TERMINAL OF CIRCUIT 


(a). Number of circuits indicated as 
having the following protective devices 
(question 13): 


EAI IDIOCKS), aris s+ 1s ce steed als sew An. Sains 65 
REST Ne oe aralcc ss Visite Uyalassuayirale Dia ates nsec 6 
MEIMEME SEED SE. Su ioe pS cots Shabana Sent ys Viste Cae LL abe 4 
IIMROCLIV.© 1018 DOS. chs 5 vps Ste vs arejelelViniele nies ieie« 55 
URIBE LDS Baste Lise sco he elot eeieys tele nis cc aas 8 
MMR ashe a ots wid nike conape TAG We kiekal ove sale), .8 101 
RR ESEEMLIS eee i a ais isn en oni SRW dual oonlecere 5 
Relay protectors LEP ROIS PROP TY fos LPO LORE C 7 
POREECENCEWACES 5 oFeic og tein vsicea\s's.i¢/elblarls, odie ets vee 9 
* Often (10) on ground-return basis. , 
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Circuits indicated as having 


One type of protective device................ 66 
“Two types of protective devices.............. 55 
Three types of protective devices............. 25 
Four types of protective devices.............. 2 


(6). Circuits indicated as having no 
protective devices. .).)4 nia. saeco nse 5 


(c). Circuits for which no information 

WAS FOLVEL Gn orc e cote rieeen tae cteee fasts ys 36 

IVA. BREAKDOWN VOLTAGE OF PROTEC- 
TIVE DEVICES SUMMARIZED IN ITEM IV(a) 

(a). At 60 cycles (question 14a) 


0-100 101-250 251-350 351-600 
volts* volis* volis* volts* 
9 15 22 21 
Not given 
122 


(b). Impulse voltages (question 145) 


No information furnished 


PER CENT OF CIRCUITS 


Figure 2. Cumulative per cent curve of circuits 
versus loop resistance of conductors 


IVB. PROTECTION AGAINST POTENTIAL 
GRADIENTS (Question 15) 


Neutralizing transformers.......,... 4 circuits 
Insulating tramsformers*............ 6(1) circuits 
Insulating relay equipment......... 31 circuits 
Drainage t¥, sis sn tes eee (eia beet sece ince 16 (3) circuits 
Relay..Protectors** sia se' ajcafe cena (2) circuits 
Series impedances .< ccc. «svi 2 circuits 
No special protection.............. 37 circuits 
No information given.............. 94 circuits 
IVC. INSULATION LEVEL oF PILoT WIRES 
(Question 16) 
0-100 101-499 500 1,500 
volts volts volts volts 
7 circuits 2circuits 54 circuits 5 circuits 
3,500 volts 15,000 volts No data given 
1 circuit 2 circuits 118 circuits 


This is assumed to be the dielectric strength (con- 
ductor-to-ground), as determined by manufacturers’ 
tests, which is usually in rms volts. 


V. PROTECTION’ ON PILOT WIRES AT 
CENTRAL OFFICES AND OTHER REMOTE 
POINTS FROM TERMINAL OF CIRCUIT 
(Question 17) 


(a). 55 circuits equipped with carbon blocks 
(b). 1 circuit equipped with air gaps 

(c). 6 circuits equipped with protector tubes 
(d). 29 circuits equipped with fuses 

(e). 8 circuits equipped with heat coils 

(f). 1 circuit equipped with relay protectors 
(g). 8 circuits having no protection 

(h). 28 circuits having two of above devices 
(z). 10 circuits having three of above devices 
(j). 124 circuits for which no data was given 


VA. BREAKDOWN VOLTAGE OF PROTECTIVE 
DEVICES SUMMARIZED IN ITEM V 


(a). At 60 cycles (question 18c) 


0-200 201-400 401-600 No data 
volts volts* volts* given 
7 circuits 21circuits 15 circuits 146 circuits 
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(b). Impulse voltages (question 18b) 
No information furnished. 


VI. SprcraL MarKINGS or OTHER PRE- 
CAUTIONARY MEASURES TAKEN TO PRE- 
VENT INADVERTENTLY INTERRUPTING 
PILoT WIRES (Question 19) 


(a) Circuits with special Circuits having no 
markings special markings 
74 18 


(b) Circuits having other special features 


1 circuit having special routing 
1 circuit having notification before testing 


(c) Circuits for which no data were given 
95 


VII. PERFORMANCE OF PILOT-WIRE 
ConDUCTORS 


(a). General (questions 10, 20, 21 and 
22—see Table II) 


Two bases for summarizing have been used. Basis 
A consists of averaging all of the data furnished, 
even though various elements of the information do 
not apply to the same circuit, for example, for ‘“‘years 
of service’ data were furnished for 71 privately 
owned circuits and 70 leased circuits, and for 
“number of outages’’ the data cover 60 privately 
owned circuits and 59 leased-circuits but not seces- 
sarily for the same circuits. Basis B consists of aver- 
aging only those circuits for which complete data 
for all four of the items of information were fur- 
nished. 


(b). Causes of service outages (question 23) 


Total outages for which causes 
were indicated ....55........ 475 
Due to short circuit of pilot-wire 
CONGMetorsy ty deracs ccr'ssieicie store 120 (25.3 per cent) 
Due to open circuit of pilot-wire 
COMGUCEOLS wars sieie eine a )els */ale| xis 119 (25.1 per cent) 
Due to circuit rearrangement of 
pilot-wire conductors......... 
Due to operation of terminal 
protectors on pilot-wire con- 
EMCTOES a. oicraitinrda sie eretaitis 6s 70 (14.7 per cent) 
Due to miscellaneous causes..... 134 (28.2 per cent) 
of which 85 were due to failure of supervisory 
equipment; 36 were due to low insulation during 
fogs and floods; and the remaining 13 were from 
scattered causes 


32 ( 6.7 per cent) 


VIII. -MIscELLANEOUS INFORMATION AND 
COMMENTS 


Of the various questions listed under the 
heading ‘‘Additional Information’’ in the 
appendix, the data received were adequate 
or suitable for summarizing for the follow- 
ing items: 


(a). Are pilot-wire conductors automati- 
cally supervised? (question 24) 


MWOSn ruses: 43 circuits ING sial) si 110 circuits 


(b). Are pilot-wire conductors used for 
other purposes than solely supervisory con- 
trol and telemetering?—(question 25) 


Wes cee 15 circuits IN Gis. 7ercie.s 132 circuits 


(c). Are pilot-wire conductors subject to 
troubles from induction effects or surges?— 
(question 26) 


WiGSreee ete. 22 circuits IN‘Olieretenny 130 circuits 


(d). Various comments regarding prefer- 


ences for new pilot-wire conductors— 
(questions 27 and 28) 
1. No. of companies 

ABSWETING ss cle rs Maximum of 6 


* Assumed to be peak volts although not specified. 


** These protective elements were in some cases— 
as indicated by the figures in parentheses—com- 
bined with one or more other protective elements. 


(Text concluded on page 862) 
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1. Number of companies answering............ 10 
2. Number of companies using station ground.. 7 
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4. Number of companies leaving ungrounded... 1 


Appendix. Questions Submitted 

to Operating Organizations for 

Information on Pilot-Wire Con- 
ductors 


Circuit Details 


1. L—Leased; privately owned. 
2. C—Cable; open-wire. 


3. D—Located at a distance from power 
lines. 
A—Located adjacent to’ power lines. 


4. M—Metallic; G—Ground return; P— 
Phantom. 


15. Size of conductor. 

+6. Condtictor insulation. 

t7. Number of conductors in cable. 
18. Conductor arrangement: 
U—Untwisted. 

T—Twisted pairs. 

QO—Quadded. 

19. Type of sheath. 

10. Length (miles one way). 


11. Resistance (ohms—loop exclusive of 
terminal devices). 


12. L—Loaded; U—Unloaded. 


Terminal Protection 


18. C—Carbon blocks; AG—Air gaps; 
T—Thyrite; PT—Protective tubes; VG— 
Vacuum gaps; F—Fuses; H—Heat coils; 
R—Relay protectors. 

14. Breakdown values of item 13. 

(a) 60 cycle. 

(5) Impulse. 


* | for the shorter distances. 
** For the longer distances. 


* Privately owned circuits only. 


862 


* Figures in parentheses refer to number of circuits involved in average. 


In basis B the figures (27), 


(38) and (65) apply to the corresponding entries in all columns. 


Potential Gradient Protection 


15. N—Neutralizing transformers; C— 
Line-coupling transformers; J—TInsulated 
relay equipment; D—Drainage equipment. 


16. Insulation level of pilot wire to sta- 
tion ground at item 15. 


Treatment in Telephone Exchanges or 
at Other Remote Points 


17. Protection as in item 13. 

18. Breakdown values of item 17: 
(a) 60 cycle. } 

(b) Impulse. 


19. Special marking to prevent routine 
testing. 


Performance 


20. Years of service. 


21. Pilot-wire outages (number during 
item 20). 


22: Total outage time (hours). 
23. Number of outages caused by: 


S—Short circuits. 

O—Open circuits. 

C—Circuit rearrangements. 

P—Terminal protection. 

24. Is pilot-wire circuit automatically 
supervised? 


25. Is pilot-wire circuit used for other 
purposes? 


26. Have troubles been experienced be- 
cause of induction effects or surges on the 
pilot wires? 


Additional Information 


1. If the circuit is leased, what is the basic 
rental rate? 


8. If the circuit is located on the same right 
of way with a power-line phase, give de- 
tails as to the construction of the power cir- 
cuit. What provisions are made to prevent 
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troubles from induced voltages, both be- 
tween the pilot conductor and between the 
pilot conductors and ground? ae 


4. Please give details if a phantom circuit 
is used. 


12. Does capacity and loading of the pilot 
circuit affect the performance, and what 
compensation methods if any are employed? 


13. Is the terminal equipment grounded to 
the power-station ground, external ground, 
or ungrounded? ‘ 


13 to 16. Please indicate by a sketch the ar- 
rangement used indicating the position of 
ground connections. What evidence either 
from experience or special tests do you have 
to establish that the protection afforded is 
adequate? ae 


24. Please describe the monitoring system 
employed and values of monitoring current, 


and indicate whether or not grounds on the © 


pilot wires are detected. What minimum 
insulation resistance is permitted between 
conductors before circuit is considered bad? 
What value is detected? Have incipient 
faults thus been discovered? 


25. Please describe other joint uses of the 
pilot wires. 


26. Please discuss troubles experienced 
caused by induction or surges and means 
taken to prevent them. 


27. For new installation, what type of pilot 
channel would you prefer? Why? 


28. For new installations would you want 
to use automatic supervision? 


29. For new installations what form of 
terminal or intermediate protection (items 
13 and 17) would you prefer? 


Reference 
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Theory of Rectifier—D-C Motor Drive 


E. H. VEDDER 


MEMBER AIEE 


'HE use of rectifiers for furnishing 

power to d-c motors is becoming more 
common, particularly for variable-voltage 
drives. The theory applying to drives 
such as those incorporating the Ward 
Leonard system is quite inadequate for 
use with a rectifier-d-c motor drive. This 
paper is an introduction to the theory 
involved when operating a d-c shunt- 
wound motor from a rectifier. It is hoped 
that further thought and discussion of 
this new and vital subject will be stimu- 
lated. 

In the course of the development work 
on the system described in a paper by 
K. P. Puchlowski entitled ‘Electronic 
Control of D-C Motors,”! it became ap- 
parent that purely empirical data on per- 
formance were unsatisfactory for 
thorough analysis of the system. This 
paper describes the theoretical approach 
to the obtaining of fundamental char- 
acteristics of a complete drive consisting 
of a single-phase full-wave electronic 
rectifier and a d-c motor. The rectifier 
output is variable by grid control of the 
thyratrons combined with a control cir- 
cuit for the rectifier. The rectifier for 
the larger motors is usually multiphase. 
The control circuit regulates to any 
manually preset motor speed, compen- 
sates for armature JR drop, and incorpo- 
rates current-limit acceleration. 

We are concerned here with the broad 
considerations of a d-c shunt-wound 
motor operated from a grid-controlled 
electronic rectifier rather than the de- 
tails of the speed-control circuits for the 
drive. Only a single-phase full-wave 
rectifier is considered. This type of 
rectifier is normally used on motors of 
low horsepower rating, usually not over 
three horsepower. 


General Considerations 


The simplified circuit of a typical 
single-phase full-wave system is shown in 
Figure 1A. In this particular circuit, 
the rectifier is composed of two thyratron 


Paper 43-90, recommended by the AIEE committee 
on electronics for presentation at the AIEE national 
technical meeting, Cleveland, Ohio, June 21-25, 
1943. Manuscript submitted April9, 1943; made 
available for printing May 13, 1943. 

EB. H. Vepper and K. P. Pucatowsk1 are with 
Westinghouse Electric and Manufacturing Com- 


pany, East Pittsburgh, Pa., where Mr. Vedder is | 


manager of the electronic-control section, motor- 
application department, and Mr. Puchlowski is 
design engineer in the control engineering depart- 
ment. 
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ASSOCIATE A'EE 


tubes with their grids arranged for phase- 
shift control to permit the tubes to start 
conducting (firing) ‘at any chosen phase 
angle, with respect to the applied a-c 
voltage, during each half-cycle. 

The simplified circuit in Figure 1A has 
been converted into an equivalent cir- 
cuit in Figure 1B to show more clearly 
the basic considerations and terminology. 
Several very important assumptions have 
been made in the conversion from Figure 
1A to Figure 1B, and these are used 
throughout the paper. 


Assumptions 


1. The machine is shunt wound with no 
compounding. 

2. The field is continuously energized and 
saturated. 


3970-/a 


ARMATURE 


A. The elementary diagram of a single-phase 


full-wave rectifier-—d-c motor drive 
37o-/5 


B. A circuit equivalent to one half of the full- 
wave rectifier shown in A 


Figure 1 
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3. The armature inductance is constant. 


4. The armature and circuit inductances 
have been lumped in the inductance L. 


5. The resistances of the armature and the 
external circuit have been lumped in the 
resistance R and are constant. 


6. The counter electromotive force, Ey, is 
directly proportional to motor speed and is 
represented as a battery with no internal 
resistance. 


7. The transformer inductance and resist- 
ance are negligible. 

8. The arc drop of the tube is shown as E, 
and is constant. 


9. The tube characteristics are such that 
conduction can begin as soon as the instan- 
taneous value of the transformer voltage 
is equal to or greater than £,+ &;. 


10. The effect of armature reaction is 
negligible. 


11. The individual half-cycles of current 
are discreet pulses which do not join each 
other. Hence the equivalent circuit shows 
only one half of the full-wave rectifier. 


12. All calculations apply to one half- 
cycle in view of (11) above. 


Some of the assumptions are exact 
while some are close approximations. 
All are sufficiently accurate that the re- 
sulting data serve as a very good guide 
for analysis of test results and further 
elaboration of the theory. 

For convenience, the term £,, is used in 
the appendix to denote V 2E cms: When 
the formulas are transferred from the 
appendix to this text, the form WV 2E vs is 
used. 


Firing (Starting) and Stopping 
Angles of Current Pulses 


When a d-c motor is being driven fron: 
a single-phase full-wave rectifier as shown 
in Figure 1A, the available input volt- 
age Ems has instantaneous values e as 
shown in Figure 2A. The rectifying 
effect is shown by subsequent half-cycles 
of voltage e being all positive with respect 
to the zero line. The counter electromo- 
tive force E, is shown as less than the 
peak voltage @max of the a-c wave. This 
must always be so, since otherwise no 
armature current would ever flow. Dur- 
ing any of the time that e is more than 
E,+£,, current flow can be started by 
proper control of the phase angle of the 
grid voltage. * 

Since it has been assumed that the 
individual half-cycles are discreet pulses 
which do not join each other, we need 
consider only a single half-cycle of events, 
at least within the limits where the as- 
sumption holds. The limits will be dis- 
cussed later in more detail. In Figure 2, 
X, is the “firing” angle at which the grid 
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A. The wave form of current and voltage in 
a full-wave rectifier operating the d-c motor 
which is assumed to have no inductance. 
The effect of rectification is shown by locating 
both halves of the a-c cycle of voltage and 
current above the zero line where the zero 
line is at the potential of the transformer mid- 
point 


tes » 
ata’ Seeteseeete 2 
A 

< Xs 
B. Same as A except with inductance present 


Figure 2 


phasing permits the thyratron tube to 
start conduction. The thyratron may be 
considered as a rectifying single-pole 
switch which closes at the ‘“‘firing”’ 
angle X, If the armature inductance 


L in Figure 1B were zero, the current 
would flow until, in Figure 2A, e becomes 
less than H,+£, at angle X,, which is 
called the ‘‘stopping angle.” 


The current 


A. Full rated speed and torque 


EAGER AV. AAV 27" EV mal actiae 


B. No load and 16 per cent of rated speed 


Figure 3. Oscillograms of current and voltage 
in an electronic d-c motor drive with constant 


field 
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must stop flowing at the angle X,, because 
the opposing voltages are equal, and the 
rectifying property of the thyratron 
does not permit reversal of the current. 
The voltage e may be considered as ap- 
plied to the armature during the interval 
X, to X;, and thus the hatched portion 
of Figure 2A represents the voltage ap- 
plied to the armature by the rectifier. 
This wave shape is not directly measur- 
able in an actual system, because it can- 
not be conveniently disassociated from 
the counter electromotive force H,. It 
should not therefore be thought of as the 
measureable armature voltage which is a 
more involved function. If the induct- 
ance were zero, the current pulse in 
Figure 2A would have the same shape as 
the voltage wave from X,to X;. 

The ideal case of zero armature in- 
ductance is quite far from the actual one, 
and Figure 2B shows the modified rela- 
tions with inductance present. The 
general effect of the inductance is to re- 
duce the peak of the current pulse and 
broaden its base by causing the current to 
continue flowing beyond the point where 
e equals H,+H;, The applied voltage 
during the interval X, to X, is again 
shown single-hatched in Figure 2B, but 
the current now does not follow the shape 
of the applied voltage and is represented 
by the double-hatched curve 7, The gen- 


ef 
7 

eral shape of the current wave 7 resembles 
a sine wave but must not be mistaken for 
one. The voltage e from X,to X, is some- 
what peculiar when inductance is present, 
since the current may flow until the volt- 
age is either positive or negative at X, 
with respect to ground. 

The oscillograms in Figure 3 show 
clearly the relations actually obtained 
between a-c voltage, current, and arma- 
ture voltage at two different conditions of 
load and speed. 

The fundamental relationship on 
which most of this paper is based is that 
of the “‘stopping angle’ X, as a function of 
the “firing angle’ X, with other variables - 
as parameters and is shown in Figure 4. 
The mathematical equation from which 
the curves were drawn is derived in the 
appendix, part B and is as follows: 


cos @ sin (X,—0@)—a+ 
Pee. 
[a—cos 0 sin(X;—6)]é tan® (27) 


or another form is 


/ “e, 
[a—cos 0 sin (X,—6) Je tan 0 
xf 
=[a—cos 0 sin (X/—6) ]etan (28) 


Figure 4. Graph showing ‘stopping angle’: 


‘Xs of current as a function of “'firing angle” X, 


with cos 0 and “speed factor’’ a as parameters 


vi 


M 
ly 


a) 


STOPPING ANGLE IN DEGREES-X. 


Whi 


WANA NE KAA 


Yu 


Wa) 


FIRING ANGLE IN DEGREES - Xp 


Vedder, Puchlowski—Rectifier—D-C Motor Drive 


AIEE TRANSACTIONS 


i 


Figure 5, Calculated wave 
shape of current pulse for two 
“firing angles’ Xf and two 


"speed factors’ a 


60 80 100 


120 140 160 180 200 220 240 


ANGLE - DEGREES FROM VOLTAGE ZERO 


where 
E,+£, 
a. called ‘‘speed factor’’ in this 
ema paper 


ol 
@=arc an =power-factor angle of the 


motor armature circuit at the a-c line 
frequency 


The “‘speed factor’ a is a convenient 
means of expressing, as a ratio, the a-c 
voltage E,; and the counter electromotive 
force of the live load consisting of ‘the 
voltage H, and the tube arc drop £;. The 
“speed factor’ is so named, because F, 
is assumed to be directly proportional to 
motor speed. 

Several interesting points should be 
noted in regard to Figure 4. Obviously, 
the firing angle X,in Figure 2 cannot be 
greater than the greatest angle at which e 
becomes equal to H,+£, Since the 
limit is a function of Z, and consequently 
of a, there is a locus of maximum possible 
firing angle X, This locus is shown in 
Figure 4 as line A—C which is the begin- 
ning of all curves. 

Also, it is obvious that the firing angle 
X; cannot be less than that angle at 
which e¢ first becomes greater than E,+ 
Ei, This limit is shown in Figure 4 by 
termination of the curves, which begin 
on A-C, at firing angles projected verti- 
cally from the line A—B. The same limit 
holds for all values of cos 0 at a given 
value of a. 

If X,—X,>180 degrees, the flow of 
current will no longer be in discreet 
half-cycle pulses but will be continuous. 
Equations 27 and 28 do not hold for 
conditions of continuous current. The 
limits within which the equations hold 
true are established in Figure 4 by the 
lines B—D, B’—D’, B’—D", B’’’-D’"", 


Wave Shape of Current Pulse 


The wave shape of the current pulse 
resembles that of a sine wave. Itis, how- 
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ever, mathematically speaking, a com- 
bination of a sine wave, a constant nega- 
tive term, and an exponential function. 
The equation for the current pulse is 


derived in the appendix, part A and is 
iR 
—=——__=cos'6 sin (x — 0) —a 
3 Exe cos 6 sin ( )-—a+ 
ees) 
[a—cos 6 sin(X;—6@)]e tan @ (26) 


where x = any angle greater than X, but 
less than X,. A graph of this equation is 
shown in Figure 5 with firing angle X, and 
speed factor a as parameters while cos @ 
is kept constant. The expression 1R+ 

2E.ms Serves to give a ratio which elim- 
inates specific values of current and will 
be called “instantaneous torque factor.”’ 
It is actually the instantaneous JR drop 
in per cent of peak a-c voltage. The 
parameters which have been chosen for 
illustration in Figure 5 are typical of those 
in a practical drive. © 


Peak Current and Its Angle of 
Occurrence 


The angle X, at which peak current 
flows is readily obtained by differentiating 
the equation 26 and setting it equal to 
zero as shown in the appendix, part C. 
This gives the equation 

Bigs 
cos (Xp —@)€ tan 4 


a 
[sin 6 


Data from equation 49 ate plotted in 
Figure 6 


in (X,;—0) |] 71 
ee | cies (49) 
tan 0 


6 which shows the peak-current 
angle X, as a function of the firing angle 
X, for parameters of cos @ and speed 
factor a. 

The peak value of the 
torque factor’ 2R/ Vv 2E ms Can now be 
calculated by substituting the value of 
X, calculated from equation 49 for « in 
equation 26. At the maximum value of 
current we may substitute 7max for 7in the 
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PEAK, CURRENT ANGLE IN DEGREES (Xe) 


0 40 80 120 160 
FIRING ANGLE IN DEGREES (X¢ ) 


Figure 6. Curves showing the angle X» at 

which peak current occurs as a function of 

“firing angle" X; for two “speed factors’ and 
several values of cos @ 


expression 7iR/ V 2E rma Giving tmaxR+ 
V2E ims Which will be called “peak-cur- 
rent factor.” A graph showing “‘peak- 
current factor’ as a function of firing 
angle X, is shown in Figure 7. 


Armature Load-Speed Relations 


The purpose of these calculations is to 
obtain performance characteristics in 
addition to the more fundamental data. 
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Figure 7. Curves showing the ‘‘peak-current 
factor’ as a function of “firing angle’’ Xy for 
several values of cos 0 
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Figure 8. Curves showing 
the “firing angle” X7 required 
o to maintain the ‘speed factor” 
w a=0.4 for various values of 
© “torque factor’’ and cos @ 
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The necessary step in achieving this is to 
determine the torque-firing-angle rela- 
tionship. This is done in the appendix, 
part D, and results in an equation for the 
average armature current J,y, as a func- 
‘tion of the firing angle X,; The equa- 
tion for I,yg follows: 


V/2E rms 


T. 


Tove= -[cos X;—cos X,;—a(X;—Xy)] 


(57) 


It is convenient to express equation 57 
as follows: 
TavgR 1 


=~- [cos X;—cos X;—a(X,— 


A/ 2 Fics CL a ” 


(58) 


The expression Jyy¢R/ WV 2E rma will be 
called the ‘torque factor,’’ inasmuch as 
its value is directly proportional to torque 
if the developed motor torque is assumed 
to be directly proportional to armature 
current. The formula, therefore, makes no 
allowance for friction and windage. The 
useful torque is obtained by subtracting 
that attributable to friction and windage 
from the calculated value. The torque 
factor is useful as a means of eliminating 
consideration of motor size and details. 

Equation 58 is plotted in Figure 8 
showing the firing angle as a function of 
the torque factor. Cos @ is used as a 
parameter, and the whole curve corre- 


sponds to a fixed value of speed factor a’ 


and is a constant-speed graph. This 
shows very clearly the effect of induct- 
ance or power-factor angle on the firing 
angle X;, required to maintain a speed 
factor a=0.4 for a varying torque factor. 

The data are presented a little differ- 
ently in Figure 9 where cos 0=0.4 and 
the speed factor is a parameter. These 
are, of course, curves of most practical 
interest for a given motor. The curves in 
Figure 9 show the very considerable 
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change of firing angle required to main- 
tain constant speed as the torque factor 
is varied. Obviously, space does not 
permit showing complete curves for a full 
range of both cos @ and speed factor. 
Hence, only the two typical curves in 
Figures 8 and 9 have been shown. 


Peak-Current Ratio 


The term “peak-current ratio” as used 
here denotes the ratio tmax/Zavg. This gives 
a conception of the peak current which the 
tubes must carry as related to the known 
Inv, required to deliver the desired torque. 
This ratio is obtained by dividing the 
“neak-current factor” ¢maxR/ WV 2B cms by 
the ‘torque factor” I,,¢R/ WV 2E sme from 
Figure 9. This gives the ‘“‘peak-current 
ratio” tmax/ave, Which can be plotted as 
a function of the torque factor. A typical 
set of curves for the peak-current ratio is 
shown in Figure 10. It is seen that the 
electronic rectifier tube must therefore 
be selected with a peak-current rating of 
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Figure 9. The “firing angle’’ required to 
maintain various ‘speed factors" at different 
values of “torque factor’; cos @ is held constant 
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Figure 10. The ratio of the current at the 

peak of the current pulse to the average 

armature current shown as a function of 

“torque factor’ for two values of cos @ and 
two of “speed factor’’ a 


several times the maximum J,,y, required 
by the motor during the starting inrush. 


Speed-Torque Curves 


The data contained in Figures 8 and 9 
are in such form that we can directly 
replot them to give the speed factor a as a 
function of the torque factor. The speed- 
torque curves in Figure 11A are replotted 
from Figure 8 and show the speed regu- 
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Figure 11. Speed-torque characteristics 
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lation for a typical constant firing angle 
of 90 degrees for various values of cos 0. 
The curves in Figure 11B are replotted 
from Figure 9 and show the speed regu- 
lation at cos 6=0.4 for various fixed 
firing angles. 


Conclusions 
\ 


1. The calculated wave shapes are verified 
by the oscillograms. 


2. The speed-torque curves of a single- 
phase full-wave-rectifier-d-c motor drive 
without automatic speed regulation are 
such as to be useful only for specialized 
applications. 


3. Most applications will require that the 
drive incorporate automatic speed regula- 
tion. 


4. Additional work to correlate mathe- 
matical and test results would be desirable. 
This work should cover various sizes, speeds, 
and types of motors. 


5. Further refinement of the theory and 
extension to multiphase rectifiers would be 
helpful. 


6. It is hoped that this paper will serve its 
stated purpose of stimulating discussion of 
this new subject. 


Appendix. Mathematical An- 
alysis of the D-C Motor-Rectifier 
System 


Part A. Equation of the Current Pulse 


The equivalent circuit of a single-phase 
half-wave rectifier system with armature of 
a d-e motor as a load is represented in 
Figure 13. 

It is assumed that: 


1. R=resistance of the armature circuit and is 
constant. 


2. L=inductance of the armature circuit and is 
constant. 


8. Eg=counter electromotive force induced in ar 
mature winding of the motor and is directly pro- 
portional to the speed. 


4. Et=arc drop of the mercury-vapor or gaseous- 
discharge rectifier and is constant. 


Voltages E, and EF, may be regarded as 
constant components of the voltage applied 
to the system and are represented in Figure 
13 by a battery without any internal resist- 
ance and an electromotive force =E,+E,. 

The method is based upon the mathe- 
matical solution of a general circuit shown 
in Figure 12 and subsequent restriction of 
the domain of definition of the independent 
variable (time) and of its function (current) 
in accordance with the physical property of 
unidirectional conduction (rectification). 
These limitations will be discussed later and 
will become apparent from Figure 14 where 
the applied a-c voltage is represented as 
function of electrical angle (or time). 

Referring to Figure 14, it will be seen that 
the sinusoidal voltage applied to the system 
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is the following function of the electrical 


angle: 
e=E, sin x (1) 


Denoting the firing angle of the rectifier 
(angle of ignition) by Xy we may write 


x=Xy+ol (2) 
where 


w=2nf=angular frequency of the applied 
voltage 


: ; Xx, 
t=time counted from the instant a 


@ 


(for x= Xy, t=0) 


and the a-c voltage applied to the system 
can be expressed as 


e=Em sin (X/+ut) (3) 
390.12 
R 
A-C nee 
SS Egte 


Figure 12. An elemental 
circuit with resistance, in- 
ductance, and a d-c voltage 
connected in series and 
supplied from an a-c line 


sistance, 


The general equation of the circuit 
(Figure 12) can now be written in the 
following form: 


cd 
L7 + Rit Ey +E=En sin (X;twt) (4) 


or 
ul. : 
L7+Ri=Em sin(X;tot)—(EptE,) (8) 
| 


where 1=f(t) =current flowing in the circuit. 
Equation 5 will be solved in accordance 
with the method of undetermined coeffi- 
cients. 
The particular integral 7, of equation 5 is 
sought under the form 


=A cos(X;yt+ot)+B sin(X;+ot)+C (6) 


where coefficients A, B, and C can be’ 


evaluated by substituting the particular 

solution 6 into equation 5 and evaluating 

A, B, and C so that an identity is obtained. 
Thus we have 


—wLA sin(X;+wt)+oLB cos (X7+ot)+ 
RA cos(X;+wt)+RB sin (X;+t)+ 
RC=Em sin (X;+ot) —(E, +E) 
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Figure 13. An elemental half- 
wave rectifier circuit with re- 
inductance, and a 
counter electromotive force in 


the load 


and 


(RB—wLA) sin (X;y+ot)+(RA+oLB) X 
cos (X;+wt) + RCE», sin (X;+ot) — 
(E,+£;) (7) 
In order to satisfy the identity 7 the 


coefficients A, B, and C must satisfy the set 
of the following equations: 


RB—wLlA=En, 
RA+oLB=0 (8) 
RC = —(E,+£;) 
and from equations 8 we get 
woLEm 
A= 9 
R?2+?L? ( ) 
RE, 
Bien pan. (10) 
R2+-w?L? 
E,+E; 
= 11 
R (11) 
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Figure 14. A sine wave of 
voltage with counter electro- 
motive force 


Hence, the particular integral of equation 5 
is 


. m . r 
4 Re wl? sin (X;+ et) — 
No E,+E: 
eee ye Bee 
RebetL? cos (X;+ wt) R (12) 


The general solution of equation 5 is 
found as the sum of equation 12 and of the 
general integral i: of the simplified equation 

di. 
L—+Rin=0 (13) 

dt : ; 

Equation 138 can be solved directly by 
separating the variables 


da’ 
L aa —Rdt (i2<0) 
2 


L log #:= —RT+M 


_ RU+M 
, L 
W=E 
where MM is an arbitrary constant of integra- 
tion or 


R 
i (14) 


12 = De 
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where D=e ” isa constant of integration. 
The general solution of equation 5 can 
now be expressed as 


ee REm mee 
POUT AT Ba cara sin (Xy+ot) — 
woLEm E,+E; ay 
Pleo tao aia ae 
(15) 


The constant of integration D can be 
evaluated from the following boundary 
condition: 


t=0 
7=0 (compare equation 2) 
Thus 
REn wLE, ee 
Rte?L? sin X; RteL? cos X ¢— 
BACB: 
BB LAE Dh 
R =f 
woLEm 
Rw? cos X+ 
RE : ot E, 
Re-aate es eee 


Substituting expression 16 into the equa- 
tion 15, and taking into account the fol- 
lowing well-known relationships: 


R24o?L?=Z? (17) 


>=cos 6 


Z (18) 


where Z is the impedance and 6 the 
power-factor angle of the armature circuit at 
line frequency, we get after a simple trans- 
formation the following expression for the 
armature current: 


E+E, 


R a 


5 a 
ee sin (X;—0+t) — 


E,+£, Em .. ati 
l Rg si (X;—6) le x (19) 
Further, denoting 
E,+E 
Wee (called ‘‘speed factor”) (20) 
‘m 


and taking into account the relationship 


R w 


L tan0@ ey 
as well as equations 2 and 18, we obtain 
the following final form of the expression 
for the armature current as a function of 
angle x: 


. En 
ras cos @ sin(x—6) —a+ 


_t—Xy 
[a—cos @ sin (X,—6) Je apy t (22) 
In order to analyze and to limit the do- 
main of definition of the variable x and its 
function 7 in accordance with the physical 
property of unidirectional conduction (see 
circuit in Figure 18), it must be remembered 
that on account of rectification 7 cannot 
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assume negative values, that is, the follow- 
ing condition must be fulfilled: 


120 (23) 


We further restrict our considerations to 
the case where the current flows in discreet 
pulses, that is, two consecutive pulses of 
current corresponding to two consecutive 
half-cycles of a single-phase full-wave 
rectifier do not join with each other. It 
should be noted that X; itself is subject to 
definite limitations which will be discussed 
in part B. It is useful to note that in line 
with these limitations it is sufficient to 
analyze but one current pulse and thus 
restrict the considerations to a half-wave 
rectifier system as shown in Figure 13. 

Under these conditions the current will 
twice assume the value 0 within one half- 
cycle of the applied voltage: 


1. For t=0, that is, x=Xy when the rectifier 
starts conducting 
2. For t=ts when the rectifier stops conducting 


The instant 1 corresponds to the firing 
angle x = X;(see relationship 2).. The instant 
2 corresponds to an angle X, such that 


X,=Xy+ot, (24) 


which will be called ‘‘stopping’”’ angle of 
the rectifier. 

Thus, ¢ in equation 19 and x in equation 
22 are limited in the following manner: 


O<tSt, 


X/Sx3X, (25) 


In accordance with limitations 25 expres- 
sion 22 represents the equation of a single 
pulse of current. 

The equation 22 may be written in the 
form 
iR 
—=cos6@ sin(x—6)—a+ 
ae, 

7 —Xyr 
~ tan 6 


[a— cos 6 sin (X,;—86) Je (26) 


which represents the ratio of the instan- 
taneous resistive armature voltage drop 
to the peak value of the a-c voltage applied 
to the system as a function of the angle x 
for given values of parameters a (“‘speed 
factor’’) and @. 


Part B. Firing (Starting) and Stop- 
ping Angles of Current Pulses 


From the definition of the stopping angle 
(see equation 24), it follows that 7=O for 
x=X, and we have from equation 22 the 
basic relationship between the firing and 
stopping angles 


_ cos @ sin (X;—8) —a+ 


Siew. S) 
tan 6 20 (27) 


[a—cosé@ sin (X;—86) ]e 


or after a simple rearrangement 


Xs 
tan 0 


[a— cosé@ sin (X,—6) Je 
2H 
=[a— cos @sin (Xe) ie he) 

The relationship 27 (or 28) represents X, 
as an implicit function of X, for different 
values of a and @ which are parameters. It 
should be remembered that 


6=arc ta: (21 ) 
=ar i a 
R 
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“ 
determines the relationship between the 


inductance and the resistance of the arma- 
ture circuit and 


Ey +E; 
(PES 


20 
= (20) 
is a term which may be regarded as repre- 
senting the speed of the motor. 

It should be noted that for an ideal 


rectifier E;=0 and 2 ee! 
E 

a=— (20a) 
En 


Although it is impossible to represent the 
stopping angle X, in the form of an explicit 
formula 


Xs=F(Xy, 6, a) 


it is possible to calculate the value of X, for 
each value of Xy and different values of 
parameters a and @ and draw a system of 
graphs of the function 27 (Figure 4). 

In our considerations we restrict our- 
selves to the physically possible range of the 
firing angles of the rectifier. On the other 
hand, as it was mentioned previously, only 
conditions for discreet pulses of current are 
being analyzed. 2 

The two previous limitations can be read- 
ily represented analytically as well as 
graphically in the following manner: 

If we refer to Figure 14, and remember 
the fundamental property of the rectifier, 
namely that conduction is possible only 
when the anode is positive with respect to 
the cathode, it will become apparent that 
the firing angle X; must satisfy the follow- 
ing condition: - 


41 SXySx2 (29) 


Expressions for x; and x2 can be obtained 
from the equation for the instantaneous 
armature voltage drop 


€éga=Em sinx—(E,+£;) (30) 

from the following condition: 

For x=%1 @=0 

Hence 

Em sin x1—(E,+E) =0 

and 

%1= arc sin iar pl arc sing (31) 
m 


The expression 31, of course, yields an 
infinite number of values for x1, but the 
physical conditions limit them as follows: 


w= arcsind, 0S = (32) 


(33) 


X2=7—Xy 


For an ideal rectifier H,=0 and a@ is 


represented by formula 20a. Here the 

range of a is as follows: 

0SaS1 . (34) 

Obviously, for a stalled motor > 

E,=0; a=0; 1=0; m= (35) » 
AIEE TRANSACTIONS 


For the maximum possible theoretical 
speed of the motor 


E,=En; a =a Xj=Xamam=5 (36) 


The condition 36 is represented graphi- 
cally in Figure 4 by a single point X,=X;= 
90 degrees. 

\\ The border case of the maximum possible 

firing angle X;=x. for 0Sa1 is repre- 
sented by a straight line A—C connecting 
points (90°, 90°) for a=1 and (180°, 180°) 
for a=0. 

It should be noticed that in the case 
X= we always have 
“= x f=%*2 (37) 
and thus for a particular a and X pune a 
single point is obtained on graph Figure 4 
for all possible values of cos 6, that is, all 
curves X;=f(X,) for different cos @ and the 
same value of a converge at a point lying 
on the straight line (90°, 90°), (180°, 180°) 
and corresponding to that particular value 
of a. 

Since a given a determines the minimum 
possible firing angle x; (see equation 32), 
each family of curves X,=f(X,) for different 
cos 6 and the same value of a will stop at a 
straight line X;=x,:=const, corresponding 
to that particular value of a. 

It is apparent that for cos 6=1 and a 
given a 
X;=%2= const (38) 

If we assume X,;=x, (minimum possible 
firing angle) then from equations 38 and 33 
we get 
Xx, sr =X &/ (39) 

The preceding equation represents a 
straight line A-—B (90°, 90°), (0°, 180°) 
shown in Figure 4. 

It can be readily understood that in the 
case of a single-phase full-wave rectifier the 
necessary condition for a pulsating non- 
continuous current is as follows: 


X5<180°+X, (40) 
The equation 
X;=180°+ X, (41) 


represents the border condition when sepa- 
rate successive pulses of current join with 
one another and is shown in Figure 4 as 
the straight lines B—D separating the region 
of pulsating current from that of continuous 
current. 

It may be interesting to note that, with 
exception of formulas 40 and 41, all the 
preceding formulas and considerations hold 
for any multiphase-rectifier system as long 
as discreet pulses of current are obtained. 
The necessary condition for a pulsating 
current represented by expression 40 in case 
of a single-phase full-wave rectifier system 
will be modified in the following manner: 


Three-phase half-wave rectifier system 
Xe<120°+Xy (42) 
Three-phase full-wave rectifier system 


A ° 
X,<60°+X, (43) 
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Six-phase rectifier system 


X;<60°+X, (44) 
Four-phase rectifier system 
X;<90°+X, (45) 


If for any of the preceding systems the 
corresponding condition 40, 42, 43, 44, 
or 45, is fulfilled, the system of curves 
X,=f(Xy,) shown in Figure 4 can be applied 
directly to any of these rectifier systems. 

The limitation 34 corresponds to the case 
of an ideal rectifier whose forward resistance 
is equal to zero (no voltage drop across the 
rectifier, £,=0). For an actual mercury 
vapor or gaseous discharge rectifier, how- 
ever, formula 20 must be used rather than 
20a since 


E,=15 to 20 volts 
and limitation 34 will become 


kSa<l (46) 


where k20/E,, corresponds to the condi- 
tion of a stalled motor (see equations 20 and 
20a) and is a low number of the order of 
magnitude of 0.04. 


Part C. Peak Current and Its Angle 
of Occurrence 


In order to determine the crest value of 
the current pulse we refer back to the equa- 
tion 26. 

Differentiating equation 26 with respect 
to x we find 


R di 1 
— —=cos @ cos(x—0@) -—— X 
Ein ie tan 0 
ese ee 
tan @ 


[a— cos 6 sin (X—8) Je (47) 


The maximum of the armature-current 
pulse will occur at the angle x=Xp such 
that 


Oc XG — 0) ———— 
cos 8 cos (Xp,—8) nae 


_Xp— Xs 


{a—cos @ sin (X;—8) Je fee ii 


(48) 


or after a simple rearrangement 


Xp 
Yer (] 


cos OG at) 
i a xy 
| a sin (X;—@) Jee 


; (49) 
sin 6 tan 6 


Equation 48 or 49 represents the rela- 
tionship between the peak-current angle Xp 
and the firing angle X;, that is, represents 
X> as an implicit function of X; for different 
values of parameters a and @. Similarly, 
as in case of functions 27 or 28 it is possible 
to calculate the value of Xp for each value 
of X; (see limitation 29), although X, can- 
not be represented by an explicit formula. 
The graphs of the function X,=f(X,) for 
different values of parameters a and @ are 
shown in Figure 6. 

If symbol X;> is substituted for x into the 
equation 22, we will get the expression for 
the peak value of the current pulse tmax. 


E 
ime cos 6 sin (X,—0) —a+ 


aaa) 
[a— cos @ sin (X;—8) Je mat co 
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where 
Xp =f(X )) 


as represented by equation 48 or 49. 
A more convenient form analogous to 
equation 26 is 


Tmax 


En 


= cos 6 sin (X,—6) —a+ 


ZX p— 4yF 
tan 0 


[a— cos 6 sin (X;~—8) Je (51) 


Graphs of the function 51 for different 
values of parameters a and @ are shown in 
Figure 7. E 

It is useful to note that, for the theoretical 
case of zero inductance cos @=1, neither Xp 
NOF 7max Can be calculated from the equations 
49 and 50 which assume an indeterminate 
form for 6=0. However, from Figure 14 
it is apparent that for @=0 we have 


Xp=X;y when X,290° (52) 
Xp=90° when X/;<90° | 
and 
tmaxlt . ° 
=sin X¥;—a when X;290 
m (53) 
tmaxR . 
=1—a_ when X;<90° 
Em 


Graphs of equations 52 and 58 are also 
shown in Figure 6 and Figure 7. 


Part D. Armature Load-Speed 
Relations 


Having established the relationship be- 
tween the firing and stopping angles of the 
rectifier (see Figure 4), we now take up the 
problem of determining the average value 
of the resistive voltage drop in the armature 
circuit I,y,R proportional to the average 
armature current, that is, proportional to 
the torque of the motor. 

In order to obtain the average value of 
the armature current I,,, or the average 
value of the ratio I,y¢R/Em, one should in- 
tegrate the function 22 or 26 between the 
limits «= Xy and x=X,, taking the average 
over one half-cycle of the applied voltage in 
case of single-phase full-wave rectification. 
Thus 


r=Xs 
{ooso sin (x—@) —a+ 
cr=Xy 
t= x 


ot a (54) 


[a— cos 6 sin (X;—84) Je 


However, it can be readily proved by 
actually performing the integration in equa- 
tion 54 and taking into account the rela- 
tionship 27 that the same result will be ob- 
tained in a much simpler way by integrat- 
ing the voltage function rather than the 
current one. 

With reference to Figure 14, it can be 
easily understood that the equation for the 
instantaneous armature voltage drop is 
€g=Em sin x—(£,+E;) (30) 

We obtain the average resistive voltage 
drop in the armature circuit by integrating 
the function 80 between the limits x=Xy, 
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N recent years the need for an improved 
adjustable-voltage d-c motor drive 
operated from an a-c supply has been con- 
tinually increasing. Although the con- 
ventional drive of that type using a 
motor—generator set, and sometimes re- 
ferred to as the Ward-Leonard system, 
adapts a d-c motor to an a-c line and 
provides adjustable armature voltage 
for the motor, it does not solve all of the 
problems involved. Thus, good speed 
regulation at all speeds, ability to deliver 
full torque at speeds as low as 1/59 of the 
rated speed of the motor, and automati- 
cally controlled acceleration and reversal 
are but a few vital problems which have 
been awaiting solution. 

Since the development of mercury- 
vapor and inert-gas-filled tubes with con- 
trolled angle of ignition, such as thyra- 
tron and ignitron rectifiers, numerous 
attempts were made to apply them for 
armature control of d-c motors. Here, 
the firing angle of the rectifier can be 
controlled to vary the rectifier output 
voltage applied to the armature. Also, 
an additional controlled rectifier may be 
used to supply field current to extend the 
range of control above the rated or base 
speed of the motor. 


Paper 43-144, recommended by the AIEE com- 
mittee on industrial power applications for pre- 
sentation at the AIEE national technical meeting, 
Salt Lake City, Utah, September 2-4, 1943. Manu- 
script submitted May 17, 1943; made available 
for printing July 29, 1943. 


K. P. PucuLowski is design engineer in the indus- 
trial-control engineering department, Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa. 


Rectifiers for armature control of d-c 
motors were first used about ten years 
ago, but until recently that kind of drive 
has not been of major importance, pri- 
marily because of its excessively drooping 
speed-torque characteristic. 

Recent engineering development, how- 
ever, has improved the performance of 
the rectifier—motor system so that it has 
become one of the most perfected drives. 
It possesses a very good speed regulation 
throughout an extremely wide speed 
range and also incorporates a number of 
additional features such as fully auto- 
matic control of acceleration, decelera- 
tion and reversal of the motor. 

An accompanying paper by E. H. 
Vedder and K. P. Puchlowski, “Theory 
of Rectifier-D-C Motor Drive,’ presents 
the mathematical analysis and a number 
of conclusions concerning the rectifier- 
motor system in general. This paper 
deals with certain specific characteristics 
and circuits of a modern rectifier motor 
drive and its advantages as compared to 
an elementary unregulated system. 


Elementary System 


The schematic circuit diagram of an 
elementary rectifier-motor system is 
shown in Figure 1. Thyratron tubes 1 
and 2 are connected as a conventional 
single-phase full-wave rectifier and supply 
unidirectional voltage to the armature 
of the motor connected between the 
cathodes and the center tap of the recti- 


and x=X, and taking the average over one 
half-cycle of the applied voltage. 


1 r=Xzs 
Foam? ff €qdX 
Cs r=Xy 


1 r=Xs5 
legR= Sh [Em sin x—(E,+E,) ldx 


Tv 


=X; 
(55) 
Thus 
1 =Xe 
Ing = EN | co +/ — 
ie r=Xy 
x =Xs 1 
(Bet Bd || \ ata 
=X us 
(cos X,—cos Xs) —(H,+ E,)(X;—Xj)] (56) 


Taking into account the relationship 20, 
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we may write the expression 56 in the 
following form: 


1E 
Tavg=— = [eos X,—cos X,—a(X,—Xy)] 
wv 


(57) 
or 
Taek. v1 
ea ==Icos Xy—cos X,—a(X3—X;)] (58) 


where I,,,R/E iscalled the “torque factor.”’ 

Graphs of the equation 58 for different 
values of a and cos 6 are shown in Figure 8 
and Figure 9. 


Reference 


1. Evrcrronic Controy or D-C Morors, K. Pe 
Puchlowski. AIEE Transactions, volume 62, 
1943, pages 870-7. 


Puchlowski—Electronic Control of D-C Motors 


fier transformer. The a-c grid voltage” 


applied to the grids of the tubes from the 
control-grid transformer is shifted to lag 
in phase the anode supply voltage of the 
thyratrons by 90 degrees. The voltage 
applied to the primary winding of the 
control grid transformer is obtained from 
a conventional dephasing circuit consist- 


ing of a resistance R5 and a capacitance + 


C5: 

The grid voltage of thyratron tubes 1 
and 2 also includes a d-c component 
which is a combination of two voltages 
across portions of P1 and P5, so that the 
a-c component is superimposed on the. 
d-c voltage. This d-c voltage may be 
varied from a definite negative to a defi- 
nite positive value, and in that way the 
firing angle of the tubes 1 and 2 may be 
adjusted arbitrarily by changing the 
setting of the potentiometer P1. 

Although the speed of the motor may 
be varied by the adjustment of the speed- 
control potentiometer P1, the speed not 
only depends on the setting of that po- 
tentiometer but is affected to an over- 
whelming degree by the mechanical 
torque on the shaft of the motor. A par- 
ticular setting on the speed-control dial 
does not in fact correspond to any partic- 
ular speed which may be anything from 
zero to full speed of the motor, depend- 
ing upon the value of the load torque. 


In order better to understand the ~ 


operation and performance of a rectifier— 
motor system, it seems useful to refer 
back to the characteristics of a conven- 
tional d-c shunt-wound motor. ; 

It is a well-known fact that a conven- 
tional shunt-wound motor normally has 
a slightly drooping speed-torque char- 
acteristic which may be represented. by 
the following equation: 


where 


n=number of revolutions per minute 
E=d-c voltage across the armature 

J =armature current 

R=resistance of armature circuit 
¢=main magnetic flux : 
C=coefficient of proportionality 


Under normal conditions, E is con- 
stant, @ and R may be assumed constant, 
and the preceding equation will represent 
m as a linear function of I (or torque); 
see Figure 2. The speed of the motor will 
decrease with increasing torque because 
of the effect of the armature voltage drop 
which, assuming a constant magnetic 
flux ¢, is directly proportional to the 
torque. The change in speed obviously 
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depends upon the armature resistance 
and usually at rated speed will amount to 
say 8 to 12 per cent, with torque varying 
from no-load to full-load value. At 
lower speeds the percentage of speed 
regulation is higher, since, for lower 
values of #, JR constitutes a higher per- 
centage of the armature voltage, and its 
influence is much more pronounced. The 
speed-load-current characteristics for a 
conventional d-c shunt-wound one-horse- 
power motor are shown in Figure 2. 

However, in a rectifier system like the 
one represented in Figure 1, the inter- 
pretation of the speed—load equation 
In the first 
place, neither the armature voltage E 
nor current J are straight d-c values any 
more, and one has to deal with the con- 
cept of average values. Also, the average 
value of yoltage E across the armature is 
not constant any more, as it was in the 
case of a conventional d-c drive. When 
the speed-control potentiometer is set at a 
definite position, that is the firing angle of 
the armature-control thyratrons is con- 
stant during the time when torque is 
varied from no-load to full-load value, E 
itself becomes a function of torque, and in 
this way speed constitutes a much more in- 
volved function of J than that represented 
by the speed—load equation and graphs in 
Figure 2. 

In order to clarify the meaning of the 
concept of armature voltage with refer- 
ence to a rectifier-motor system, we refer 
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Figure 1. An elementary rectifier drive without speed- 


regulating circuit 


to Figure 3, where the a-c anode supply 
voltage, the armature voltage, the voltage 
across the rectifying element, and the 
control grid voltage are represented as 
functions of time (or electrical angle). 
For the sake of simplification of the dia- 
gram, the latter has been drawn as for a 
single-phase half-wave system. For a 
single-phase full-wave as wellas any multi- 
phase rectifier, the considerations will be 
analogous. In order further to simplify 
the diagram, it has been assumed that the 
critical grid voltage of the thyratron tube 
is equal to zero, that is, the tube will 
break down at the point of intersection 
of the grid-voltage wave with the line of 
cathode potential of the tube. Let it be 
assumed further that the motor is stalled 
first and thus will behave as an ordinary 
resistive-inductive load. 

Under these conditions, it is obvious 
that the thyratron will break down at the 
point T and will conduct current past 
point C up to the point M. The current 
pulse will have a shape as shown in Figure 
3. The magnitude of the current may be 
very high here and will depend 


1. Upon the firing angle of the thyratron 
tube. 


2. Upon the armature resistance and in- 
ductance. 


It should be noted in passing that by 
reason of the armature inductance the 
current will not stop flowing at the point 
C where the anode supply voltage passes 


through zero, since the inductive electro- 
motive force of the winding will reverse 
its polarity and will tend to maintain the 
flow of current opposing the a-c supply 
voltage. Obviously, the current will 
stop flowing at the instant when the in- 
ductive voltage drop becomes equal to 
the applied a-c voltage. 

After the motor has started running, 
and its speed has been established, the 
picture becomes entirely different. Now, 
a counter electromotive force is gener- 
ated in the armature winding and, under 
steady-state conditions, represents a 
constant d-c voltage which may be as- 
sumed to be in direct proportion to the 
speed of the motor (under the assumption 
of constant magnetic flux). This counter- 
electromotive force E, represented by the 
line O’ in Figure 3 acts in the direction to 
oppose the flow of current and, conse- 
quently, to limit its value. The thyra- 
tron will break down at the point H (same 
instant as far as time is concerned) and 
will conduct the pulse of current up to 
the point P. Although, the counter- 
electromotive force cannot produce any 
current in the armature circuit (being 
blocked out by the rectifying elements), it 
actually will appear across the armature 
terminals over the period of time when 
the rectifier is not conducting and, con- 
trary to a conventional d-c system, will 
overwhelmingly affect the reading of a 
d-c voltmeter connected across the arma- 
ture. The armature voltage will have 
the shape as shown by a heavy line 
O'GHKLNPQ . . . with respect to the 
zero line O (potential of the negative 
brush). The armature current will flow 
over a portion of the corresponding half- 
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Figure 2. Speed-torque curves of a standard 
shunt-wound d-c motor supplied with direct 
current 
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cycle actually much smaller than that . 


for the stalled motor. The average value 
of the armature voltage drop JR which 
is proportional to the difference of the 
areas HKL and LNP and, consequently, 
the average value of current will be, of 
course, much smaller than that obtained 
for a stalled motor. Obviously, they both 
are determined by the torque of the 
motor. 

If the load torque of the motor is in- 
creased, the armature current will also 
increase, as well as the JR drop, and it 
can easily be seen from Figure 3 that for 
the same firing angle of the thyratron 
tube the counter-electromotive force of 
the motor will have to decrease, and, ob- 
viously, speed will have to decrease. A 
very important point, however, is that 
the average value of voltage across the 
armature will also decrease, since this 
voltage will vary with counter-electro- 
motive force as it can plainly be seen from 
Figure 3, instead of remaining constant 
as is the case for a conventional d-c drive. 
It must be emphasized that for any prac- 
tical set of conditions the decrease in 
armature voltage E with increased torque 
will be very high. Thus, with reference 
to the speed—load equation, it is readily 
seen that, with increasing torque, not 
only will the second term of the numer- 
ator increase, but contrary to a conven- 
tional situation, the first term will de- 
crease rapidly so that the revolutions per 
minute of the motor will drop at an ex- 
tremely high rate. The rate at which 
the speed of the motor wil! drop with 
increasing torque, assuming a constant 
angle of ignition, will be highest for a 
single-phase half-wave rectifier system 
and the speed regulation in general will 
improve for a single-phase full-wave 
rectifier and will further improve with 
additional increase of number of phases. 

Figure 4 shows curves of the armature 
voltage as a function of armature current 
for a one horsepower 230 volt d-c motor 
driven from a single-phase full-wave 
rectifier. The rectifier was connected in 
a system as shown in Figure 1, and con- 
stant angle of ignition was maintained 


throughout the test. The corresponding 
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Figure 3. The voltage and cur- 
rent relations in a motor whose 
armature is supplied from a half- 
wave rectifier at zero and at 
approximately full speed 


( \ 


speed—armature-current characteristics of 
the game motor are shown in Figure 5, 
This striking behavior of a rectifier drive 
(compare Figure 2 for a conventional d-c 
drive) makes it clear enough why these 
drives in their elementary form have not 
acquired much practical importance. 


Circuit for Improved Speed 
Regulation 


As it was pointed out previously, there 
are two main reasons for an extremely 
poor speed regulation of the elementary 
rectifier drive for d-c motors: 


1. Armature voltage drop JR. 


2. Consequent decrease in the armature 
voltage E with increasing torque. 


The latter reason is of prime importance 
and has a predominant effect on the be- 
havior of a rectifier drive. 

The situation can be substantially 
changed if the firing angle of the rectifier 
tubes (thyratrons or ignitrons) is ad- 
justed automatically in accordance with 
torque variations, that is, advanced with 
increasing torque and delayed with de- 
creasing torque so as to maintain con- 
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Figure 4. Average armature voltage as a 

function of load when armature is supplied 

from a single-phase full-wave rectifier for two 
different firing angles 


HW) 
stant speed for any particular setting of 


the speed-control potentiometer. 

In order to provide means for auto- 
matic adjustment of the angle of igni- 
tion so as to make the speed of the motor 
independent of torque, a speed-indicating 
device or arrangement is necessary. This 
indicating device must provide a certain 
physical quantity, voltage for example, 
which is directly proportional to the 
speed and will influence the control cir- 
cuits properly in such a direction as to 
restore the speed of the motor to its pre- 
vious value. The commonly known 
tachometer generator is one of the pos- 
sible indicating means. It is usually 
mounted on the shaft of the motor and 
generates a voltage directly proportional 
to the revolutions per minute of the 
motor. However, an arrangement like 
that has a number of disadvantages, such 
as the necessity of having a special motor 
with provisions for mounting the tachom- 
eter generator, not to mention addi- 
tional cost, space, and maintenance in- 
volved. Consequently, engineering de- 
velopment recently has been directed to- 
ward the solution of the problem of speed — 
indication in a manner which might avoid 
the use of any tachometer generator. 

A circuit with a feedback from the 
armature voltage constitutes a definite 
improvement over the scheme shown in 


- Figure 1, since the voltage across the 


armature can be maintained constant 
so that the main cause of poor speed 
regulation will be eliminated (see Figure 
4 and Figure 5). In Figure 6 is shown a 
schematic circuit diagram of a rectifier 
drive for a d-c motor with substantially 
improved speed regulation resulting from 
the fact that at varying load the voltage 
across the armature automatically is 
maintained constant at a value corre- 
sponding to a particular setting of the 
speed-control potentiometer. 

The circuit in Figure 6 consists of a 
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Figure 5. Speed-torque curve when armature 
is supplied from a single-phase full-wave 
rectifier for two different firing angles 
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Figure 6. A schematic diagram of a rectifier 
drive with armature-voltage-regulating circuit 


single-phase full-wave rectifier system 
comprising the power transformer, thyra- 
tron tubes 1 and 2, the armature winding 
of the motor, and the speed-control cir- 
cuit comprising the control tube 3 and its 
allied circuits. For the sake of simpli- 
fication, auxiliary sources of d-c voltage 
are designated as batteries. As in the 
circuit shown in Figure 1, the voltage ap- 
plied to the control grids of the thyra- 
trons 1 and 2 consists of an a-c component 
superimposed on the d-c component. 
The a-c grid voltage component is ob- 
tained through the medium of the con- 
trol grid transformer from a_phase- 
shift circuit and lags the anode supply 
voltage by 90 degrees. The variable d-c 
component is developed in the following 
portion of the thyratron grid circuit: 


cathode—R2—portion of P1—R10—R11. 


—k7—portion of P5—center tap of the 
secondary winding of the control grid 
transformer. Voltages across R2 and the 
active portion of the potentiometer P1 
may be disregarded here since they are 
low as compared with voltages across 
R10, R11, R7, and P5, and since they 
practically cancel each other. The sum 
of d-c voltages across R10, R11, and Pd has 
a constant value whereas the voltage 
across 7, that is, the load voltage of the 
control tube 3 varies in proportion to the 
plate current of the preceding tube. This 
variable voltage determines the value of 
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the d-c component of the thyratron grid 
voltage and, consequently, the firing 
angle of rectifiers 1 and 2. The foregoing 
combination of voltages is designed in 
such a way that, when the plate current of 
tube 3 is equal to zero, the thyratron 
tubes will supply maximum voltage to 
the armature of the motor. When the 
plate current of tube 3 is maximum, no 
voltage is supplied to the armature by 
thyratron tubes 1 and 2. 

The control grid circuit of tube 3 can 
be traced as follows: cathode—active 
portion of P1—R2—R8—control grid. 
The voltage across the active portion of 
the speed-control potentiometer P1 is 
controlled arbitrarily, simply by turning 
the knob of that potentiometer. The 
voltage across R2 is proportional to the 
armature voltage of the motor and rep- 
resents the feed-back voltage of the 
system. It should be noted that, al- 
though the armature voltage contains a 
very sharp ripple as plainly seen in Figure 
3, a proper filtering effect is secured by 
means of circuit RI—R2—C1, so-that 
the voltage across R2 does not contain 
any appreciable ripple. 

When the motor is running at a certain 
speed, the voltage across the active 
portion of the speed-control potentio- 
meter Pl and the voltage of oppo- 
site polarity across R2 will be balanced 
against each other in such a way that a 
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an IR-drop-compen-. 
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resulting negative voltage of a few volts. 
will be applied to the control grid of tube 
3. The aforementioned grid voltage will 
correspond to a definite voltage across 
R7 and thus to a definite firing angle of 
tubes 1 and 2. However, if the slider of 
P1 is moved away from the cathode of 
tube 3, this balance will be momentarily 
disturbed. The control grid of tube 3 
will now become more negative; the. 
voltage across R7 will decrease, thus ad- 
vancing the firing angle of the thyratron 
tubes. This will result in an increase in 
armature voltage and, consequently, in 
speed of the motor. The armature volt- 
age and the speed will increase to such a 
degree that a new balance of the system 
will be established at a slightly more nega- 
tive resultant grid voltage of tube 3. 
Thus, it can readily be seen that the 
speed of the motor will increase when the 
slider of P1 is moved away from the cath- 
ode of tube 3 and will decrease when P1 is. 
turned toward the cathode. 

Furthermore, it is apparent that the 
feed-back arrangement incorporated into 
the circuit Figure 6 will eliminate the 
variations of armature voltage with load 
and at the same time stabilize the opera- 
tion of the system. Supposing that the 
torque applied to the shaft of motor is. 
being increased, and in accordance with 
previous considerations the armature volt- 
age tends to decrease, it is obvious that: 
the grid of tube 8 will become slightly 
more negative just enough to advance the. 
firing angle of thyratron tubes in such a 
way as to maintain the voltage across. 
the armature at an essentially constant 
value. It is important to remember that 
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proved electronic drive 


the control tube 3 provides the required 
high degree of amplification so that a 
change in the armature voltage amount- 
ing to a fraction of one volt will result in 
an appreciable shift of the angle of igni- 
tion of the thyratron tubes. 


IR-Drop Compensation 


The voltage across the armature is not 
a very accurate indication of speed, on 
account of the armature voltage drop JR 
which, even at higher speeds, may result 
in about ten per cent speed regulation 
and at lower speeds has a still greater 
effect on variation of speed with load. 

In order to eliminate the influence of 
the armature voltage drop on the speed- 
torque characteristic of the drive, the 
schematic circuit diagram Figure 6 can 
be developed further by the addition of 
an IR compensating circuit. The feed- 
back for this compensating circuit is 
taken from the armature current, and the 
firing angle of the rectifier tubes is addi- 
tionally adjusted in accordance with load 
variations in such a way that the arma- 
ture voltage will increase with load, pro- 
viding proper compensation for the 
armature voltage drop. 

A simplified schematic circuit diagram 
incorporating an armature-voltage-drop 
compensating circuit is shown in Figure 7. 

As it can readily be seen, the diagram 
shown in Figure 7 has been derived from 
that shown in Figure 6 by the addition 
of another amplifier tube 4—high vacuum 
triode—and its allied circuits. The des- 
ignations of circuit elements common to 
circuits in Figure 7 and Figure 6 are the 
same. A new resistor R14 has been intro- 
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duced in series with the armature winding 
of the motor. This additional resistance 
amounts to only a fraction of an ohm and 
serves the purpose of indicating the load 
(torque) conditions of the motor. The 
resistor R14 is in the grid circuit of the 
IR-drop-compensating tube 4. Other 
elements of that grid circuit consist of 
the antihunting-control rheostat P2, 
bias-control potentiometer P3, and the 
grid resistor R13. The compensation- 
control potentiometer P4 and resistor 
R15 constitute the load resistance of 
tube 4. A portion of the voltage drop 
developed across P4 is introduced into 
the grid circuit of the master control tube 
3, so that this voltage drop tends to 
make the grid of tube 3 more negative. 
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Referring to the grid circuit of the 
master control tube 3 (Figure 7), it will 
be seen that the resultant grid voltage of 
the aforementioned tube is a combination 
of three voltage components: the nega- 
tive component obtained from the speed- 
control potentiometer P1, the positive 
component across the armature-voltage 
feed-back resistor R2, and the negative 
component across a portion of the JR 
compensation-control potentiometer P4. 
If it is assumed that the torque of the 
motor is being increased, the armature 
current will increase and so will increase 
tre average voltage drop across R14, 
making the grid of tube 4 less negative. 
Consequently, the plate current of this 
tube will increase and so will increase the 
voltage drop across P4, making the con- 
trol grid of the master control tube more 
negative. In accordance with previous 
considerations, this will result in an addi- 
tional advancement of the firing angle 
of the thyratron tubes 1 and 2, so that 
the armature voltage will be increased 
additionally to compensate for the in- 
crease in the armature voltage drop. 

It should be emphasized that the 
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amount of compensating action can be 
controlled by: means of the potenti-— 
ometer P4, and in that way a complete 
control of the speed-torque characteristic 
of the drive is possible. A slight twist 
of the knob of P4 will change the speed- 
torque characteristic of the drive so as to 
adapt it to any particular motor or appli- 
cation. Either a drooping or a rising” 
characteristic can be obtained, and a 
definite optimum setting of P4 will result 
in a practically constant speed for all 
the values of torque and speed within 
the normal operating range of the drive. 


Performance 


In Figure 8 is shown an experimentally 


obtained family of speed-torque char- - 


acteristics of the drive with a one horse- 
power 1,750 rpm 230-volt d-c shunt- 
wound motor. Full-rated field current 
was maintained throughout the test. 
Here, the compensation-control poten- 
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Figure 9. Armature voltage of the improved 
electronic drive 


Compare with Figure 4 


tiometer P4 was set at an optimum set- 
ting to give a close speed regulation over 
a 20:1 speed range. It should be noted 
that the setting of P4 was the same for the 


* entire range of speeds, that is, one single 


adjustment was sufficient to take care of 
the armature-voltage-drop compensation 
for all the speeds available on,the dial of 
the speed-control potentiometer P1. 
From the graphs shown in Figure 8 it may 
be seen that, within the armature current 
range from no-load current to full-rated 
current of 4.3 amperes, the speed of the 
motor did not vary more than by three 
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per cent for any speed within the speed 
range from the base (rated) speed of the 
motor down to 1/19 of that value. At 
1/19 of the base speed, regulation was 
about 6 per cent. The increased droop- 
ing of the speed—load-current character- 
istics for currents exceeding the rated 
value of 4.3 amperes was caused by the 
current-limitation feature of the drive, not 
included in diagram Figure 7, which will 
be discussed later. 

Experimental graphs of armature volt- 
age versus load current corresponding to 
speed—current characteristics of Figure 8 
are shown in Figure 9. Here, it is plainly 
seen how the armature voltage is being 
increased automatically to compensate 
for increasing armature voltage drop. 

Since small changes in speed or in 
voltage can hardly be detected in graphs 
Figure 8 and 9, the actual values of speed, 
armature current, and armature voltage 
for two different settings of the speed- 
control potentiometer have been assem- 
bled in Table I. 

From graphs shown in Figure 8, it is 
apparent that the motor is able to de- 
liver full-rated torque at a speed as low 
as 1/19 of its rated speed and that this 
‘speed is maintained essentially constant 
over the entire range from no-load to full- 
load torque. 

Another important feature of the drive 
is that, in accordance with speed—load- 
current characteristics shown in Figure 8, 
the speed of the motor depends only on 
the setting of the speed-control potenti- 
ometer, that is, it is possible to come back 
to a required speed simply by selecting it 
on the dial of the control. 


Automatically Controlled 
Acceleration of the Motor 


The starting and acceleration of a d-c 
motor constitutes a problem in itself, 
especially when an automatic acceleration 
is to be considered. In general, there are 
‘two methods by which automatic accelera- 
tion can be achieved: the time-delay 
acceleration and the current-limit accel- 
eration. In the first case the voltage 
applied to the armature is being increased 
gradually to its normal value, so that the 
motor is allowed to start smoothly. The 
-current-limit acceleration is based on the 
fact that means are provided which do 
not permit the armature current to rise 
above a predetermined value. The 
current-limit method of acceleration has 
definite advantages in that it enables 
an acceleration consistent with the kind 
of load. Thus, the time of acceleration 
will be different for different loads, de- 
pending upon the mechanical inertia of 
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the rotating system, so that starting will 
always take place under the most ad- 
vantageous conditions, considering the 
time and the smoothness of acceleration. 

An electronic-control system such as 
just described is exceptionally well suited 
to be developed still further, so as to 
include additional circuits which would 
perform the function of automatic cur- 
rent-limited acceleration of the motor. 
A diagram of a complete system incorpo- 
rating all the features of circuits shown in 
Figure 6 and Figure 7, as well as perform- 
ing the additional function of controlling 
automatically the acceleration, is rep- 
resented in Figure 10. It will be noticed 
that a third high-vacuum control tube 
has been added to the circuit. This tube 
5 is a pentode characterized by a sharp 
cutoff and has a power supply common 
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Figure 10. Schematic diagram showing. 


a current-limiting circuit added to the [lll 


| basic circuit in Figure 7 


with tube 3. The grid circuit of tube 5 
includes the load-current indicating re- 
sistor R14 and the biasing potentiometer 
P6. The armature voltage indicating 
resistor R2 is in the plate circuit of tube 5. 
A closer examination of the circuit will 
reveal that the action of the current- 
limiting tube 5 is just opposite to that of 
the JR-drop-compensating tube 4. Thus, 
in general, an increasing armature cur- 
rent will tend to make the control grid of 
tube 5 less negative through the influence 
of the voltage drop across R14 and in that 
way will cause the plate current of tube 5 
toincrease. This will result in an increase 
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of voltage drop across R2, and the control 
grid of the master control tube 3 will 
become less negative, so that the plate 
current of that tube will increase. In 
accordance with previous considerations, 
this will mean the delaying of the firing 
angle of the thyratron tubes 1 and 2. 

The circuit is so designed that, within 
the normal operating range of armature 
currents, say from zero to full-rated cur- 
rent, tube 5 is inoperative, that is, does 
not conduct any current being biased off 
by a highly negative voltage from P6. 
Thus, within that range the armature 
current affects only the /R-drop-compen- 
sating tube 4, as it was previously de- 
scribed. If, however, the armature cur- 
rent increases above a definite value de- 
termined by the setting of the potenti- 
ometer P6, tube 5 will start conducting. 
The tube characteristic and the circuit 
constants are such that the amplifying 
action of tube 5 is much stronger than 
that of tube 4, and, as soon as tube 5 starts 
conducting, it completely overwhelms 
the opposing action of tube 3, providing a 
very strong delaying effect on the firing 
angle of the armature-control thyratron 
tubes. Under these conditions it is ap- 
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parent that, when the armature current 
increases above a certain value because 
of an overload, for example, the tube 5 
will start conducting, and the firing angle 
of the thyratron tubes will be delayed 
which will, of course, oppose the ten- 
dency of current to increase. With still 
increasing load torque, the motor will 
stall when the current in the armature 
winding reaches its maximum value, as 
determined by the setting of the poten- 
tiometer P6. The current limit is adjust- 
able by means of potentiometer P6. In 
most practical cases it is kept within the 
range of, say, 1.8 to 2.5 times rated arma- 
ture current of the motor. 
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Figure 11. Curves showing the 
entire range of speed-torque 
characteristic 
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Current is held by the limiting 
circuit to about twice the rated 
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In Figure 11 are shown two speed- 
armature-current characteristics of the 
drive for two different settings of the 
speed-control potentiometer taken over 
the entire range from no load to a maxi- 
mum current corresponding to a locked 
armature, Here, the armature current 
was limited to about twice its rated value. 

During the starting of the motor, when 
armature contactor CR is being closed, 
the current will rise and usually will attain 
the current limit as determined by the 
grid conditions of the current-limiting 
tube 5, that is, by the setting of the cur- 


rent-limit-adjusting potentiometer P6. 


rent may attain a considerable magnitude, 
being limited only by the resistance and 
inductance of the armature winding. 

If the speed-control potentiometer P1 
is set for a high speed, the first peak will 
be usually much higher than the peak- 
current rating of the armature rectifier 
tube would tolerate. 

In the diagram shown in Figure 10, 
this disadvantage has been eliminated by 
a circuit providing an additional time- 
delaying action during the starting of the 
motor, so that in fact a mixed current- 
limit and time-delay acceleration is ob- 


tained. The new circuit includes capac- 


Figure 12. Curves 


showing the effect 
of automatic current 
limitation during ac- 
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celeration of the 
motor 
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In that way it is apparent that the start- 
ing torque of the motor will Le limited 
also, and thus a smooth and shockless 
starting is obtained. 

However, since the current-limiting cir- 
cuit can become operative only after the 
average current has reached a definite 
value, it is obvious that the current-limit 
tube 5 will not affect the angle of ignition 
at which the first breakdown of the thyra- 
tron tubes will occur, immediately after 
the closure of the armature contactor CR. 
Thus, the first breakdown will take place 
at a firing angle which is not delayed by 
the action of tube 5 and is determined 
solely by the setting of P1. Under these 
conditions the first pulse of armature cur- 
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rent inrush in motor 
operating from a d-c 
line. Curves 2 and 
3 show the motor 
current limited auto- 
matically by the 


electronic control to 

three and two times 

the full load, re- 
spectively 


itor C7, resistor R19, two normally open 
contacts of the contactor CR, and one 
normally closed contact of that con- 
tactor. When the armature contactor 
CR is open, it is apparent that the voltage 
across the capacitor C7, as well as across 
the potentiometer P6, is equal to zero. 
In that way the grid voltage of tube 5 
is zero, and the tube is conducting full 
current, resulting in a high voltage drop 
across R2, Under these conditions the 
master control tube 3 will conduct full 
current, regardless of the setting of the 
speed-control potentiometer P1, so that 
the rectifier tubes 1 and 2 are not allowed 
to conduct. 

At the instant of closure of the arma- 
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ture contactor CR, the voltage across P6 


is still equal to zero, and thyratron tubes 
1 and 2 cannot conduct. However, the 
voltage across the current-lfmit-control 
potentiometer P6 will rise gradually, 
following the charging of the capacitor 
C7 through the resistor R19. In that way 
the tube 5 is being biased off gradually, 
and the firing angle of the thyratron 
tubes will be advanced gradually, so that 
the magnitude of the first current pulses 
will be limited, even before tube 5 re- 
sponds to the feedback from the arma- 
ture-current-indicating resistor R14. The 
time delay provided by the capacitor C7 
is of short duration corresponding to 3-4 
cycles only, and the rest of the accelera- 
tion is controlled by the tube 5 in accord- 
ance with the feedback from R14, in a 
manner as previously described. 

The process of automatically controlled 
acceleration of the motor can be under- 


Figure 13. A one-horsepower single-phase 

electronic drive incorporating accurate speed 

regulation, [R-drop compensation, and current- 
limited acceleration 


stood best from Figure 12 where the 
starting current of the motor is plotted 
as a function of time. The ordinates of 
the curves 2 and 3 represent the average 
values of particular current pulses. 
Curve 1 represents the starting current of. 
a motor with a d-c voltage applied to the 
armature at the instant O. Obviously, 
the current will not rise instantly be- 
cause of the inductance of the armature 
winding. The starting current will 
quickly reach its peak J; and will drop to 
the value J determined by the load follow- 


ing the acceleration of the motor. If the 
\ 
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inertia of the load is high, this peak value 
T, will be limited only by the resistance of 
the armature circuit. The total time of 
acceleration is T,, as shown on the graph. 
Curves 2 and 3 represent the average 
value of starting current as a function of 
time with the current limit set at three 
‘times the rated current J for curve 2 and 
two times the rated current for curve 3. 
T,, Tz, and T3 represent correspondingly 
the time of acceleration for each partic- 
ular curve. It is apparent that, the 
lower the current limit, the longer will 
be the time of acceleration and the 
smoother the starting of the motor. By 
means of the potentiometer P6 (see Fig- 
ure 10), the current limit can be varied 
and in that way the starting torque, the 
time, and smoothness of acceleration can 
be controlled. 
When the armature contactor CR is 
being opened, it can be seen that the 
' voltage across the biasing potentiometer 
P6 will drop instantly to zero, and 
the current-limit tube 5 will start con- 
ducting full current as soon as CR con- 
tacts start to move. The plate current 
of the master control tube 3 thus will 
tise to its full value corresponding to 
zero grid voltage, and, consequently, the 
rectifier tubes 1 and 2 will stop conduct- 
ang, so that only a slight spark can 
appear on the main armature contacts, 
and no arcing will occur. It may be inter- 
esting to note that, owing to such a cir- 
cuit arrangement, the main armature con- 
tacts need not be designed to handle the 
actual rupturing of the armature current, 
and this will often permit the use of con- 
tactors of smaller size to handle the arma- 
ture circuit. 


‘Conclusions 


The control circuits described in this 
paper have included only basic elements 
needed for full understanding of the per- 
formance of the drive. The addition of a 
few more elements will secure a number 
of additional functions and features. A 
complete commercial control as shown in 
Figure 13 will usually include means for 
motor reversal, dynamic braking, anti- 
plugging, and extension of speed range 
above the base speed by field weakening. 

A control like that is a package unit 
complete in itself, and it incorporates all 
necessary devices to provide adequate 
protection against sustained overloads, 
low voltage, and short circuits. 

The drive is normally controlled from a 
remote pushbutton station which con- 
tains forward, reverse, and stop push- 
buttons and speed adjuster. 

The important characteristics and 
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I. Introduction ° 


ADIO noise is the result of inter- 
action among four components of 
the airplane, namely, electrical equip- 
ment, the radio receiver, the electric 
wiring, and the antennas. These com- 
ponents are produced by three different 
groups of manufacturers who have until 
recently made no effort to co-ordinate 
with each other on the radio-noise prob- 
lem, the solution of which requires that 
these components be considered con- 
jointly and that each party accept his 
part of the total responsibility. Until 
recently, this joint responsibility was not 
recognized, but each party was held to a 
rigid set of specifications which restricted 
them all to a very narrow line of behavior 
and made them responsible only for the 
meeting of some specific requirements. 
As a consequence, -the various manu- 
facturers considered their obligation as 
fulfilled when these specific requirements 
were met, whether the radio system was 
noise-free or not. 

With the advent of wartime demands 
for increased production rates, there is a 
tremendous added incentive to adopt 
any feasible method which promises to 
expedite construction and save material. 
The increased use of special radio equip- 
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ment requires that this problem be ap- 
proached from an engineering standpoint 
in order that the most economical use 
may be made of available radio-noise- 
elimination methods. An intense elev- 
enth-hour effort must be made to apply 
these radio-noise-elimination methods, 
so that obsolete practices can be replaced 
by modern-design practices, and the de- 
signer will accept the responsibility for 
them. This may be done by the applica- 
tion of well-known principles of circuit 
coupling, shielding, and filtering to air- 
craft electrical systems. 

Shielding as a means of radio-noise re- 
duction was first applied to ignition 
systems which were found to be intense 
sources of radio noise.!~* The exacting 
requirements of this type of shielding led 
designers to believe that these methods 
must be applied meticulously throughout 
the airplane. This erroneous assumption 
led to the specification of electrical sys- 
tems which were entirely enclosed in 
metallic shielding, with extreme and un- 
necessary requirements of electrical con- 
ductivity of the shielding elements. 
(Junction boxes, conduit, and bonding 
connectors.) 


It is noteworthy that the utilization of 
such measures has not resulted in radio- 
noise-free systems. The main result 
has been to make these burdensome re- 
quirements absolutely prohibitive under 
wartime conditions. Consequently, this 
has forced a reconsideration of these re- 
quirements, particularly regarding the 
installation of conduit for circuit shielding. 
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features of the modern rectifier drive are 
as follows: 


Wide and stepless speed range. 
Automatic regulation to a preset speed. 


Full torque at low speeds. 


a ete a A 


. Smooth shockless current-limit accelera- 
tion with full control of starting torque. 


5. Automatically controlled reversal of the 
motor. 


6. Several preset forward and reverse 
speeds, if desired. 


7. Elimination of all rotating parts except 
the motor. 
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8. Convenient remote mounting of small 
control stations. 


9. Operation from a conventional a-c line. 
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The elimination of the majority of 
conduit from military aircraft is resulting 
not only in economy of labor and material 
but also in minimizing vulnerability to 
gunfire and facilitating repairs in flight 
and in the field. : 

The weight saving is also considerable, 
as the removal of conduit brings with it 
the removal of junction boxes and plugs 
and.in many cases reduces the need for 
wiring devices, such as terminal strips, 
connectors, and so forth, as circuits need 
not make as many junctions as before. 

By the application of sound engineer- 
ing principles it has been found that 
many of the restrictive measures once 
considered essential may be eliminated. 
Practically all conduit, with the exception 
of the conduit on the ignition system 
and some radio wiring, may be elimi- 
nated. This of course requires that the 
system of rigid detail specifications be 
abandoned and the emphasis put upon 
performance requirements of the com- 
pleted airplane. 

The recent change in policy of the 
Army and Navy specifications is a large 
step in the proper direction. This step 
will tend to exert the necessary pressure 
on the “three parties’’ previously noted 
to cause whatever co-ordination is neces- 
sary between them to establish the 
proper responsibility of each. 

II. Nature of Radio Noise 

There are numerous sources of radio 
noise, but as far as radio noise in aircraft 
is concerned they may be placed in two 
general categories. One is produced by 
atmospheric phenomena, and the other 
is produced by aircraft electrical equip- 
ment. 

The radio noise produced by atmos- 
pheric phenomena is often of great inten- 
sity and manifests itself in the receiver 
output in the form of intermittent crashes 
from lightning discharges or a more or 
less continuous noise which ranges from a 
harsh crackling to a high-pitched rather 
musical tone. 

Investigations of this type of noise 
have disclosed that the electrical con- 
ductivity of an airplane flying into 
charged precipitation particles causes 
changing field gradients such that cur- 
rents flow to or from the airplane in 
order to neutralize this condition. Dis- 
charge currents from the airplane produce 
localized noise fields which ‘couple to the 
antenna circuit. %y 


Some attempt has been made to reduce: 


the production of localized noise fields 
by the use of a trailing conductor at- 
tached to the tail of the airplane in order 
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to dissipate the accumulated charges in 
a region where their field of influence 
does not reach the antennas. The success 
of these static dischargers depends to 
some degree upon the existing meteoro- 
logical conditions being more effective in 
dry snow and sleet than in warm rain. 
The device is, at present, only one of 
many devices being tried as a solution to 
this problem. 


Since we know that shielded loop an- 
tennas provide considerable relief from 
precipitation, static interference is due to 
the fact that the electric-field component 
of the total noise-influence field is large 
in comparison to its magnetic component 
where precipitation static effects are con- 
cerned. The loop is shielded against the 
electric-field component but is receptive 
to the magnetic component of both the 
noise and signal field. An over-all gain 
in signal-to-noise ratio results, as the 
electric- and magnetic-field components 
of the signal are equal at distances greater 
than several wave lengths away from the 
signal source. 

The intensity of the aforementioned 
type of radio noise is extremely high, and 
only a partial solution to this problem 
has been obtained thus far. In the nor- 
mal case this type of radio noise will 
easily override radio noise from any 
other source. This problem is well 
covered by other observers,* and is not 
under further consideration in this writ- 
ing. 

Under conditions and in regions where 
none of the disturbances already noted 
are in existence there still remains a cer- 
tain background level of noise field 
intensity generated by cosmic disturb- 
ances. This noise field varies between 
2 and 20 microvolts per meter, in the 
0.2 to 50 megacycle range.1}? 

The preceding paragraph represents 
the limiting background level for radio 
reception and thus provides a starting 
point in determining the degree to which 
noise-reduction measures must be car- 
ried out. This analysis is concerned 
chiefly with the determination and elimi- 
nation of radio-noise coupling pro- 
duced by electrical equipment asso- 
ciated with the airplane itself and with 
the elimination of*as many coupling 
paths as possible by proper design of 
radio equipment and. radio installa- 
tions.1412 

The correction of radio-noise problems 
at the Douglas Aircraft Company be- 
tween 1938 and 1940 was carried out 
mostly on a trouble-shooting and fix-it 
basis. The inadequacy of this approach 
led to the realization that the problem 
should be handled by using proper engi- 


Foulon—Radio-Noise Elimination 


“neering methods in the first place so that 
conditions leading to the coupling of 
radio-influence sources to radio equip- 
ment could be avoided. Extensive bond- 
ing and shielding could then be reduced 
to the amount actually required to ensure 
a noise-free installation. 


III. General Considerations 


In order to provide a proper basis for 
attacking the problem it was necessary 
to institute a program of preliminary 
research work to indicate the scope of 
the problem and the most economical 
avenues of attack. 

The objectives of this program were to 
determine all paths through which radio 
influences produced by aircraft electrical 
equipment were being coupled to the 
receiver in a manner to produce radio- 
noise output and to determine the means 
available to eliminate these coupling 
paths. 
were found to be: 


1. Induction coupling between unshielded 
receiver lead-in conductors and nearby elec- 
trical equipment (and wiring in conduit in 
cases where the conduit was not bonded 
effectively to structure). It must be noted 
that open wiring was not at this time being 
considered for installation in an airplane. 


2. Conduction coupling through receiver 
power-supply leads, or through other con- 
ductors entering the receiver. 


8. Various conbinations of induction and 
conduction coupling, such as conduction 
coupling to the transmitter. 

At this point is was recognized that conduc- 
tive noise-influence coupling was a problem 
separate from that of shielding, and that 
many former cases of radio noise actually 
caused by conductive coupling were blamed 
on imperfect shielding and bonding. The 
result was that more extensive care was 
given to shielding and bonding at a time 
when the accent should have been placed on 
a determination of the actual trouble and a 


The major noise coupling paths: 


proper analysis of the whole problem. The ~ 


development of receiver filtering to eliminate 
conductive coupling as it was known to the 
atitomobile field was apparently being ig- 
nored by makers of aircraft receiving equip- 
ment. 


The methods available for aircraft- 
radio-noise control were found to be no 
different than those applied to other 
fields, but the application of these meth- 
ods to a specific device, the all-metal 
airplane, appeared to be capable of con- 
siderable modification. The following 
salient observations indicate the’ manner 
in which shielding, bonding, and filtering 
are related to the all-metal airplane: 


1. The all-metal structure provides excel- 
lent shielding between the internally pro- 
duced noise-influence sources and the anten- 
nas. 
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ae Compartmentation of the airplane pro- 
vides further shielding between certain areas. 


3. Inherent structure of the airplane pro- 
vides incidental shielding from one point to 
another within a compartment. 


4. The ground plane effect of both primary 
and secondary structure provides shielding 
whose effectiveness depends upon its geom- 


5. The effects of openings in the fuselage, 
or openings between compartments, in de- 
creasing the effectiveness of such shielding 
depend also upon the geometry of the par- 
ticular case. 


These basic observations led to an 
enlargement of the original research 
program to include a consideration of 
open wiring, as there was definite ev- 
idence that noise-influence coupling was 
already restricted to localized points by 
reason of the inherent shielding ability 
of the airplane structure. 

A detailed consideration of the function 
and application of shielding is given later. 


6. Bonding from the standpoint of radio- 
noise reduction is entirely subservient to 


shielding and is not a means in itself. The ~ 


use of bonding connectors, jumpers, and so 
forth, is simply a means of making shielding 
electrically effective. It is to be especially 
emphasized at this point that the ohmic 
resistance alone of a bonding connector is no 
measure of its effectiveness. Its impedance 
at the radio frequency under concern is 
usually of much greater importance, as a 
very short connector may have a reactive 
impedance of several ohms at 20 megacycles. 


Bonding, to say the least, has been overdone 
to a fantastic degree, resulting in the accent 
on radio-noise reduction being placed on the 
bonds and bonding connectors themselves 
tather than on their function. 


7. Were all shielding and bonding accom- 
plished to the necessary degree to eliminate 
induction coupling to receiver lead-in con- 
ductors and were the necessary filtering 
incorporated in all receiver circuits to elim- 
inate conduction coupling, there would be no 
necessity for the installation of separate filter 
units in the airplane. Since this cannot be 
accomplished overnight, the radio-inter- 
ference filter remains a handy device to aid 
in reducing radio-influence-voltage (RIV) 
coupling where this results in actual re- 

- ceiver-noise output. The most legitimate 
use of such filters is in eliminating conduction 
coupling to receivers when it occurs to a de- 
gree resulting in noise output. In this ap- 
plication, the filter is placed as near the 
affected (receiving) equipment as possible, 
as it is most effective at this point and its 
weight is least. 


It is obvious that as soon as the necessary 
filtering units are incorporated in the equip- 
ment adversely effected by RIV that the 
aircraft manufacturers will no longer be con- 
cerned with installing these units separately. 
Tf induction RIV coupling to lead-in con- 
ductors occurs, the choices of correction lie 
among shielding the lead-in, shielding the 
offending wiring (or device), or installing a 
filter between the point of coupling and the 
RIV source. 
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If shielding is done properly, the installation 
is free of induction coupling no matter what 
changes occur to the source of RIV. If 
filters are used instead, they become heavier 
as the RIV source is approached and each 
change in the electrical equipment may dic- 
tate new filter requirements. 


The preliminary analysis has shown 
that the design of the completed radio 
system must take into accord all cofunc- 
tional parts of the system and that ac- 
ceptance of the system must be based on 
the performance of the radio equipment 
as installed in the airplane and not on 
measurements made on the separate 
parts of the system. Such performance 
requirements must be augmented per- 
force by certain specific requirements 
where these definitely are known to be 
required. Such requirements must, how- 
ever, be based on actual proof of their 
need rather than on the basis that their 
inclusion will provide a safeguard for 
conditions that may arise in the future. 
This attitude to date has been generally 
accepted with respect to shielding and 
bonding but has not been carried out with 
respect to filtering because: 


1. Early experience with open-wiring sys- 
tems has led to some transitional difficulties 
which were cured temporarily by the appli- 
cation of filters. This has led to an ab- 
normally extensive use of filtering in order 
to cover up a poor job of RIV decoupling 
that should have been accomplished by 
proper placement and/or shielding of lead-in 
conductors. The outcome of this has been 
the arbitrary establishment of certain RIV 
limits to aircraft electric circuits and con- 
nected equipment units. The principles that 
apply to shielding and bonding also apply to 
filtering, and it is important that arbitrary 
limits or requirements of RIV, design re- 
quirements, and so forth, be stipulated only 
where these have been shown necessary by 
test under operating conditions. 


2. Measurements of RIV on installed wir- 
ing or equipment are no measure of receiver- 
noise output unless a specific test is made to 
determine such correlation or coupling fac- 
tors. Such a test must be made under the 
actual conditions of installation in the air- 
planes as any deviation from the actual con- 
ae of installation in the airplanes will 
usually invalidate results entirely. It is 
hence a fallacy to ascribe other than aca- 
demic significance to measurements made 
at any point other than the receiver output, 
unless the coupling factors to various noise 
sources have been determined. It is thus 
meaningless to stipulate any general limits 
of RIV, since acceptable limits vary tre- 
mendously from one installation to another. 


IV. Shielding Design 
Considerations 


Screening of magnetic and electric 
induction fields is attained by the use of 
shielding elements. In the practical 
case, these elements may take the form of 
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an already existing metal fuselage, com- 
partments or partitions therein, or por- 
tions of the structure so situated that 
their inherent screening effect can be 
utilized. Where necessary, shields or 
enclosures are constructed additionally. 


1. ALiL-MErTAL STRUCTURE 


The all-metal structure of present 
military aircraft has been found to con- 
stitute a very excellent shield capable 
of screening internally generated noise 
fields from the antenna. That this shield 
is not complete structurally does not 
alter the basic premise and only means 
that the effect of openings, such as win- 
dows and plastic glass enclosures, gun 
turrets, and so forth, must be considered 
in the layout and placement of wiring. 
Such openings represent the possibility 
of induction coupling between antennas 
and internal-noise fields; however, tests 
show that this coupling can generally 
be neglected unless either the antenna or 
the noise-field source (usually a wiring 
bundle) is very close to the opening. It 
is usually a simple matter to route the 
wire bundle a satisfactory distance away 
from such openings or to shield it in some 
other manner. In the extreme case it 
may be necessary to utilize a piece of 
metal conduit to shield the conductors for 
a short distance if a test shows this to be 
necessary. Attenuation because of air- 
craft structure is usually greater than 60 
decibels. 


2. ELECTRICAL-EQUIPMENT 
Noise-INFLUENCE FIELDS 


The induction fields associated with 
aircraft electrical equipment, such as 
generators, dynamotors, and so forth, 
are at their greatest intensity directly at 
the device; however, this intensity drops 


-very rapidly with distance, so that it may 


be negligible when measured at a distance 
of a few feet. When parts of the aircraft 
structure intervene between a noise-field 
source and the point of observation, a 
further drop in field strength is noted 
because of the screening effect of the inter- 
vening structure. The attenuation ob- 
tained depends upon the geometry of the 
source circuit, the detection circuit, and 
that of the intervening shield. 


3. SHIELDING OF RECEIVER LEAD-IN 


If the lead-in conductor of every re- 
ceiver could be shielded totally from the 
receiver to the antenna insulator, there 
would be no problem with regard to 
noise-influence fields coupling to this con- 
ductor. It is, however, difficult to shield 
completely the lead-in conductors of air- 
craft receivers unless these are very short. 
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A compromise must therefore be made 
between what is desired and what may be 
obtained in practice. 


4. SHIELDING OF WIRING 


Since the shielding of electrical wiring, 
other than antenna lead-in conductors, 
can be done without regard to the capaci- 
tance of the shield, it is possible that 
portions of the wiring coming into close 
inductive relationship with the lead-in 
can be more easily shielded than the lead- 
in. In this case, the shielding needs to 
extend only to the point at which the wir- 
ing is again shielded inherently by the 
structure. It is, of course, poor design 
to place dynamotors and other equip- 
ment known to produce very intense 
noise fields, close to the receiver lead-ins, 
thus pointedly aggravating the shielding 
problem. 

There is no substitute for experience in 
the matter of determining just how far 
design can ensure a satisfactory installa- 
tion when noise fields very close to the 
lead-in are concerned. The present analy- 
sis has greatly reduced the areas under 
consideration so that the cost of adding a 
little more protection than is actually 
necessary as a safety factor is small 
compared to treating the entire airplane 
in this manner. 


5. PLACEMENT OF RapIo EQUIPMENT 


The considerations of noise coupling to 
the lead-in immediately suggest the place- 
ment of the receiver, transmitter, and 
antenna switching relay very near the 
antenna lead-through insulator so that 
only those noise field sources within a few 
feet of the receiver lead-in need be con- 
sidered. 

This narrows the investigation to a 
small area at which radio-noise-control 
methods can then be concentrated. 

Such placement will result in the follow- 
ing desirable advantages: 


(a). That portion of the lead-in (from the 
insulator to the relay) which is common to 
both receiver and transmitter can usually be 
left unshielded entirely. 


If this portion must still be several feet in 
length and must also be within a few feet of 
some unavoidable noise source, such as 
parallel wiring, it is possible to shield this 
portion, meeting the requirements of spark- 
over insulation, and low capacity, without 
great difficulty. 


(b). Portions of the lead-in between the 
antenna switching relay and the receiver 
will require shielding only if they are in 
very close proximity to noise-field sources. 
The shorter these portions are made the more 
nearly is the ideal case approached in which 
even those noise-influence fields in the same 
compartment with the receiver and lead-in 
are of no concern, as the coupling factor 
becomes negligible. 
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(c). The placement of the receiver chassis 
close to the antenna lead-through insulator 
reduces the radio-frequency impedance of 
the structure return of the antenna circuit 
of the receiver. This is exceptionally im- 
portant as radio-influence current (RIC) 
enters the receiver through various external 
circuits, and while these currents may not 
affect the receiver directly, they flow from 
the receiver chassis ground to structure 
through this stricture return impedance. 
This circuit is seen to be in series with the 
antenna circuit of the receiver and thus noise 
voltages will be coupled conductively into 
the antenna circuit. 


The focus of attention has now been 
directed to the importance of equipment 
placement in order to reduce the area 
within which protective measures need 
be applied. When it has become evident 
to the designer that the total problem 
becomes much simplified by keeping RIV 
sources away from the lead-ins, or vice 
versa, and steps are taken early in the 
design stage to achieve this, the installa- 
tion becomes so simple that visual in- 
spection together with some experience 
will be all that is required to lay out the 
radio system with a good expectation of 
success. It is prudent in all cases to allow 
for a certain amount of auxiliary shielding 
(in critical or not easily appraised cir- 
cumstances) that can be dispensed with 
if preliminary tests show this feasible. 


V. Functional Reasons for 
Bonding 


The reasons for bonding all-metal air- 
craft can be summed up as follows: 


1. To obtain a low-resistance current path 
for electrical equipment utilizing the airplane 
structure as a return circuit. Bonding con- 
nectors used as a current return must meet 
the same requirements as to conductivity, 
contact resistance, impedance, and cur- 
rent-carrying capacity as is required of the 
circuit with which they are associated. 


In this connection it should be noted 
that it is impossible to rivet and bolt 
together the metal parts making up the 
airplane without obtaining inherently 
excellent electrical conductivity. The 
ohmic resistance of a DC-3 airplane meas- 
ured from nose to tip of tail was found to 
be 0.0002 ohm. From this it can be 
assumed safely that, except for the very 
largest conductors used, once a good con- 
nection is made to primary structure no 
consideration need be given the resist- 
ance of the structure itself between any 
two points on the airplane. However, in 
the event connection is made to second- 
ary structure, ample consideration must 
be given to the resistance between this 
secondary structure and the primary 
structure of the airplane. This is of 
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special importance in specific cases such 
as in bonding radio receivers or in the 
calculation of generator negative-lead re- 
sistance. The fallacy of adding an equal 
resistance to the conductor resistance for 
calculation of total circuit drops is indi- 
cated. This has been borne out by tests 
on both old and new DC-3 airplanes with 
regard to the determination of all voltage 
drops along the starter circuit. It was 
found that the ohmic resistance of the 
copper conductor was far greater than 
that of the structure in every case. 


2. Tominimize lightning damage. Present 
literature on lightning strokes to aircraft 
reveals that apparently the aircraft is never 
required to carry more than a thousand 
ampere-seconds during a single stroke. The 
best approximation obtained from data 
taken from direct lightning damage to air- 
craft indicates that if major external sur- 
faces of the airplane are so bonded together 
that 1,000 amperes can be conducted be- 
.tween any two points for one second, ample 
protection against damage is assured. 


The chance that the airplane will ever carry 
a cloud-to-ground stroke is remote. The 
strokes are usually cloud to cloud and are 
triggered by the airplane flying into an area 
of intense electrostatic stress. 


The installation of bonding connectors 
capable of carrying 1,000 amperes for one 
second, across aileron hinges, flap hinges, 
and large control-surface hinges apparently 
offers adequate protection against welding 
of these hinges by reason of lightning current 
passing through these points. Such bonding 
connectors must be very short in order to 
possess the least possible radio-frequency 
impedance. Bonding connectors may be 
omitted from small surfaces, such as trim 
tabs, unless they become of larger size than 
they are at present. A 13/g,-inch copper 
braid has been found capable of meeting 
the required rating. 


3. To insure the effectiveness of shielding, 
the d-c ohmic resistance to structure for 
any shield is of little consequence compared 
to the radio-frequency impedance to struc- 
ture. The radio-frequency impedance of a 
bonding connector may be several thousand 
times the d-c resistance per unit length. 
Hence, in bonding such shields, emphasis is 
placed on obtaining the shortest possible 
bonding connector and not on obtaining any 
arbitrary value of d-c resistance to structure. 


As this shield must be effective in screening 
both the electric and magnetic fields, it is 
necessary that the shield form a completed 
circuit. This usually calls for bonding to 
structure at both ends of the shield or con- 
duit, as the case may be. 


4. To provide a means for grounding the 
airplane when it lands. Upon landing, an 
aircraft must discharge to ground whatever 
electric charge has been assumed by, the air- 
craft during flight. The use of conducting 
rubber in the landing-wheel tires will serve 
to conduct this charge to ground provided 
the runway surface is made of partially con- 
ducting material. The use of grounding 
wire from the gasoline truck to the airplane 
is recommended as a safety precaution at 
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all times to equalize any potential difference 
between them. 


VI. Filtering 


Correctly applied shielding and bond- 
ing will result in the elimination of in- 
(duction coupling between RIV sources 
and receiver-antenna circuits including 
the lead-in conductors. Such isolation 
may not account for all the RIV suppres- 
sion necessary, as conduction coupling 
may occur by means of direct transmis- 
sion through the conductors interconnect- 
ing the radio equipment with the RIV 


source. When such noise coupling occurs 


to a degree causing radio noise, the in- 
sertion of filter units may become neces- 
sary. 

A radio-influence filter is defined as a 
device incorporating shunt and _ series 
circuit elements so connected as to allow 
the passage of desired currents through 
the filter and to prevent the flow of un- 
desired noise-influence currents. Such a 
filter is no different in principle than a 
power-supply filter, which allows the 
passage of direct current and prevents 
the flow of alternating current to the load, 
except that the radio-noise filter must 
discriminate against a much wider band 
of frequencies. 

It is a principal contention that filters 
should be used only where they perform 
a specific function with respect to specific 
equipment. Filters of this type are 
easily designed to be mounted integrally 
with radio equipment, as they are usually 
very small because of the low current- 
carrying requirements. 

Properly designed receiving equip- 
ment will have filtering incorporated such 
that proper operation will result when 
connected to the aircraft electrical sys- 
tem without further attention to this 
matter. When this is not the case, a 
separately packaged filter unit must be 
applied at some point between the fe- 
ceiving equipment and RIV source. Ex- 
perience with aircraft-radio-noise prob- 
lems has shown that filter design to- 
gether with its proper incorporation into 
the circuit is a highly technical matter, 
dictated by the specific installation, and 
cannot be handled properly on a general 
basis. The same considerations make it 
extremely difficult to stipulate a mean- 
ingful limit of RIV allowable as either an 
electrical-equipment specification or as a 
limit to be applied to aircraft electrical 
circuits. 

The design of a radio-noise filter is 
very critical, as brute force lumping of 
capacitors and inductors will not neces- 
sarily result in the desired character- 
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istics.!8 A simple filter consisting of aseries 
inductor and shunt capacitor designed 
to cut off at ten kilocycles will be practi- 
cally useless at ten megacycles, as the 
distributed capacity of the inductor will 
make it resonant at some frequency 
below ten megacycles so that the in- 
ductor will actually be capacitative above 
the resonant frequency. The capacitor 
resonates with its inherent series in- 
ductance at a certain frequency and be- 
comes inductive above this frequency, 
thus losing its value as a shunt reactance. 
A filter unit to provide a given attenua- 
tion over a frequency range of 200 kilo- 
cycles to 50 megacycles would hence 
require several stages, each stage being 
designed for a certain band. Fortu- 
nately, the noise-influence spectrum of 
almost all aircraft electrical equipment, 
with the exception of the ignition system, 
shows a great diminution of intensity 
with increased frequency so that at two 
megacycles very little radio-noise energy 
is left. This fortunately simplifies the 
filter-design problem with respect to 
the high-frequency end of the band. The 
series element must possess a large a- 
mount of inductive reactance in order to 
provide the desired attenuation at low 
frequencies as the RIV increases tremen- 
dously at the low frequencies as is to be 
noted in Figure 1. This does not become 
too troublesome from the weight stand- 
point for filters required to pass less than 
50 amperes. If the filter is used as a 
source filter for heavy-current electrical 
equipment, the series element not only 
must carry the full-load current of the 
device but must meet a maximum-volt- 
age-drop requirement (0.2 volt) and thus 
becomes very heavy. The current rating 
of aircraft generators has reached several 
hundred amperes and is still rising. The 
weight cost of any filters used must be 
multiplied by a factor which depends 
upon the amount of structure chargeable 
to the incorporation of one pound of 
equipment and the weight of gasoline 
required to carry it. This factor thay 
increase the weight cost of a filter several 
times. 


The RIV generated by thyratron recti- 
fiers as used in some types of voltage 
regulators ranges up to 4,000,000 micro- 
volts (four volts). This value is greatly 
in excess of that normally found in the 
worst electrical equipment. The design 
of a source filter for such a circuit presents 
almost insurmountable problems because 
of the limitation placed on capacitor size 
in the rectifier output circuit. The re- 
sulting required inductor size to attain 
even a moderate decrease in RIV is pro- 
hibitive for aircraft. In one case of the 
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use of such a voltage regulator on a 400- 
cycle power system, this extreme RIV 
source was found to cause no trouble in 
the completed installation. This was due 
to the attenuation of the RIV resulting 
from the filtering action of the supply 
conductors, battery charger, and con- 
nected battery. No RIV of a disturbing 


. level reached the communication receiver. 


This receiver was later found to be pro- 
ductive of radio noise with less than 500 
microvolts on its supply leads, hence the 
original RIV (four volts) must have 
undergone roughly an 8,000 to 1 voltage 
diminution or 78 decibels in power. 
Dynamotors are of low current rating 
in comparison to generators or other 
heavy-current equipment, and hence this 
filter is not representative of the larger 
ones that would be required for such 
equipment. Each filter section contains 
at least one series element and two shunt 
elements with their attendant connec- 
tions, yielding several extra items cap- 
able of giving trouble. The addition of 
each filter represents an extra hazard 
to electrical equipment resulting from 
the possibility of short or open circuits. 


The allowable temperature rise of some 
equipment is so high that no capacitor 
can be placed in direct contact with the 
motor frame without the risk of break- 
down and resultant short-circuiting of the 
motor. This means that the economy of 
space attained by mounting the filter in- 
tegrally with the motor or device base is 
lost, and the filter must be mounted 
separately. 

The necessity for mounting the filter 
assembly separately arises also because of 
an ultrahigh premium on space in the 
vicinity of engine-mounted equipment 
and in other congested locations. Only 
in certain cases can source filters be in- 
corporated neatly in the equipment it- 
self. The space occupied by certain 
externally mounted dynamotor filters is 
greater than that of the dynamotor. 


Experience has shown that considerable 
conservation of space and reduction of 
weight of filters consisting of coils and 
capacitors may be realized by the proper 
use of simple noninductively wound 
capacitors. For example, a certain filter 
weighing two pounds and occupying a 
space of 36 cubic inches may have an 
average attenuation of 50 decibels 
over the frequency range of 0.2 to 20 
megacycles. A simple capacitor may 
have an average attenuation of 30 deci- 
bels over the same frequency range, 
will occupy a space of only eight cubic 
inches, and will weigh only a few ounces. 

If use is made of capacitors as RIV 
filters, considerable judgment must be 
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exercised in their electrical location. Im- 
proper electrical location of capacitors 
will result in an increase rather than a 
decrease in coupling to a RIV source. 
This arises from the fact that connection 
of a capacitor to conductors carrying 
RIC will increase the flow of RIC between 
the capacitor and the source. If these 


conductors are in the vicinity of the an- © 


tenna lead-in or other conductors that 
can couple RIV to the receiver, the in- 
creased flow of RIC may result in an in- 
crease of receiver-noise output. 

Since any capacitor will resonate at a 
certain frequency and will become an 
inductive reactance above this fre- 
quency, the length of the connecting 
leads to the capacitor should be held to 
an absolute minimum to extend its 
effectiveness to as high a frequency as 
possible. 

It must be noted that some sources of 
RIV cannot be adequately filtered by 
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means of simple capacitors. A magneto 
grounding conductor, for example, may 
not be shunted by a capacitor without 
affecting the operation of the magneto. 

A capacitor of this type is employed 
advantageously at the terminals of the 
booster coil. 


A summary of major points concerning 
filter application follows: 


1. Filtering should be designed as an 
integral part of all receiving equipment or 
other equipment being affected by RIV on 
supply and control conductors to such equip- 
ment. This avoids forcing the use of much 
larger, heavier, and more numerous filters 
elsewhere in the electrical system. 


2. Where RIV induction coupling occurs to 
the receiver antenna circuit, isolation meth- 
ods employing shielding of electrical cir- 
cuits or of the exposed antenna circuit 
should be employed in preference to filtering 
of the electrical system or electrical equip- 
ment. Once such isolation is achieved it 
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will be equally effective with future changes 
of electrical equipment provided such 
shielding has not been violated inadvertently. 


83. Dependence on system or source filter- 
ing means each source must be equipped 
with a filter to reduce its RIV to a given 
limiting value. It has to date been impos- 
sible to ascribe a limiting value that is 
meaningful to a practical extent because of 


variations from one aircraft electrical instal- 


lation to another. 


The enforcement of such an arbitrary limit 
would be troublesome because of difficulties 
of measurement. This point is covered more 
fully under ‘““Radio Measurements.” 


4. Simple capacitors may be used as RIV 
filters where such use will not result in 
malfunctioning of the equipment being 
filtered or cause other difficulties attributable 
to the increase of RIC caused by the admit- 
tance of the capacitor. 


VII. Radio-Noise-Influence 
Producing Equipment ~ 


Ignition circuits, motors, inverters, 
generators, and their associated volt- 
age regulators are the main body of 
equipment items which constitute the 
sources of RIV and RIC with which we 
are concerned. These items usually 
produce also a noise-influence magnetic 
field surrounding the equipment item 
itself. This field diminishes rapidly with 
distance and usually constitutes a hazard 
only when placed close to exposed re- 
ceiver lead-in conductors. The noise- 
influence electric field is notably absent 
near these devices provided their cases 
are suitably grounded to structure. The 
use of an electric field probe to measure 
the possible radio-noise-influence effect of 
such an item is not practical, as the 
probe antenna does not simulate the loop 
configuration of a receiver lead-in con- 
ductor. 


1. AupDI0-FREQUENCY COMPONENTS 


It is generally found that the random- 
noise energy produced by these devices 
has its highest energy content at audio 
frequencies (the actual spectrum varies 
depending upon the function of the de- 
vice) with rapidly decreasing energy at 
the harmonic frequencies extending into 
the radio spectrum. The high audio 
amplitude of commutator ripple re- 
quires an audio-noise decoupling filter in 
the microphone polarizing current circuit 
of the interphone amplifier. The back- 
ground noise noted in other audio circuits, 
such as the circuits of radio receivers, also 
contains this ripple. The gain of these 
amplifiers is usually so low that this does 
not cause a bothersome noise level. 

The shunting effect of the aircraft 
storage battery is of such magnitude in 
maintaining a low audio background 
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noise level that when a battery cart is 
substituted for the airplane battery a 
considerable increase in audio background 
noise may be noted. This is due to the 
additional d-c resistance of the leads to 
the battery cart, acting to reduce the 
normal shunting effect of the battery. 
Consequently, any noise test made with 
the battery cart connected or auxiliary 
battery supply line connected in any 
manner differing from the normal sys- 
tem installation, should take this effect 
into account. The battery also acts as a 
filter capacitor at low radio frequencies, 
and the effect of extra battery cart lead 
length is much greater than at audio fre- 
quencies. This effect increases with fre- 
quency as the radio-frequency impedance 
of the leads becomes a larger factor than 
the d-c resistance. 


2. RADIO-FREQUENCY COMPONENTS 


The radio-frequency spectrum of con- 
cern in this analysis begins at 180 kilo- 
cycles and ends at 30 megacycles, ex- 
cept where noted otherwise, for instance 
ignition circuits. The RIV produced by 
a 400-cycle instrument inverter is very 
low at 180 kilocycles in comparison with 
the audio-noise frequencies. The RIV 
is, however, high at 180 kilocycles com- 
pared with its value at 15 megacycles, as 
noted in Figure 1. The audio-frequency 
noise-influence voltage is of a magnitude 
of several volts, while the RIV at 180 
kilocycles is rarely above 100,000 micro- 
volts (0.1 volt) at the terminals of the 
dynamotor. 

Representative curves, Figure 1, of 
RIV as a function of frequency have the 
following characteristics in common: 


(a). Highest output at the lowest fre- 
quency. 
(b). Output drops as frequency increases 


but may go through several resonant peaks 
before finally 
values. ~ 


(c). Output drops to negligible value be- 
yond 15 megacycles. 


Note that these observations also hold 
for measurements made on ignition 
grounding circuits in spite of the fact that 
secondary impulse currents are still of 
considerable amplitude at 500 mega- 
cycles. This apparently is due to the 
fact that little or no coupling exists be- 
tween the ignition secondary circuit and 
the magneto primary circuit at these fre- 
quencies. Ultrahigh frequency coupling 


"a4 


/} 


ve 


dropping to insignificant — 


may still by-pass the magneto ‘through - 


other paths. The secondary ignition cir- 
cuit of an airplane engine is a prolific 
source of radio-noise-influence fields which 
couple directly to the aircraft antennas. 
These fields are of considerable strength 
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up to 500 megacycles. 


The problem of 
shielding this circuit in order to eliminate 
this radiation is one requiring detailed 
consideration. This subject will be con- 
sidered further in a subsequent writing. 


VIII. Fundamentals of Noise 
Coupling Circuits 


The transference or transmission of 
electric energy involves coupling between 
two or more circuits. This is accom- 
plished through the medium of imped- 
ances common to the coupled circuits. 
The common impedance may consist of 
resistance, capacitance, inductance, or 
any combination of these. 

It is necessary to distinguish between 
induction and conduction coupling. In- 
duction coupling takes place through the 
medium of the magnetic and electric 
fields and is referred to as inductive and 
capacitative coupling, respectively. Con- 
duction coupling takes place where a 
noise-influence current flows through an 
impedance such as a bonding connector 
which happens to be common with another 
circuit, such as the antenna input circuit 
of a receiver. Such coupling occurs be- 
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diagrams 


tween RIV sources and receivers through 
the conductors connecting them and thus 
is not affected by shielding of these con- 
ductors. 

In the circuits with which we are con- 
cerned, there is often no clear definition as 
to the type of coupling which is present, 
and frequently all are present at the same 
time. For analysis let us investigate each 
type separately. Before entering into 
the analysis, the question of terminology 
must be considered to avoid confusion. 

In the discussion to follow the multi- 
plier K is used to denote a coupling 
ratio.* For example, if a voltage EF, is 
impressed on the primary terminals of a 
transformer, then the transformer second- 
ary voltage willbe: F.—KF,. 

K, then, may be either larger or smaller 
than unity in the case of a transformer 
and in any event will be a complicated 
expression. The voltage appearing at the 
output terminals of a network may be 
obtained by multiplying the voltage im- 
pressed on the input terminals by K. 


* This use of K should not be confused with the 
symbol K as commonly used to denote the coefli- 
cient of coupling between two circuits. For in- 
stance: K=M/IiL2 where M=the mutual in- 
ductance between the two circuits, and Li and Lz 
are the inductances of the two circuits, respectively. 
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Assume a certain electrical network has a 
coupling ratio K;, and in some manner the 
network is changed so that the coupling 
tatio is now Ke. Let us say further that 
this change is such that K» is smaller than 
K,. The attenuation attributable to the 
change in the electrical network may then 
be expressed as: A=Attenuation= 
K\/K»s. This may be expressed either as 
a simple numerical ratio or in decibels, 
in which case DB= 10 log K,/K». 

The ‘coupling ratio” is also conven- 
iently used to express the relationship of 
two different quantities, in which case 
their measurement units and conditions 
of measurement should be clearly indi- 
cated. For example: the coupling ratio 
between the liaison antenna and the ig- 
nition system is 98 at 1.0 megacycles. 
The ratio 98 expresses the microvolts 
per meter measured with a Ferris Model 
32A radio noise meter and 41-inch probe 
antenna at a test location three feet for- 
ward of the propeller hub, to the voltage 
measured with the same meter at the 
antenna with the antenna terminated 
only in the radio noise meter. 

The convenience of the use of such a 
factor lies in the elimination of the need 
for the inclusion of many academic fac- 
tors such as the effective height of the 
antenna, field pattern considerations, 
and so forth, which are difficult of deter- 
mination. Such factors mean little when 
the over-all effect is all that is needed to 
evaluate a particular case. 


1. InpucTIVE COUPLING THROUGH THE 
MEDIUM OF THE MAGNETIC FIELD 


Referring to Figure 2A, a generator 
impresses a voltage /, upon the primary 
side of a coupled circuit. The magnitude 
of the voltage E», induced in the second- 
ary side of this circuit will depend upon 
the mutual inductance of the coupled 
circuits and the current in the primary 
circuit. The effect of coupling the second- 
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ary side to the primary side is to couple 
an additional impedance into the primary 
side, the magnitude of which will be a 
function of the secondary series imped- 
ance and the mutual inductance of the 
circuit. Suppose that a single turn of 
wire, short-circuited on itself, is coupled 
to the primary coil as shown in Figure 2B. 
As this short-circuited turn is coupled 
more and more closely to the primary 
coil, the current in the primary coil will 
increase and the voltage induced in the 
secondary coil will decrease. The at- 
tenuation which results from coupling 
the short-circuited coil to the primary 
coil may then be written as A = K,/Kz. 

The case with which we have been deal- 
ing is very common in coupled circuits, 
and the coupling ratio is often much 
larger than unity. However, in radio- 
noise work we are mostly concerned with 
instances where the coupling ratio is very 
small, as betwen two conductors at some 
distance from each other. 

Referring to Figure 2C, a generator is 
feeding a wire which passes through a 
shield, for example, a wire passing through 
a metal partition in an airplane. Coup- 
ling exists between this primary wire and 
another wire some distance away, and a 
voltage is induced in this secondary con- 
ductor. Precisely the same relations hold 
as in the previous discussion. E,=K,E). 
Since the coupling between the two wires 
is of low order, K, will be much less than 
unity, and EF, will be less than A). 


Referring to Figure 2D, a metallic 
shield has been installed about the pri- 
mary wire. At one end this shield is ar- 
ranged to have good contact with the 
metal partition; at the other end the 
shield is connected to the partition by a 
bonding connector. It will be seen from 
this that there is a short-circuited turn 
again coupled to the primary circuit as in 
the first example. Consequently, a cur- 
rent J; will flow through the shielding and 
the partition comprising the closed turn, 
and there will be very little coupling to 
the original secondary wire. However, 
if the bonding connector is of high im- 
pedance, or poor contact is made, the 
closed turn will be incomplete, and there 
will be less coupling to the closed turn. 
As this process is continued until the 
closed turn becomes completely open, 
there will be less and less coupling to this 
turn, until finally the coupling is zero. 
When this occurs, the coupling to the 
secondary wire is again unaffected, and 
the shield about the primary wire might 
as well not be present, as far as magnetic 
field coupling is concerned. 

In any event, the coupling ratios K, 
and K» vary as in the previous example, 
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with the value of K, being lessened as 
the bonding connection is improved. 

This shows clearly that a shield must be 
complete if inductive coupling is to be 
reduced. Furthermore, the resistance 
and reactance of the shield itself must be 
low, otherwise the efficiency of the shield 
is decreased. 


2. CAPACITIVE COUPLING ‘THROUGH 
THE MEDIUM OF THE ELECTRIC FIELD 


The general case is indicated in Figure 
2E. A plate X is supplied by an alter- 
nating potential H, from the generator. 
An electric field will surround this plate 
and produce an electric-field gradient 
between the plate and the ground. If 
another plate is placed in this electric 
field, a part of this field will terminate 
on plate Y, and the potential difference 
between X and Y will be £,=K,&, 
where K; depends upon the capacitance 
between the two plates and the frequency 
of E,. Now erect a shield between the 
two plates X and Y and ground this shield 
as in Figure 2F. The electric field will 
still surround plate X, but, depending 
upon the geometry of the shield, part of 
the electric field will now terminate on 
the shield instead of on plate Y. This 
has the same effect as moving plates X 
and Y some distance apart. Ke, the 
coupling factor between the two plates 
will become smaller, and E,’ will also be 
smaller than E,, hence: E,’=K2F;. 
Again, we may express the attenuation 
attributable to changed conditions, that 
is, the introduction of the shield, by the 
relation A=K,/K» or attenuation in 
decibels = 10 log Ki/Ke. 


3. COUPLING THROUGH THE MEDIUM 
OF BOTH THE MAGNETIC AND ELECTRIC 
FIELDS SIMULTANEOUSLY 


Unfortunately, coupling is seldom en- 
tirely either inductive or capacitative. 
Usually, there is a combination of the 
two, in varying degree. It is interesting 
to note at this point that the frequency 
range involved in radio-noise measure- 
ments is so great that a circuit such as is 
diagrammed in Figure 2H will show a 
very large change in the value of K with 
frequency. In capacitative coupling, 
the maximum power transfer is a linear 
function of the frequency; in inductive 
coupling it is a function of the frequency 
cubed.!° Therefore, as the frequency is 
increased, the effect of inductive coupling 
(magnetic field) becomes of far greater 
importance than capacitative coupling 
(electric field), Often, a certain type of 
shield may reduce both types of coupling, 
but in many cases a shield will serve only 
to reduce one type. Figure 2G illustrates 
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a case where both types of coupling are 
present, and Figure 2H shows a shield 
installed so that there is no short-cir- 
cuited turn. Here the electric field is 
almost entirely terminated on the shield, 
so capacitative coupling to plate Y is 
practically eliminated. The magnetic 
coupling remains relatively unaffected, 
because the shield does not form a short- 
circuited turn. An example of this form 
of shielding is the  electrostatically 
shielded loop antenna. 


4. CONDUCTION COUPLING THROUGH 
THE MEDIUM OF COMMON IMPEDANCES 


Coupling occurs because an impedance 
is common to two circuits. In the cases 
just considered, this impedance was either 
inductive or capacitative, but in neither 
case was it some physical element of a 
circuit. Rather, the coupling was through 
the medium of the magnetic or electric 
fields. 

In the case under discussion, coupling 
exists because an impedance, such as that 
between the receiver chassis and struc- 
ture, is common to two separate circuits. 
Therefore, the flow of current in one of 
the circuits develops a voltage across this 
impedance and is thus introduced into the 
other circuit. 

Referring to Figure 3 it will be noted 
that the impedance Z,, formed by the 
receiver-bonding connector, is the major 
path to structure for any radio-noise- 
influence currents which enter the re- 
ceiver by any path whatsoever. Signal 
currents entering the receiver via the 
antenna also return to structure through 
this path. This path being directly in 
series with receiver-antenna input circuit, 
any voltage developed across this path 
will be as effective in producing receiver 
audio output as an equal signal voltage 
developed in the antenna itself. 

In addition to the common impedance 
formed by the receiver bonding connector, 
there are other coupling paths internal 
to the receiver. Among these are the im- 
pedances formed by the cathode to grid 
capacitance and the impedance of the 
cathode to ground. 

Noise-influence currents that enter the 
receiver may divide and flow through the 
cathode-to-chassis or cathode-to-grid im- 
pedance before returning to structure. 
The RIV drops across each of these com- 
mon impedances are amplified as they 
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pass through the balance of the receiver 


, 


to the audio output. 

All of the radio-noise-influence currents 
that enter a receiver must return to 
structure through the impedance of the 
bonding connector. For this reason, 


when a RIV filter is used, it should be a © 
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choke-input rather than a capacitor-in- 
put configuration, because the current 
through the shunt element of the latter 
type will be greater, thus resulting in a 
greater RIV drop across the impedance 
of the receiver bonding connector. 

Evaluation of the various common 
impedances is discussed under ‘‘Measure- 
ments of Radio Noise.” 


IX. Coupling of Radio-Noise- 
Influence Sources to the Radio 
Receiver 


Many sources producing extreme am- 
plitudes of RIV are so installed that this 
influence is never observed at the re- 
ceiver. It must be clearly understood 
that a RIV source will be only of practical 
concern when it is coupled in some manner 
to one or more circuits of the radio re- 
ceiver to a degree that the noise or other 
disturbance level occurring in the re- 
ceiver output is greater than that per- 
missible. Such coupling may occur to the 
antenna lead-in conductor of the receiver, 
to internal elements of the receiver (as 
by coupling between the cathode and the 
grid of a tube, where a difference of 
potential attributable to RIV modulates 
the cathode), and by means of RIC flow- 
ing through a common ground impedance. 
Well-designed radio receivers employ 
filter elements in all leads entering the 
receiver which are found to be critical 
with regard to RIV coupling to the low- 
level stages in the receiver. It is unfor- 
tunate that many aircraft receivers to 
date have not been given proper attention 
in this respect, thus complicating the air- 
craft-radio-noise problem tremendously 
and requiring the filtering job to be com- 
pleted by the installer of the receiver. 
This has led to much unscientific use of 
filters in an attempt to find a panacea for 
all radio-noise ailments. 

Radio noise ovitput resulting from the 
induction coupling of wiring carrying 
RIV to unshielded lead-in conductors is a 
function of the following factors: 


1. Amplitude of the radio-noise-influence 
voltage and current (RIV and RIC, respec- 
tively) on the offending wiring. 


2. Degree of inductive coupling. RIV is 
the major factor in capacitative coupling, 
and RIC is the major factor in magnetic 
coupling. 


3. Degree of conduction coupling. 


Induction coupling exists to a trouble- 
some degree only where the unshielded 
lead-in is in close physical proximity to 
unshielded wiring and is of no concern 
with respect to wiring in other parts of 
the airplane. In the region where coup- 
ling is of concern the degree of coupling 
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is roughly proportional to the lengths 
of the lead-in and wiring exposed to 
mutual coupling, and to the amplitude 
of the RIV or RIC of the wiring in this 
region and is inversely proportional to 
varying powers of the distance between 
the lead-in and wiring. 

A few general notes: 


1. Most electrical equipment possessing 
commutating contacts or other current- 
switching elements produce RIV at their 
terminals which varies over large ranges of 
amplitude from one item to the next. 


2. It is highly desirable that the design of 
electrical equipment be directed to the maxi- 
mum possible reduction of such inherent 
radio influence. 


3. Filtering elements can be applied to 
equipment to reduce the inherent RIV, but 
such procedure is wasteful unless it is deter- 
mined first that the desired effect cannot be 
attained more economically elsewhere. In 
the usual case there are many more sources 
of RIV than there are units of equipment 
(receivers, and so forth) being affected. 
Source filtering is hence to be avoided where 
possible. 


4. The cases in which correction must occur 
at the source are those in which the natural 
shielding of the all-metal structure is not 
effective. Such cases are represented by the 
engine ignition and electrically operated pro- 
pellers of either all-metal or nonmetal air- 
planes. In nonmetal airplanes, the need 
for source filtering on or shielding of wiring 
obviously increases greatly. 


X. Measurements of Radio-Noise- 
Influence Voltage, Current, and 
Fields 


A considerable amount of time and 
effort has been expended in the last few 
years in the field of radio-noise measure- 
ments the largest portion of which has 
been done in the broadcast field.!3—16 

The term RIV has been used generi- 
cally to represent voltage, current, or 
power. This generalization has obscured 
the fact that many coupling problems are 
functional with current rather than volt- 
age. |Magnetic field coupling is of this 
nature, as power transferred is a function 
of current, mutual inductance, and fre- 
quency cubed. Electric induction is a 
function of voltage, capacity between 
circuits, and frequency to the first 
power; hence, it is seen that as fre- 
quency increases the coupling of radio- 
frequency power attributed to magnetic 
coupling (current loop) becomes definitely 
predominant as the frequency term is to 
the third power. It is thus desirable 
that the term radio-influence current 
(RIC) be used where measurements or 
effects functional with current are con- 
cerned. 

Much progress has been made in the 
measurement of the absolute values of 
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RIV of electrical equipment and circuits, 
but there has been a dearth of informa- 
tion concerning the evaluation of RIV in 
terms of actual receiver-noise output. 
An immense amount of aircraft-radio- 
noise research involving measurements of 
quantities having no relation to actual 
radio noise output has resulted from a 
lack of cognizance of the importance of 
the determination of such coupling fac- 
tors. 

A comparison of the broadcast-radio- 
noise problem to that of aircraft follows 
in order to note certain important differ- 
ences in these two fields. 

In aircraft, the placement of electrical 
and radio equipment, to take advantage 
of natural factors tending to reduce noise 
coupling from point to point, is under the 
control of the designer to a much greater 
degree than it is in the case of industrial- 
noise interference to broadcast listeners, 
where little such control can be exercised. 
The principle of filtering at the source 
applies very well in the broadcast field, 
and the application of noise filters to 
noise-influence producing equipment has 
gained well-earned headway. 

This principle, however, does not apply 
to the airplane because the desired con- 
trols can be exercised to a very consider- 
able degree. 

The home broadcast receiver is coupled 
to RIV sources predominantly through 
the medium of its antenna and unshielded 
lead-in. Suppression of noise influence 
hence must occur at the source as there is 
no other way of decoupling the antenna 
from the source, as the antenna and the 
noise-influence source are both coupled 
to the identical free space. 

In aircraft, the engine ignition system 
and electrically operated propellers are 
also in this category, and it is found that 
noise suppression must occur at the source 
by the employment of well-designed 
shielding. 

All other electrical RIV sources and 
wiring are inherently shielded from the 
antennas by the all-metal fuselage. 
Internal lead-in conductors can be 


‘shielded against induction coupling to 


wiring, where necessary; hence, the prob- 
lem is reduced to that of eliminating con- 
duction coupling to the receiver. This is 
a filtering problem which is most easily 
solved by proper filtering at the receiver. 
Any attempt to attack this problem by 
source filtering leads to complications 
involving weight and specialized design 
of equipm@nt to accommodate the filter. 
In aircraft, radio-noise measurements 
must be made with the most compact 
equipment possible, while in other fields 
a truck full of equipment is no handicap. 
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The aforementioned points should be 
kept in mind as the measurement of radio 
Noise in aircraft is being considered. 


1. Rapro-FREQUENCY MEASUREMENTS— 
GENERAL 


The complete determination of all 
coupling factors involved in the coupling 
of RIV to receivers involves both a 
quantitative and qualitative analysis. 

Quantitative analyses are those in 
which absolute amplitudes of RIV or 
RIC are measured at the terminals of 
electrical equipment or at various points 
in the electrical circuit, or in which ab- 
solute amplitudes of receiver-noise out- 
put are measured. From these measure- 
ments over-all coupling ratios can be 
determined without the necessity for 
determining intermediate coupling ratios 
. from point to point. The coupling of a 
single source to the receiver usually in- 
volves many transformations of noise 
energy from one medium to another, each 
transformation experiencing a certain 
degree of attenuation or amplification as 
the case may be. The complete evalua- 
tion of these changes from point to point 
becomes extremely laborious if not im- 
possible in all but the simplest cases. 
Fortunately, this is usually quite un- 
necessary. Intermediate coupling ratios 
may be of great academic value to the re- 
search engineer wishing to determine 
where and how coupling occurs from 
point to point but may be of no value to 
the engineer wishing to obtain only a per- 
formance test of the complete installa- 
tion. 

Qualitative analyses involve the deter- 
mination of where and by what medium 
(induction or conduction) radio-noise 
‘coupling occurs. A qualitative analysis 
hence seeks to determine the conditions 
which cause coupling and to discover 
means for eliminating such coupling. 
Such measurements can be made from 
point to point with little consideration of 
absolute amplitudes of voltage, current, 
or field strength as the over-all (perform- 
ance) quantitative measuretnent can be 


depended upon to determine the success: 


of the methods employed. The academic 
usefulness of the qualitative analysis is 
in determining engineering-design prac- 
tices which can be utilized by the de- 
signer and in trouble shooting when an 
unexpected case of radio-noise trouble 
occurs in the completed airplane. 


2. INSTRUMENTS FOR MEASDRING 
Rapio NOISE 


The first measurements of radio noise 
were made by adapting an audio-power- 
level meter to measurement of the radio 
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noise output of a conventional radio re- 
ceiver. This was done by incorporating 
a time-delay response so that the meter 
would be quasi-peak reading in order to 
give a reading more nearly on the basis of 
the nuisance value, or masking value, of 
the noise voltage. It was soon found 
that measurements taken with such a 
meter connected to the output of a con- 
ventional radio receiver showed extreme 
variations when used with different 
receivers and that RIV measurements 
could be duplicated only if a standard- 
ized radio-frequency channel were pro- 
vided. With the development of a 
standardized radio-frequency noise meter, 
radio-noise indications on the basis of 
nuisance value could be easily accom- 
plished.. This type of meter as exempli- 
fied by the Ferris Model 32B or RCA 
312A, is suitable for the measurement of 
absolute amplitudes of RIV from. point 
to point of the electrical system and to 
measure field strength of the electric com- 
ponent of radio-frequency and noise 
fields. It is not suitable to measure 
radio-frequency currents. The loop probe 
can be used to determine relative mag- 
netic field strengths but will not indicate 
absolute values without specific calibra- 
tion. The unit measured is the modu- 
lated microvolt in the case of noise-in- 
fluence voltage measurements, and the 
modulated microvolt per meter, in the 
case of noise-influence field measurements. 
The following difficulties arise-when this 
type of meter is used for aircraft-radio- 
noise measurements: 


(a). Quantitative measurements made on 
the receiver input (antenna) circuit involve 
connecting the meter within a foot or two of 
the point to be measured. This is impossible 
in smaller airplanes during flight because of 
inaccessibility. Any attempt to use the 
meter remotely meets with trouble attribu- 
table to unsatisfactory grounding, noise 
pickup on the extended lead, and switching 
complications. The problems of switching 
such a meter from point to point during 
flight become very complicated and add a 
definite hazard, as the pilot must be able 
to regain control of the radio equipment at a 


moment’s notice. ’ 5 rus qN a | 


(b). Presently available equipment of this 
type is not rugged enough to stand continued 
use in aircraft (without excessive time being 
spent in adjustments and recalibration) and 
must be confined to the laboratory. 


(c). The technique of measurement be- 
comes so critical at two megacycles and 
above that none but those experienced in 
the technique of radio-frequency measure- 
ments can hope to obtain valid and con- 
sistent results. 


(d). 


Battery packs required to operate 


these meters in aircraft bring the total. 


weight to 45 pounds. 
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et 
(e). The cost of the meter is high ($400), 
and its availability at present is practically 


nil. 

To these. difficulties is added the fact 
that all measurements made with a radio 
noise meter are only of academic value 
until they are evaluated in terms of re- 
ceiver noise output. This type of meter 
hence has a high academic value in the 
laboratory and for field-strength meas- 
urements but a low practical value for 
production or prototype airplane-radio- 
performance tests. 

Most of the difficulties arising from the 
use of a radio noise meter may be over- 
come by the use of an audio noise meter, 
in conjunction with the aircraft receiver 
under concern. The physical advantages 
of an audio noise meter may be noted as: 


(a). Extreme simplicity of operation, and 
therefore suitable for production testing. 
(b). No switching problem. 

(c). Can be used as remotely as required. 


(d). Can be used on the output of each re- 
“ceiver to obtain further simplicity of switch- 
ing if desired. 


(e). Portable and light in weight (eight 
pounds). 


(f). Rugged. 
(g). Inexpensive. 


(h). Can be constructed from easily ob- 
tained materials. 


(i). Reads directly the noise heard in the 
ear phones. No evaluation of coupling 


factors, receiver characteristics, and so 
forth, necessary. 
(j). If the receiver is calibrated, the audio 


measurements can be evaluated in terms of 
radio-frequency noise-voltage input to the 
receiver-antenna terminal. 


Such use of an audio noise meter is 
covered in detail under ‘“Audio-Fre- 
quency Measurements.” In«the follow- 
ing discussion regarding radio-frequency 
measurements it must be noted that an 
audio noise meter or a pair of headphones 
with any  aircraft-communication re- 
ceiver will serve in qualitative determina- 
tions. If the receiver is calibrated in 
terms of audio output as a function of 
sine wave, 30 per cent modulated radio- 
frequency input, the combination will 
also serve for quantitative measurements 
when used with the receiver connected to 
its regular. (aircraft) antenna. Such 
calibration will, of course, correspond 


only roughly to a calibration made into a 


noise source. The difference is, at the 
moment, of no great concern. “The re- 
ceiver used in this manner gives the 
truest possible analysis of the effect of 
radio noise on its output and also gives 
one more reason for testing the installa- 
tion with the receiver to be used. _ ; 
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3. Rapio-FREQUENCY MEASUREMENT 
PROCEDURE 

(a). Electric Fields; Use of Electro- 
static Probe. Where absolute determina- 
tions of field strengths are to be made, it 
is essential that the point of measurement 
be at a distance greater than twice the 
wave length from the source of the field 
in order that localized field configurations 
(attributable to the rapidly varying in- 
tensity of the induction component as a 
function of distance) do not confuse the 
measurement. Absolute field-strength 
measurements inside an airplane are 
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possible but meaningless, since the requi- 
site distance from the field source is not 
obtainable and the airplane structure 
distorts the fields so that a highly irregu- 
lar pattern is obtained. 
‘A major use of the radio noise meter is 
in the location and survey of electric 
fields, in which case the electrostatic 
probe is used. See Figures 4A and 4B. 
The electrostatic probe operates on the 
principle that a potential difference will 
exist between the conductor and ground 
(airplane structure) when the probe is 
placed in an electric field. If this con- 
ductor is connected to a voltmeter, an 
indication of the intensity, extent, and 
configuration of the field may be obtained 
by moving the probe about in the field. 
Obviously, if the lead connecting the 
probe to the voltmeter is also in the elec- 
tric field, the measurements will be ob- 
secured by pickup on the lead. Since ab- 
solute values are not being measured, this 
will not invalidate such measurements if 
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given proper attention. If a coaxial line 
is used between the voltmeter and the 
probe, such pickup will be eliminated. 
Where the line is in a noise-influence field 
there will be a loop formed between the 
coaxial cable and the ground plane as 
shown in Figure 4B. This loop will still 
be evident even though the radio noise 
meter is not metallically connected to 
ground, because of the capacity of the 
meter to ground. as shown in Figure 4C. 
The effect of this loop can be decreased 
by making a good ground on the radio 
noise meter and running the coaxial 
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Figure 4. Circuit 
arrangements for 
measurement of field 
strength and filter 
attenuation 


cable in such a way that the loop between 
the cable and the ground plane is of very 
small area. 

Figure 4C shows a setup which may be 
used for measuring field strengths. This 
setup conceivably may be used in the 
determination of field strengths about .an 
engine. The voltage on the probe will 
be the potential difference between the 
probe and structure, and is shown in the 
figure as H. The formation of a loop will 
also develop a voltage at the end of the 
coaxial line if there is noise field coupling 
totheloop. The voltage developed across 
the coaxial line resulting from loop coup- 
ling must be at least ten decibels below 
the voltage E under measurement in 
order not to confuse the measurement. 
A test to determine if such pickup occurs 
must be performed before field measure- 
ments are made. Remove the probe from 
the coaxial cable end, and make the test 
setup so that the voltage attributable to 
loop coupling is a minimum. 
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It should be noted here that when a 
probe of this type is used with a radio 
receiver the input circuit must be main- 
tained in constant trim. As the probe ap- 
proaches structure, the capacity to struc- 
ture is increased, upsetting the trim of the 
receiver and forming a loop. (This diffi- 
culty is not so troublesome with a radio 
noise meter as the input circuit is pur- 
posely designed to be less critical with 
respect to changes in source impedance.) 
If a coupling source is close to this loop, 
the receiver-output level will rise. There- 
fore, when exploring for an electric field, 


Figure 5. Audio- 
noise - meter - circuit 
diagram 


R:—496,855 ohms Re—1 megohm 
R.—5,145 ohms  R22x—20,000 ohms 
R;—493,860 ohms R2s—30,000 ohms 
Rs—8,140 ohms = Res—25,000 ohms 
R;—489,150 ohms Res—600,000 ohms 
Re—12,850 ohms Rxse—600 ohms 
R;—481,700 ohms Re7—4,000 ohms 
Rs—920,300 ohms Res—10,000 ohms 
Rs—469,900 ohms R2—10,000 ohms 
Ri—32,1 00 ohms Rso—11 0,000 ohms 
Ru—451,300 ohms R3:i—341,900 ohms 
Rizx—50,700 ohms R3z—108,109 ohms 
Ris—421,600 ohms Rss—34,1 84 ohms 
Ru—80,400 ohms Rss—1 0,809 ohms 
Ris—375,200 ohms R3s—3,418 ohms 
Rie-—126,800 ohms R3e—1,580 ohms 
Riz—302,000 ohms C:—0.1 microfarads 
Rig—200,000 ohms C:—0.002 microfarads 
Ris—186,000 ohms C;—1.0 microfarads 
Ru—316,000 ohms 1:—2.0-henry choke 

M:—0-1 milliamperes d-c 

T,—Driver transformer; tube to class-B grid: 

primary/3/. secondary 2.66:1 


the antenna trimmer should be operated 
to keep the input circuit in constant trim. 
One alternate method which will work, 
when the tested field strength is of consid- 
erable intensity, is to throw the antenna 
trimmer as far off trim as possible. This 
makes the input circuit less sensitive to 
changes in source (probe) impedance but 
also reduces the sensitivity greatly. 
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(b). Magnetic Fields; Use of Loop 
Probe. Frequently a magnetic field 
will be present and the electrostatic probe 
will fail to give any direct indication of 
its presence except that this field con- 
stantly obscures electric-field measure- 
ments. In order to measure the magnetic 
field directly, the electromagnetic probe 
may consist of a half-dozen turns of wire, 
three inches in diameter and may be 
mounted either on the end of a coaxial 
cable or connected to the test apparatus 
by a twisted pair of wires. 


It will be found that this probe is used 
in much the same manner as an ordinary 
loop, except that the directional effect is 
absent because of the multiple reflections 
from the airplane structure. Instead, it is 
necessary to determine the location of 
the coupling source by changing the posi- 
tion of the probe. The nearer it is 
brought to the coupling source the greater 
will be the pickup. It may be necessary 
to place a capacitor (by trial) in series 
with the loop in order to match the input 
of the receiver more closely. No attempt 
should be made to keep the input circuit 


trimmed to the loop, as very slight move- 


ments of the loop will throw the circuit off 
trim. Actually, it is better to use the loop 
without the matching capacitor, since 
the receiver input is so far out of trim 
that changes in loop impedance attribut- 
able to the proximity effect of structure 
have little effect. 


(c). Measurement of Filter Attenua- 
tion. It is well known that the attenua- 
tion characteristics of any electric filter 
are dependent upon the impedances of 
the input and output terminations. In 
the practical case, it is almost impossible 
to obtain a meaningful determination of 
these impedances because the noise 
source is a very complicated pattern of 
resonant and antiresonant impedances 
over the radio-frequency spectrum. The 
same is true of the impedance looking 
into either end of the supply line as well 
as when looking into the receiver at its 
supply terminals. Formalized filter for- 
mulas are of little use in the design of such 
units, hence most filter design has pro- 
ceeded on a cut-and-try basis. A partly 
standardized method of filter measure- 
ment is that shown in Figure 4D. The 
(400-cycle modulated) signal generator is 
terminated in 30 ohms in order to main- 
tain the accuracy of the output attenta- 
tor. The 280-ohm series resistance is 
used to decouple the generator from the 
filter. The 20-ohm shunt impedance 
represents the input termination of the 
filter. This value is, of course, highly 
arbitrary, since the radio-frequency im- 
_ pedance of the device to which the filter 
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is connected is highly variable and is 
extremely difficult to determine, as such 
determination must be made with the 
instrument operating into its normal load. 

It should: be noted that the resistances 
used for the decoupling network must be 
noninductive up to the highest test fre- 
quency used. 

The filter-attenuation data may be 
obtained by holding constant input to the 
filter and measuring the output as a func- 
tion of frequency. This method is un- 
satisfactory, however, because the range 
of output amplitudes encountered re- 
quires scale multipliers to be used with 
the indicating meter. Scale errors with 
this method are considerable. The rec- 
ommended method is to hold a constant 
signal voltage at the noise-meter input 
terminals and to adjust the signal genera- 
tor attenuator to produce this constant 
voltage, at each frequency, with the filter 
first connected and then disconnected 
from the circuit. The signal generator 
attenuator can be depended upon for 
much better accuracy than the scale 
reading of the noise meter. With this 
method any radio receiver can be used as 
a constant-output-level indicating de- 
vice. Attenuation-curve determinations 
made in this manner will agree within 
the range of 10 to 20 decibels with like 
measurements made when connected to 
the RIV source, but the agreement will 
hardly be better than this. 


XI. Radio-Noise-Output 
Measurements 


To meet the requirement for an instru- 
ment usable in the quantitative analysis 
of noise components in the audio output 
of radio receivers and to meet the re- 
quirements of the United States Army 
and Navy for an instrument for use in 
aircraft-radio-noise acceptance tests, an 
audio noise meter was developed. The 
circuit of this instrument is shown in 
Figure 5 and the frequency response 
characteristics of the circuit are shown in 
Figure 6. 

This instrument is a vacuum-tube volt- 
meter reading a quasi-peak value of the 
noise signal. Only the nuisance value of 
the noise signal present in the audio out- 
put of a receiver is of interest, and this 
instrument more nearly approximates 
this value than does an rms reading in- 
strument.!7 The proper response has 
been accomplished by the use of a resist- 
ance-capacitance network proportioned 
to require ten milliseconds charge time 
and 600 milliseconds discharge time in 
accordance with the standard time con- 
stant for noise-measuring instruments.!% 
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A filter limits the frequency response 
of the instrument to the frequency band 
required for the intelligible transmission 
of speech. (See Figure 6.) This was 
found necessary to prevent frequencies 
which contribute nothing to the nuisance 
value of the audio voltage under measure- 
ment from producing meter indication. 
The meter is calibrated in decibels usifig 
a Q-decibel reference level of one milli- 
watt in 600 ohms. By means of an input 
attenuator, the full-scale range of the 
meter is extended from —32 decibels to 
+28 decibels in steps of four decibels. 
The —32-decibel sensitivity is necessary 
in order to indicate the background level 
of a receiver under test, since the back- 
ground level of the receiver is one factor 
determining the basis on which quanti- 
tative audio measurements are made. 
To conserve battery life and to make 
the instrument more portable, low cur- 
rent drain filament tubes are employed. 
A headphone jack is provided across 
the input connection of the instrument so 
that the audio output signal of the re- 
ceiver may be monitored. In use, the 
audio signal is monitored at the input 
of the audio noise meter to avoid the 
possibility of tuning the radio receiver to 
a radio station and thus obtaining false 
readings. kp 
Monitoring is also of value to help 
identify the source of radio noise, as 
certain equipment items produce an audio 
noise signal in the output of a receiver 
which is characteristic of that particular 
equipment item. c 
The audio noise meter is made as small 
and as rugged as possible. The over-all 
dimensions are 12 by 61/2 by 5 inches. 
All batteries are self-contained and have 
30 hours capacity. 


1. Auprio-NoIse OutTPpuT AS A FUNCTION 
oF Rapio-NoIse INPUT 


The use of the audio noise meter as a 
means of quantitative evaluation of the 
nuisance value of radio noise affecting 
a radio receiver is now to be considered. 

A fundamental starting point of this 
evaluation is the background level of the 
receiver measured with all noise sources 
inoperative, the receiver-antenna lead-in 
disconnected, and the antenna terminal 
of the receiver grounded to the receiver 
chassis through a capacitor simulating 
the capacitance of the antenna. The 
background-level determination must be 
made at frequencies throughout the range 
of the receiver as the background level 
varies greatly with frequency. 

Having determined the receiver back- 
ground level with no input signal, it is 
then possible to determine the relative 
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noise output produced by various RIV 
sources and evaluate measures taken to 
reduce coupling paths which contribute to 
receiver-noise output. Coupling sources 
whose effect is or has been reduced to the 
receiver background level need not be 
given further consideration. 

n the case of evaluating ignition noise 
coupled to the antenna, the background 
level must be measured with the lead-in 
and antenna normally connected. The 
limiting background level in this case is 
the atmospheric noise level, and since 
the atmospheric noise level is constantly 
changing, such measurements cannot be 
taken as a fixed reference level. Thus, if 
the radio noise, because of ignition or 
other noise influences on the outside of 
the airplane, are reduced to the back- 
ground level at one time, they may be 
above the background level at another 
time because of a reduction of the atmos- 
pheric noise level. 

In order to consider the basis for the 
determination of permissible radio-noise- 
output levels, it is necessary to review 
the calibration curves of a typical air- 
craft receiver with particular considera- 
tion of ratios of signal-to-signal plus 
noise (hereinafter shortened to “‘signal- 
to-noise ratio’’). 

The sensitivity of a receiver in micro- 
volts is defined as the input voltage in 
microvolts required to produce a 50- 
milliwatt output with a signal-to-noise 
ratio of at least six decibels. 

Calibration curves of a typical receiver 
are given in Figure 7. These curves are 
obtained by feeding a radio-frequency 
sine wave signal, modulated 30 per cent 
at 400 cycles, to the receiver from a signal 
generator connected to the receiver 
through a standard dummy antenna. 

Curve A of Figure 7 represents the 
calibration curve of this receiver with the 
volume control 50 per cent full open in 
terms of knob rotation. This curve is 
similar to the curve obtained with the 
volume control full open on a receiver 
having insufficient audio gain to take full 
advantage of the sensitivity of the radio- 
frequency channel. This is determined by 


the fact that the bend of the curve is 


caused by the background noise of the 
audio channel instead of the background 
level of the radio-frequency channel. 
The background level of the receiver with 
no signal is seen to be about 0.02 milli- 
watt. If this is arbitrarily increased six 
decibels by noise voltages the level will 
come up to 0.06 milliwatt. This total 
noise level is very low, and the desired 
signal can be received with a good margin 
over the background noise, provided it is 
of sufficient intensity. A noise voltage 
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of 9.5 microvolts is allowable, but a signal 
voltage of 200 microvolts will be required 
to make the output level 50 milliwatts, 
which is approximately the level required 
with this receiver for reception in an air- 
craft during flight. If this signal level is 
not obtainable the volume control must 
be advanced to obtain the required out- 
put level. 

Advancing the volume control brings 
the operating curve to that of curve B 
of Figure 7. The background level indi- 
cated by the flattening of this curve to 
the left is caused by noise inherent in 
the first radio-frequency stage or by im- 
properly filtered rectifier noise. This 
level is seen to be three milliwatts; a 
six decibels rise in output level brings it 
to ten milliwatts. A noise voltage of 
approximately 1.5 microvolts will accom- 


plish this, while a signal voltage of 7.0 , 
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Figure 6. Audio-noise meter frequency re- 
sponse 


microvolts will suffice to raise the output 
level to the required 50 milliwatts. 
Therefore, there is still a good margin 
between signal and noise. In fact, the 
usable audio gain could even be slightly 
higher than that shown. 

So far, the effect of atmospheric noise 
level in limiting reception when the re- 
ceiver is used in an airplane has not been 
discussed. The minimum level ranges 
from 2 to 10 microvolts per meter. As- 
sume that a field strength of two micro- 
volts per meter will place a noise voltage 
of four jmicrovolts at the input terminals 
of the receiver, resulting in three milli- 
watts of noise output. Reception, even 
under the best conditions, is limited to a 
radio-frequency signal of at least two 
microvolts, hence we have one basis 
from which to determine permissible 
noise levels from RIV sources. Permis- 
sible noise levels for each specific receiver 
installation are now under investigation. 

The effect of raising the audio gain 
above that required to obtain the full 
benefit of the sensitivity of the radio- 
frequency channel is illustrated by curve 
Cof Figure 7. Here, the background level 
with no signal is seen to be 200 milli- 
watts. A six-decibel increase in back- 
ground level will increase the output 
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nearly to the receiver saturation point, 
so that any signal received would be 
barely intelligible above the noise. 

From the operator’s point of view, the 
maximum amount of audio gain, in pro- 
portion to the radio gain available, is 
obtained when the background level is 
six decibels below 50 milliwatts, or what- 
ever level is required to give a proper 
margin above acoustic noise (engines, 
and so forth). This case is illustrated in 
curve D of Figure 7, which represents 
excess audio gain, indicated in curve C, 
reduced by lowering of the volume control 
to the precise point at which a six-decibel 
signal plus noise-to-noise ratio is ob- 
tained. 

The radio-frequency signal is seen to 
be 0.6 thicrovolts, and the sensitivity of 
such a receiver is 0.6 microvolts. This is 
about eight decibels better than that 
required under the best possible atmos- 
pheric conditions. Obviously there will 
be nothing gained in designing a receiver 
with better than a one-microvolt sensi- 
tivity as long as the minimum atmos- 
pheric noise will exceed this (at the 
terminals of the receiver). 

In making other radio-noise measure- 
ments the above considerations also 
apply in great measure. It is obviously 
undesirable to have the ratio between 
audio and radio gain at such a figure 
that a small noise voltage will send the 
receiver up to the audio-overload point. 
It is equally undesirable to have the 
background level so low that an inordi- 
nate signal voltage is required to drive the 
output stage fully. 

(a). Permissible Audio Noise Level 
Utilizing the Background Level of the 
Receiver as a Reference. This method 
is a logical development from the previous 
considerations and is the simplest test 
that can be made. With the audio noise 
meter connected to the output of the re- 
ceiver and switched to the proper ter- 
mination, 600 or 4,000 ohms, turn the 
volume control full on and read the back- 
ground level with the audio noise meter. 
Then operate a test noise-influence source 
whose level is great enough to overload 
the receiver. There should be at least 
an output level increase of 20 decibels 
to prove that operation is not confined 
to the limited volume range indicated by 
curve C of Figure 7. 

If this is not obtained with the receiver 
at maximum sensitivity, either the noise- 
voltage input is too small or the receiver 
is operating too close to the overload 
point, as indicated by curve C. 

It is preferable, at least for small noise 
voltages, to operate the receiver on the 
linear portion of the curve. Also, when 
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noise tests are being made, if the noise 
voltages are high and the receiver is 
operated close to the overload point, as 
in curve C, it will be impossible to deter- 
mine whether corrective measures have 
reduced the noise voltage input from 100 
to 10 microvolts. In such cases, the gain 
control must be retarded until the noise 
voltage does not bring the receiver to the 
overload point. 

The test may now proceed with respect 
to the noise sources in the airplane. It is 
suggested that noise-reduction measures 
be employed until the remaining noise 
level is within three decibels of the back- 
ground level of the receiver alone. The 
disadvantage of this method is that noise 
reduction may be carried to much lower 
noise levels than actually required in 
practice. The following method elimi- 
nates this difficulty. 

(b). Permissible Noise Level on the 
Basis of Power Level Required for Re- 
ception. This method requires that a 
family of curves such as those given in 
Figure 7 be available for each frequency 
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make measurements with a radio noise 
meter directly connected to the antenna, 
provided the antenna can be terminated 
in an impedance representing a receiver. 
This will then give a correlation between 
radio-noise-voltage input and audio noise 
output of the receiver. 

This method still does not take atmos- 
pheric noise levels into consideration. 
As more work is done on this subject, 
the present arbitrary assumptions with 
respect to permissible noise levels will be 
replaced by actual values determined by 
test. 

(c). Determination of Paths of RIV 
Coupling to the Radio Recewer. There 
are three paths of coupling to a radio re- 
ceiver through which radio-noise in- 
fluences may produce receiver-noise out- 
put; namely, the antenna lead-in, com- 
mon impedances internal to the radio 
receiver, and common receiver-bonding 
impedances. Application of any noise- 
elimination method should be made only 
after each of the coupling paths has been 
evaluated separately. 
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tested. Also, an estimate of the output 
power level required during operation of 
the airplane will be necessary. For ex- 
ample, some requirements are that for 
operation in a cockpit with 120 decibels 
of noise, there should be available at 
least 35 to 50 milliwatts of signal output. 
With these data as a reference base, the 
receiver is placed in operation and the 
output level read. Considering the con- 
ditions as represented by curve B, the 
output level with no signal input is seen 
to be about four decibels (reference 0 
db=1 mw in 600 ohms). Until per- 
missible noise levels are established, it is 
just as well to assume a value of six 
decibels as a proper margin. 

Referring to curve B, six decibels be- 
low 50 milliwatts is seen to be about 12 
milliwatts which corresponds to input 
noise voltage of about 1.5 microvolts. 
Utilizing this method it is possible to 
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Figure 7. Typical 
aircraft-receiver cali- 
bration curves 


RIV coupling through the medium of 
the common impedance formed by the 
receiver bonding connector(s) may be 
evaluated by disconnecting the antenna 
lead-in from the receiver-antenna ter- 
minal and connecting the antenna ter- 
minal to the receiver chassis. This 
connection eliminates coupling to the 
antenna lead-in and coupling because of 
the common impedance formed by the 
receiver-bonding connection. A _refer- 
ence reading is taken on the audio noise 
meter with the RIV source operating, 
and the antenna terminal is then con- 
nected to the aircraft structure instead of 
the receiver chassis. Any increase in 
receiver output (antenna terminal con- 
nected to structure) above the reference 
level (antenna terminal connected to 
receiver chassis) is due to RIV drop 
across the common impedance formed by 
the receiver-bonding connector(s). 
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form of coupling may be controlled aK 
bonding the receiver to structure by 

means of the shortest possible bonding 

connectors. It should be noted that the 

radio-frequency impedance of a given 

bonding connector is proportional to its 

length and for a given length the imped- 

ance increases as the square of the fre- 

quency. Hence, every effort should be” 
made to reduce the length of receiver 

bonding connectors to an absolute mini- 

mum. 

Having controlled one coupling path, 
RIV coupling through the medium of 
common impedances internal to the re- 
ceiver may now be evaluated by connect- 
ing the receiver-antenna terminal to the 
receiver chassis. Any increase of re- 
ceiver output when RIV sources are oper- 
ated is due to RIV drop across common 
impedances internal to the receiver. If 
this type of coupling is found to exist, it 
may be controlled by the application of 
RIV filters in the receiver power or re- 
mote-control wires which are responsible 
for carrying the radio-noise-influence 
currents into the receiver. 

The antenna lead-in may now be re- 
connected to the receiver and evaluation 
made of RIV coupling to this conductor. 
This is done by noting the audio-noise- 
meter reading with the RIV sources 
operating and not operating. Any in- 
crease in receiver output level when the 
RIV sources are operating will be due to 
RIV coupling to the antenna lead-in. 
Coupling to this conductor may be con- 
trolled by separating physically the lead-in 
from wiring carrying radio-noise-influence 
currents, by shielding wiring carrying 
radio-noise-influence currents in the im- 
mediate vicinity of the lead-in or by 
shielding the antenna lead-in conductor. 

Evaluation of the various RIV coup- 
ling paths should be made in the order 
given in order to prevent masking of 
one coupling path by another. If tests for 
one coupling path are to be made without 
benefit of control over all other paths, 
the evaluation of the result must consider 
the effect of the uncontrolled coupling 
paths. 


COMMENTS 
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This writing has not proposed to offer 
any basic facts not heretofore available 
but to assemble and apply them in an 
engineering manner to obtain an eco- 
nomical solution to the problem. 

The full utilization of the methods pro- 
posed in’ this writing requires teaching 
the subject to the electrical and radio- 


' design engineers and enforcement through 


written design material. This can be 
accomplished by writing a basic “Radio 
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and Electrical Layout Design Require- 
ments Manual” for aircraft electrical 
engineers. The purpose of this manual is 
to make the designer aware of the prob- 
lem so that he will then seek further assist- 
ance from the proper consultants. If 
properly done, this manual will not con- 
fliét with Army-Navy specifications. 

Such manual material should hence be 
of general nature supplemented by 
material applying to each separate air- 
plane model. The general Army-Navy 
specification covering shielding and bond- 
ing is used as a basis from which to de- 
Tive an engineering shielding and bonding 
specification giving detail practice apply- 
ing only to one model as a guide to the 
engineer. Such an engineering specifi- 
cation usually incorporates deviations 
from the Army-Navy specification that 
must be specifically approved by the 
Armed Services. 

This intermediate step is necessary to 
ensure that general requirements neces- 
sarily written into a basic specification 
are not applied to specific airplanes to 
which they do not apply. 

The question of how to handle radio- 
noise-suppression-design information on 
drawings is one that must be settled at 
the individual plant. It is recommended 
that the central point of responsibility 
for radio-noise-suppression design be 
placed upon the trained personnel in the 
electrical design group. Such items as 
bonding jumpers must be determined 
specifically as to quality and placement 
by the trained personnel and so shown on 
drawings. These items must not be left 
to the discretion of personnel untrained 
in the technical aspects of this problem.” 

The same applies to any and all refer- 
ences on drawings calling for cleaning or 
surface treatment utilized for the purpose 
of obtaining incidental bonding between 
parts. 


Conclusions 


Al Proper forethought to the layout of radio 
equipment will pay large dividends in the. 
economical solution of radio-noise problems. 
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2. In all-metal aircraft the shielding effect 
of the structure greatly simplifies the eco- 
nomical solution of radio-noise problems in 
comparison to those of the nonmetal aircraft 
and in comparison to ground-receiving sta- 
tions. Shielding and filtering is reduced 
greatly in that its application is restricted to 
those few points at which disturbance occurs. 
In the latter cases radio-noise influences are 
much more apt to require treatment at their 
sources which are usually very numerous. 


3. It is desirable to design all equipment to 
produce the least possible RIV, but it is 
meaningless to ascribe arbitrary limits to 
RIV as measured at equipment terminals or 
throughout the electrical system in an at- 
tempt to protect radio-receiver performance. 


This derives because RIV measurements on 
installed electrical wiring or equipment do 
not yield a measure of radio noise output 
unless a direct correlation has also been 
determined. At the higher frequencies noise 
coupling is functional with current rather 
than voltage, and steps taken to reduce RIV 
may increase RIC and result in a greater 
coupling. Radio-frequency current cannot 
be measured with available instruments; 
hence, each specific case of coupling must 
be eliminated by cut-and-try methods. 


(a). The services of radio test engineers competent 
to handle radio-noise problems are an absolute 
necessity wherever radio equipment is installed, as 
the individual units are not yet advanced sufficiently 
in design to work together with other electrical- 
equipment items without interference. 


Once a working ‘‘mockup’”’ has been proved, the 
subsequent installation then can be made at modi- 
fication centers without skilled technicians. Such 
tailoring cannot be obviated or even helped by 
setting general design limits to RIV as noted here- 
tofore and only serves to distract attention from the 
practical job of making specific equipment work in 
a specific airplane. 


4. Output measurements made with the 
proper type audio-noise meter are the most 
accurate with respect to actual evaluation 
of the effects of radio-influence sources. 


5. The requirements of simplicity for pro- 
duction aircraft-radio-noise measurements 
dictate the use of an audio noise meter and 
prohibit the use of a radio-frequency noise 
meter. The radio-noise meter is not suit- 
able for such use but remains a valuable 
laboratory tool. 


| 
6. The importance of proper bonding of 
the receiver to structure cannot be over- 
stressed. The achievement of receiver bond- 
ing of low radio-frequency impedance re- 
duces filter requirements to a minimum. 
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Turn Ratio of the Capacitor Motor 


THOMAS C. McFARLAND 


MEMBER AIEE 


N a previous paper! the basic equations 
for the stator- and rotor-winding cur- 
rents of the capacitor motor were estab- 
lished in terms of certain coefficients 
which were functions of the fundamental 
constants of the machine. Application of 
these relations to establish the current loci 
was made to typical design data taken 
from earlier papers by Morrill,? and Puch- 
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Figure 1. M as a function of turn ratio 
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Figure 2. N as a function of turn ratio 
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stein and Lloyd,* based on a single value 
of the ratio of auxiliary-winding turns to 
main-winding turns. It is the purpose of 
this paper to extend the investigation to 
determine the effects upon current loci, 
and upon certain performance character- 
istics, of changing the turn ratio. 
Application of the basic equations is 


Paper 43-137, recommended by the AIEE com- 
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the AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943. Manuscript sub- 
mitted January 23, 1942; made available for print- 
ing July 8, 1943. 


Tuomas C. McFARLAND is associate professor of 
electrical engineering, University of California, 
Berkeley, Calif. 
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Figure 3. Pas a function of turn ratio 
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Figure 4. Q asa function of turn ratio 
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ee 
made for three values of turn ratio, and it 
is definitely assumed that all other funda- 
mental constants remain constant when 
the ratio is changed. This implies that 
the ratio of copper in the auxiliary and 
main windings changes, and that the di- 
mensions of the machine and the distribu- 
tion of windings also change. The con- 
verse case of a constant copper ratio is re- 
served for future study. For the present 
study application is made to the four-pole 
110-volt one-fourth-horsepower  single- 
phase motor discussed in the previous 
paper,’ and the machine constants are 
as listed there, except that & is assigned 
values of !/2, 1, and 2. 

It was necessary to compute coefficients 
M, N, P, Q, U, and W for each value of k 
by substitution in equations 21-26 of the 
previous paper.1 These computations 
were made for ten values of per-unit speed 
ranging from S=1.0 to S=0.0, and for six 
values of capacity reactance from 41,=20 
ohms to X,=500 ohms at each speed. The 
variation of the coefficients in relation to 
k is shown in Figures 1 to 6, inclusive, for 
a constant speed S=0.96. Values of J, 
and Jy were computed for each value of 
speed and capacity reactance using equa- 
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Figure 5. U as a function of turn ratio 
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Figure 6. W as a function of turn ratio 
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tion 20 of the previous paper.!_ The values 
fomo—1)S—0:9, S=0:8) and S=0 are 
plotted in Figures 7 and 8 for each value 
of k. Study of these figures shows that 
certain observations made in relation to 
Figures 8 and 9 of the previous paper! 
must be getteralized to account’ for 
changes in turn ratio. It will be noted 
that 


(a). The blocked-rotor value of J, is in- 
dependent of k. 
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Figure 7. Current loci for main winding 


(6). Current loci are circles for all values 
of k. 


(c). For each fixed value of & the centers 
of current loci for constant S lie on a circular 
are. 


(d). The centers of circles for constant S 
traverse a circular locus as k is varied, and 
the centers of these latter loci also lie on a 
circular arc. 


(e). The centers of the circular arcs passing 
through the centers of loci for constant S 
also traverse a circle as k is varied. For 


values of k between one half and one these 
centers can be assumed to lie on the axis of 
co-ordinates perpendicular to V (as shown 
in Figure 7 for 7,) and can be determined by 
the perpendicular bisector of the line joining 
the center of the circle for S=1 to the 
blocked-rotor point. 


(f). The radii for circles of constant S are 
functions of k. 


1. In Figure 7 it is found that for k=1 the radius 
of any circle of constant S is S*® times the radius 
of the circle for S=1. The exponent decreases from 
2.9 for values of k below one and increases for 
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Figure 9. Exponent of S as function of k 


if 
values of k above one. The relation of the exponent 
to the turn ratio is shown in Figure 9. 


2. In Figure 8 it is found that for k=1 the radius 
of any circle of constant S is S75 times the radius 
of the circle for S=1. The exponent decreases 
from 1.75 for values of k below one and increases 
for values of k above one. The relation of the ex- 
ponent to the turn ratio is shown in Figure 9. 


(g). For constant k the angle 6, determined 
as outlined for Figure 8 of reference 1, is 
constant. for all values of S and values of k& 
equal to or less than one. For values of k 
above one, 6 decreases with S. At k=2, 
8 decreases in direct proportion to S. 


(h). For all constant values of k the angle 
5, determined as outlined for Figure 9 of 
reference 1, is constant for all values of S 
over the operating range (S=0.9 to S=1.0). 


For each value of J, and of J, the power 
input was computed as the product of the 
voltage and the component of current in 
phase with it. The respective quadrature 
components of current and vars were also 
determined. Using equation 5 of refer- 
ence 1, values of J,, and J.) were found. 
Stator copper losses for the main and aux- 
iliary windings were computed as J,’rq 
and I,*(r»+7,), respectively. Rotor cop- 
per losses for the main and auxiliary axes 
were found as J,,?r2 and k*J,y"r2, respec- 
tively. Friction and windage losses were 
taken as 13 watts for S=0.96 and were 
assumed to vary as S?. Iron losses do not 
enter into the computations of output 
since they were considered as external to 
the motor. Values of net output were ob- 
tained by subtracting the summation of 
windage, friction, and copper losses from 
the values of input. From these data 
watts output were plotted as functions of 
watts input for constant values of X,, as 
shown in Figures 10, 11, and 12, corre- 
sponding to values of k equal to !/s, 1, and 
2, respectively. Then, by cross-plotting 
for constant values of watts output, the 
curves of Figure 13 were obtained show- 
ing watts input as a function of micro- 
farads capacitance. The line frequency 
was assumed to be 60 cycles when de- 
termining the capacitance from the values 
of X,. 
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In order to determine the values of 
capacitance at which the watts input to 
the main and auxiliary windings were 

equal the curves of Figures 14, 15, and 16 

were plotted showing the input to each 

winding as a function of capacitance, for 

constant values of S. Intersections of the 
curves of like speed gave the desired 
values of capacitance. These values of 
capacitance were then plotted as func- 

tions of speed as shown in Figure 17. 

By a similar procedure curves of equal 
(but opposite) vars for the two windings 
were computed and plotted as shown in 
Figures 18, 19, and 20. From the inter- 
sections of curves of corresponding speed 
the values of capacitance to produce a line 
power factor of unity were found. These 
values are plotted as a function of per- 
unit speed in Figure 21. 

_In a similar manner curves of volt- 
amperes for each winding were plotted as 
functions of capacitance. These are 
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Figure 14. Input watts versus capacitance for constant speeds and k =1/9 


$= 


ee me NS) 


Bi me 

2 hes ESNS2 
eee ee er Pe 
eee eee nee Tl 
aS? Zee 
pk yr er 
ee eee ae 

2 2 nee Oe 
100 te ice eee Bee 
petal coer 
eee ania bere ale 
DU seams s ae aba 

60 80 100 !20 14 


40 
MICROFARADS IN AUXILIARY WINDING 
Figure 15. Input watts versus capacitance for constant speeds and k=1 


1000 


NRE 
NW 


800 


== VAN 
ie SLA 
~ ua g Beas 
1. 600 eeu Ly Spo 
ae oY a SSS 
| | Yen VI TR 
5 y 
: | BVA |_| | 
= 400 A v7 
2) o Z 
E G mi) es 
5 = 
200 . | 
) 
-200 


20 40 60 80 100 {20 140 
MICROFARADS IN AUXILIARY WINDING 


Figure 16. Input watts versus capacitance for constant speeds and k=2 
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Figure 17. Capacitance versus per-unit speed 


for equal watts 


VARS (k=2) 


100 Sate = Sw 

| eS SRR 
ole EL YAN 

) 30 40 50 


MiGROPARADS on AUXILIARY WINDING 
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stant speeds and k=2 
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Figure 21. Capacitance versus per-unit speed 
for equal vars 
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Figure 22. Volt-amperes versus capacitance for constant speeds and k = 1 
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Figure 26. Watts output versus per-unit speed 
for k= 1 /9 
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Figure 29. Capacitance versus per-unit speed 
for constant outputs and k=1 
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Figure 27. Watts output versus per-unit speed 
for k=2 
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Figure 30. Capacitance versus per-unit speed 
for constant outputs and k=1/9 
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Figure 25. Capacitance versus per-unit speed 
for equal volt-amperes 
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Figure 28. Watts output versus per-unit speed 
for k=1 
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Figure 31. Capacitance versus per-unit speed 
for constant outputs and k=2 
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Figure 32. Equal-relations curves 


shown as Figures 22, 23, and 24. From 
the intersections of curves of like speed 
the curves of Figure 25 were found, giving 
the capacitances required to give equal 
volt-amperes in the two windings at 
speeds over the operating range. 

From the computed data of watts out- 
put the curves of Figures 26, 27, and 28 
were plotted to show the net output as a 
function of per-unit speed, for constant 
values of capacitance. Cross-plotting 
from these curves for constant values of 
watts output, the curves of Figures 29, 
30, and 31 were obtained, showing the 
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microfarads as a function of speed in 
order to keep the output constant. It was 
then possible to superimpose the curves of 
Figures 17, 21, and 25 in order to deter- 
mine intersections which would give the 
capacitances at a fixed output for which 
there would be equal watts, equal volt- 
amperes, and equal (but opposite) vars. 
In Figure 32 the curves of Figure 13 
were replotted to separate the curves ac- 
cording to values of k. Using the inter- 
sections obtained in Figures 29, 30, and 
31, it was then possible to plot the curves 
of equal watts, equal volt-amperes, and 
equal vars as shown in Figure 32. These 
curves indicate that for turn ratios be- 
tween one-half and two a design for equal 
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watts is preferable to a design for equal 
volt-amperes since for all loads up to rated 
value the efficiencies are higher and the re- 
quired capacitance is less. The line power 
factors are less, however, as indicated by 
the positions of the equal-watt and equal- 
volt-ampere curves relative to the equal 
(but opposite) vars or unity-power-factor 
curve. It will be noted that the equal- 
relations curves shift to the left as the 
turn ratio is increased, hence for some 
values of k above two the equal-volt- 
ampere design will give higher efficiencies 
than the equal-watts design.. Since for 
these high turn ratios the variation in 
capacitance between the equal-relations 
curves is not great, it is probable that 
when first cost, efficiency, and line power 
factor are all considered the equal-volt- 
ampere design is to be preferred. 
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Aircraft Transformers—Small and Light 


O. KILTIE 


ASSOCIATE AIEE 


HE purpose of this paper at the pres- 

ent time is to make available for the 
aircraft industry knowledge and informa- 
tion on the newest types of transformers 
specially developed to obtain extreme 
small size and the lightest possible weight. 
It is felt that the aircraft engineers should 
be given every opportunity to take advan- 
tage of the latest developments without 
the delay of extensive research. Every 
effort has been made to comply with their 
persistent demands for equipment as 
small and as light as possible. 


Introduction 


The necessity for light weight and small 
size in aircraft transformers is very evi- 
dent, since any reduction in space and 
weight will reflect in larger capacities for 
fuel and bomb loads. Various types of 
transformers have been developed re- 
cently, such as, three-phase to single- 
phase, single-phase to three-phase, two- 
phase to three-phase, three-phase to two- 
phase, combination a-c to d-c transformer- 
rectifier self-regulated units, miniature in- 
strument type, and a line of general pur- 
pose aircraft units with kilovolt-ampere 
ratings ranging from 100 volt-amperes to 
five kilovolt-amperes, with weights rang- 
ing from 0.8 pound to 9.5 pounds and op- 
erating at ultimate temperatures of 225 
degrees centigrade. Included are vibrator 
inverter transformers, voltage stabilizers, 
high-voltage and low-voltage booster igni- 
tion coils. 


General Features 


The construction used on many of these 
designs features open core and coils and 
screw-type terminals. On those units in- 
tended for high temperature operation the 
terminal boards are made of Mycalex, 
and all internal connections are joined 
with silver solder. For normal tempera- 
ture design, cloth-base Textolite is em- 
ployed in terminal-board construction. 

In design, careful attention is given to 
locate the center of gravity as low as pos- 
sible and as near the mounting surface as 
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mittee on air transportation for presentation at the 
AIEE national technical meeting, Salt Lake City, 
Utah, September 2-4, 1943. Manuscript sub- 
mitted July 12, 1943; made available for printing 
July 29, 1943. 
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practicable. All units are also designed to 
withstand vibration tests specified by the 
United States Arnly and Navy. 

Core materials have been selected to 
operate at high flux density but not to 
saturate. Laminations ten mils thick, 
which provide for reasonable losses and 
allow practical manufacturing, are chosen 
for 400-cycle designs. 

The choice of insulating materials is 
most important to permit operation of 
aircraft units at high temperatures far 
above those in past practices, furthering 
the primary object of weight reduction. 
All insulation in the special high-tem- 
perature units, including winding spools, 
layer insulation, wrappers, and conduc- 
tor-turn insulation, is glass cloth and 
glass fiber impregnated with a specially 
developed resin capable of operating at 
225 degrees centigrade continuously. 

To prevent oxidation of the copper wire 
at elevated temperatures the wire is cad- 
mium plated prior to application of the 
glass fibers. 

Overloads for short periods are per- 
mitted, during which the temperature 
may exceed operating values. This means 
that 11/, to 2 times normal loads can be 
tolerated for a few minutes with no 
damage to the transformers. 

Life tests have been completed on 
a four-pound two-kilovolt-ampere unit 


Table |. Heating Data for Various Altitudes 

With and Without Dural Plate 

Ultimate 
2 Temperature 
mole (Deg C) 
OR WN Pee ee 
wo Bq wSs’e 

ir) ee a, 6 EO. 2 
= | vp SS BAYS. BL S 
Si i: ss SS Hosa BS gs 8° 
=< ng Ba deloo §o a's 
Sea level....2,000...Yes.. .30 172... .208 172 
Sea level....2,000...No...30 188... 245 212 
12,000 feet. .2,000, .. Yes. . .30 Ry ely 186 
12,000 feet. .2,000...No ...30 202... . 262 227 
25,000 feet. .2,000... Yes...30...193...229...199 
25,000 feet. .2,000...No. 30 218...281 244 
40,000 feet. .2,000...Yes...30...206...242...208 
40,000 feet. .2,000...No 30 233. ..296 259 


which operated in excess of 1,000 hours at 
225 degrees centigrade. The unit was ex- 
posed to 95 per cent relative humidity, 
while cool and not operating, for eight 
hours in each 24-hour cycle. At the end 
of the life test the efficiency and heating 
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had not changed appreciably, and con- 
tinued operation was satisfactory. 


Altitude Performance 


Load tests have been made at sea level 
on a two-kilovolt-ampere 400-cycle high- 
temperature transformer to determine the 
extent of heating at various altitudes. To 
produce the same heating at other alti- 
tudes as obtained at sea level, the load 
was then changed. The transformer is al- 
most always mounted on a Dural plate or 
channel in the aircraft structure which 
will dissipate considerable heat. A com- 
parison was made on transformer heating 
by making load tests with the test unit 
mounted on a 12-inch square Dural plate 
8/30 inch thick. The unit was then freely 
suspended in air to omit the plate. Heat- 
ing data are tabulated in Table I. 

Test data tabulated in Table II show 
that the core dissipates most of the total 
losses as indicated by constant core tem- 
perature and the reduction in coil tem- 


Table Il. Output Loads at Various Altitudes: 
for Same Core Temperatures 


Ultimate 
Temperature 

(Deg. C.) 

Ambient — 

Load Tempera- Top 

in ture Outer of 
Altitude Watts (Deg C) Coil Core 
Sea ‘level; . 2,000.5)... 6.80.0... Lie es 174 
12,000 feet. .1,830....... SE eer LB6 ccs 174 
25,000 feet. .1,680....... BO aire mele 148 ose 170 
40,000 feet..1,570....... BO Rasta 1440 io. 170 

perature with reduced loads. It may be 


observed that for constant ambient the 
allowable output at 40,000 feet is 79 per 
cent of normal sea-level capacity. How- 
ever, since the lower ambient tempera- 
tures encountered at high altitudes will 
compensate for additional heating, it is. 
safe to operate the transformer at full 
capacity at all times. 

Test data tabulated in Table III show 
comparative temperature rises of core and 
coils over an ambient temperature of 
minus 40 degrees centigrade. By compar- 
ing these data with the data from Table I 
(with Dural mounting plate) it may be 
observed that cold ambients are not so: 
effective as warmer ambients on heat dis- 
sipation at the higher altitudes. 

The effects of an air blast on heat dissi- 
pation are observedin Table IV. A veloc- 
ity of air, measured to be 3,380 feet per 
minute, was forced over the unit for the 
purpose of obtaining, first, the decrease in 
heating at rated load of 2,000 watts and, 
second, the allowable increase in load to: 
obtain the same heating as is encountered. 
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Tablle Il. Output Loads at Various Altitudes 
and Low Ambient Temperature 


Table IV. Effects of Air Blast on Kilovolt- 
Ampere Rating at Various Altitudes 


Ultimate Ultimate 
Meaperniare Static Temperature pendently of each other. The d-c output 
S (Deg C) Pressure 3 (Deg C) voltage may be selected at any value be- 

& Inches of Load in of Inner 
2 2 « nS, 24 Altitude Water Watts Coil tween 26 and 30 volts and held constant 
z ge SEP 2 ba af regardless of load current variations from 

S ® zo) O- 1O.6 ‘ oes 
< S8# <68 06 40 «ao pe aes . th vere tees ae Heer ae aes no load to full load. The circuit includes 
H eb JUS Se ane 2; ‘ . 15, ‘ 
25,000 feet,...0.27........ 2670 eerrele a control reactor, a three-phase high-” 
Senilevel ve. 2000 he 40 eo ee CuenOS iy ee REM A TR oa. 3300... 214 


12,000 feet...2,000....—40....123...164...127 
40,000 feet...2,000.... 


| 
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i) 
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aq 
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= 
NI 
=) 


at sea level with no forced ventilation and 
with use of the Dural plate. 

Regulation, efficiency, and exciting cur- 
rent data are tabulated in Table V. 


Standard Line for General Purposes 


A standard line of single-phase high- 
temperature lightweight transformers for 
general purpose aircraft applications has 
been established. The kilovolt-ampere 
ratings are: 0.100, 0.250, 0.500, 1.000, 
2.000, and 5.000. The voltage ratings are 
120 volts high voltage and 28.5 volts low 
voltage. Frequencies of 380 cycles mini- 
mum to 420 cycles maximum are standard, 
although use of higher frequencies is not 
objectionable. An operating temperature 
tise of 200 degrees centigrade is normal 
and makes possible large reductions in 
size and weight when compared with 
transformers constructed with conven- 
tional materials. 


Weights and volumes are shown in 
Figure 1. Construction and appearance 
may be observed from Figure 2. 

When selecting mounting location for 
these transformers, consideration should 
be given to the high temperature at which 
they operate. 


Three-Phase Transformers 


The special high-temperature materials 
used in the single-phase units just de- 
scribed are also adaptable to the construc- 
tion of three-phase 400-cycle units. For 


rated at 100 and 200 amperes, respec- 
tively, at 30 volts, d-c output. The input 
frequency and voltage may vary inde- 


temperature transformer, a voltage-sensi- 
tive variable resistor, and a selenium recti 
fier. Units rated at 3.0 kw and 6.0 kw 
will weigh approximately 30 pounds and 
55 pounds, respectively. 


Phase-Changing Transformers 


A definite trend toward increased use of 
single-phase electrical equipment on air- 
craft has been noted. Many planes, par- 


; Figure 3. Three-phase to single-phase aircraft 


transformer rated: 400 cycles, 0.115 kva, 115 
volts three-phase to 115 volts single-phase 


Dimensions 2 by 33/3 by 51/4 inches 


10 
ticularly large bombers, have, as standard 
equipment, three-phase auxiliary genera- 

2 tors, which, of course, are of limited ca- | 
pacity. A single-phase load connected to 

8 160 any one phase of the power supply would 3 
Figure 2. High-temperature aircraft trans- | Catise considerable unbalance in the three- { 

7 140 former rated: 400 cycles, 2.0 kva, 120 to phase voltages, which would also reduce ‘ 
28.5 volts the available volt-ampere capacity of the 

Dg ago Dimensions 93/s by 41/4 by 45/s inches generator. Therefore, it became desirable j 

Ae to develop a transformer to furnish a 

'O Ww : . ‘ 

‘ le- 2 
$ é = example, aia lia aeeare ei tee nate ae single-phase voltage and which could re 
z ‘ ; : flect balanced watts at equal power fac- 

& made with dimensions of 5 by 9 by 12 2 

cn : Baap d tors in the three generator phases. Sey- 

W4 2 80 inches and Weis ae Co gt ae eral designs have been completed in 

= hip 7.5-kva three-phase unit was made with P 

= dimensions of 2%/, by 7 by 7 inches and oe 
iS 3 60 weighing only 13 pounds. Three-phase Table V. Electrical Data 
> units will weigh approximately 20 per Tie 
ey) cent more than single-phase units for the ee 
same kilovolt-ampere rating. Rating in Per Cent of Voltage 
Kilovolt- Full-Load Regulation Efficiency 
1 20 Amperes Current (PerCent) (Per Cent) 
Transformer-Rectifier Units a: 
0.1004 CD eh aes 13. See 87 
fo) ) f OPO emis Eliieiatanin Ser 11. ieee 90 
° Developmental work is well advanced ORG 008 ee Es eee 10. geese 91 
KVA on two self-regulated transformer rectifier 3 Sop) 0101227012000) 6122.98 
Figure 1. Weight and volume characteristics | units to operate directly from an engine- sh AO ened 6g start en 1 apaeaee ee 


of high-temperature aircraft transformers 


900 . Kiltie—Aircraft Transformers—Small and Light 


driven a-c generator; these units are 


Figure 4. Single-phase to three-phase trans- 
former rated: 400 cycles, 48 volt-amperes, 
115 volts single-phase to 115 volts three-phase 


Dimensions 21/\, by 23/3 by 9211/1, inches 


various ratings. Their efficiency is 90 per 
cent, and they operate at unity input 
power factor. Load variations do reflect 
in some unbalanced input power factor, 
but the output voltage regulation is not 
seriously affected. It is essential that 
phase rotation always be maintained in 
the stipulated direction and that the fre- 
quency remain constant. One such unit 
has been produced which will deliver 115 
watts at 115 volts and 400 cycles from 
a three-phase 1,000 volt-ampere genera- 
tor for the operation of a single-phase 
radio compass of an automatic pilot. 
This unit weighs 2.38 pounds and has 
dimensions of 2!/s by 37/s by 5/, inches. 
Refer to Figure 3 for a construction view. 

For operation of small gyro instruments 
three-phase motors have been found most 
suitable. This makes it necessary on 
such aircraft as fighters, which are 
equipped with a single-phase generator, to 
use a single-phase to three-phase trans- 
former for operation of these instruments. 
A transformer using a special nonlinear 
split-phase circuit is now available to 


Figure 5. Instrument autotransformer rated: 
400 cycles, 9.0 volt-amperes, 120 to 28.5 
volts 


Dimensions 13/s by 13/s by 13/, inches 


Figure 6. Reactor ballasts for fluorescent 
| lighting on aircraft 


Figure 7A (left), Low- 
voltage ignition booster 
coil 


Figure 7B (right). High- 
voltage ignition booster 
coil 


supply 115 volts, three-phase, at 400 
cycles from a 115-volt single-phase genera- 
tor supply. This supply will operate two 
KB-1 or KC-1 General Electric gyro in- 
struments having a total load of 48 volt- 
amperes. This transformer is so designed 
that it compensates for the difference in 
starting and operating load power factors 
and thus permits rapid acceleration of the 
gyro motors; however in general, this 
type of transformer should be designed 
for specific loads in which the power 
factor and voltamperes are essentially 
constant. The transformer is both small 
and lightweight, weighing only eight 
ounces. Refer to Figure 4 for a con- 
struction’ view. 

There are other aircraft applications 
that require the use of two-phase to 
three-phase or three-phase to two-phase 
transformers. Such units can be made 
small and lightweight by use of special 
steels and insulating materials. 


Transformers for Other Aircraft 
Applications 


Small single-phase transformers of 4.5- 
and 9.0-watt ratings are available for op- 
eration of other flight instruments such as 
the remote indicating compass. These 
units weigh only two and three ounces, 
respectively, and are minute in physical 
size. Refer to Figure 5 for construction 
view. 

Small linear a-c reactors, required for 
certain miniature instruments, have also 
been developed. One such unit, rated 74 
volts, 0.03 ampere, 400 cycles, and de- 
signed for assembly within the instrument 
has a volume of only 11/4 cubic inches and 
weighs but two ounces. 

Reactor ballasts are available for fluo- 


901 


rescent lighting in aircraf having a suit- 
able a-c power system. They serve the 
same purpose as in commercial practice 
except that they are designed for light 
weight and small size and 400 cycles. Re- 
fer to Figure 6 for typical units. 


Voltage-Stabilizer Transformer 


A recent development in voltage stabi- 
lizers for 60=Cycle service is equally adapt- 
able for 400-cycle, or even 800-cycle, air- 
craft systems. These units are used for 
those instruments which require a con- 
stant regulated input voltage. If the fre- 
quency is constant, the load, power factor, 
and input voltage may vary over wide 
limits; if the load and its power factor are 
constant, the input line voltage may vary; 
the frequency may also vary over a ten 
per cent range and yet provide for a con- 
stant output voltage held to within ap- 
proximately three per cent. 


Booster Ignition Coils 


In the past it was common practice to 
use high-voltage ignition booster coils for 
providing positive ignition in starting of 
aircraft engines. Recently, low-voltage 
booster coils have been made available, 
which operate directly from the battery 
and furnish rated current through the low- 
voltage winding of the magneto. 

This low-voltage current is then stepped 
up by transformer action within the mag- 
neto to provide a high-voltage output 
suitable for ignition starting purposes. 
This system is being used extensively and 
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Figure 8. Vibrator-type inverter transformer 
rated: 24 volts d-c to 16-16 volts a-c at 60 
cycles with radio inteference suppressed 


is more practical in that it simplifies wir- 
ing and reduces radio interference. Refer 
to Figures 7A and B for typical units. 


Inverter Transformers 


Inverter transformers are available for 
those applications requiring a conversion 
of power from d-c to a-c or requiring a d-c 
voltage change. The frequency of the 
vibrator, which is an essential part of the 
equipment, is limited to a preferred 120 
cycles. This prevents their adoption, 
generally, to 400-cycle systems. They are 
now used extensively to provide a-c volt- 
age to a special field winding of power- 
turret Amplidyne generators for control- 
ling voltage fluctuations caused by resid- 
ual flux. Without such control the tur- 
ret will become unstable, thus reducing its 
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accuracy. A small two-pound inverter — 


transformer operating directly from the 
battery will provide the necessary control. 
Refer to Figure 8 for a typical unit. 

Inverters can be made to operate di- 
rectly from the variable battery voltage to 
provide a self-regulated a-c or d-c output 
voltage held constant within approxi- 
mately three per cent. Wave form is al- 
most equivalent to sine wave and entirely 
suitable for most applications. 


A circuit! is usually employed in which - 


the vibrator contacts do not break cur- 
rent. This provides for long reliable life 
of the equipment. Improvements have 
been made recently to correct the output 
wave form, increase the efficiency and pro- 
vide stabilized output voltage. 


Conclusions 


The transformers discussed in the pre- 
ceding paragraphs are those which seem 
most needed for aircraft applications. In 
many cases they have replaced heavy 
equipment and also have made it possible 
for certain generators to serve dual pur- 
poses. 

There may be many other applications 
not covered by the foregoing paragraphs; 
however, it is hoped that the information 
disclosed herein may be of value in solving 
transformer problems in the aircraft in- 
dustry. 
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Application of 720-Cycle Carrier to 


Power-Distribution Circuits 


J. L. WOODWORTH 


OW-frequency carrier has been ap- 

plied extensively to distribution cir- 
cuits for remote control of street lights, 
window lights, off-peak water heaters, and 
similar services. Since carrier makes 
available a control system whose operat- 
ing flexibility can be duplicated only by 
the use of a nttmber of separate wire or 
pilot circuits, it permits saving large 
amounts of copper and other critical war 
materials. The necessity of reducing illu- 
mination or ‘‘blacking out’’ lighting cir- 
cuits under war conditions has empha- 
sized the value of the direct control 
provided by a carrier system. More re- 
cently the importance of carrier control 
for air-raid sirens and for signaling air- 
raid warnings to defense centers and 
civilian-defense personnel has been dem- 
onstrated. : 

These types of application generally 
require remote control of a large number 
of devices from a central point on the 
power system and economically favor the 


_ use of a relatively low-frequency carrier 


which can be transmitted efficiently 
through power-distribution transformers 
in order to reach the 115- or 230-volt 
power supplies available for operation of 
the receiving controllers. The carrier 
frequency of 720 cycles commonly used in 
these applications has been selected after 
carefully evaluating the relative economic 


‘values of transmission efficiency, sim- 


plicity of equipment, and receiving-con- 
troller sensitivity required to prevent 
interference from frequencies normally 
present on the power system. 

This paper presents methods by which 
the 720-cycle transmission character- 
istics of power-distribution systems can 
be predicted to ensure successful opera- 
tion of the carrier channel. The appli- 
cability of these methods has been con- 


firmed by calculations, calculating-board 


studies, and field measurements con- 
ducted on actual installations over a 15- 
year period. To simplify the application 
effort required, the methods utilize ap- 
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subcommittee on power system applications of 
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proximations which do not always yield 
precise results, but the over-all error is 
generally conservative. 

Basically, the application problem is 
one of transmitting energy over a power 
system at 720 cycles instead of at 60 cycles, 
so the application engineer follows, in 
many ways, the same steps as with 60- 
cycle engineering. Even though the 720- 
cycle voltage used is only a few per cent 
of the 60-cycle system voltage, there are 
similar problems of voltage drop or rise, 
favorable location of the generator (trans- 
mitter), watts generated and watts de- 
livered, and vars that must be supplied 
either at the transmitter or at other 


_ points. 


Although conductor size, and spacing, 
and other factors are involved, the usual 
60-cycle conception is that lines up to 30 
miles length are considered short lines—if 
a solution of high accuracy is required—or 
up to approximately 120 miles if only fair 
accuracy is required. In extending this 
conception to 720-cycle transmission it 
must be remembered that short and long 
lines are relative terms depending on the 
impressed frequency. A 120-mile 60- 
cycle transmission line often can be con- 
sidered a short line, since its distributed 
capacitance causes a no-load voltage rise 
at the receiving end of only three per 
cent at 60 cycles, but this same no-load 
voltage rise is obtained at 720 cycles if 
the line length is decreased in the same 
ratio as the frequency is increased. For 
this reason a ten-mile line at 720 cycles 
and a 120-mile line at 60 cycles are both 
short lines within the same limits of ac- 
curacy, jand 720-cycle transmission prob- 
lems can. generally be analyzed with 
reasonable accuracy using short-line con- 
ceptions for transmission distances up to 
ten miles. Beyond this distance the 
errors introduced by applying short-line 
methods increase but are generally con- 
servative (unfavorable to the application) 
for even greater distances. Hereafter 
the term “‘short line’ is understood to 
include transmission over overhead lines 
up to ten miles distance. 


Short-line applications are most easily 
solved when it is practical to couple the 
720-cycle transmitter into the 60-cycle 
system so that, at both frequencies, power 


flows toward the loads in the same direc- 
tion in all sections of the feeders. In 
these applications the 720-cycle perform- 
ance can be predicted from values which 
usually have been determined previously 
in order to plan properly the 60-cycle 
operation of the system, such as voltage 
drop, conductor size and spacing, total 
load kilovolt-amperes, power factor, and 
the system short-circuit kilovolt-amperes. 
It is then unnecessary to know how the 
load is distributed over the system since 
the effect of this factor is included in the 
actual 60-cycle voltage drop. 

In applications where data of this kind 
are not available, it is usually easier to 
determine the 720-cycle performance 
from factors which take into account the 
60-cyclé kilovolt-ampere load, the dis- 
tribution of the load, and the system 
short-circuit kilovolt-amperes. This is 
also the best method for long-line applica- 
tions, as well as for short-line applications 
in which power does not flow toward the 
load in the same direction at both 60 and 
720 cycles, because, in these cases, the 
relation between 60- and 720-cycle volt- 
age drops often becomes complex. 

Complicated systems involving long 
lines or elaborate interconnections with 
many sources of 60-cycle power may re- 
quire the use of a network analyzer or 
calculating board if a highly accurate 
solution is required. 


The two schemes commonly used to 
couple the 720-cycle transmitter to the 
power system are the series and the shunt 
coupling arrangements. With series 
coupling the 720-cycle voltage is intro- 
duced in series between the load and the 
60-cycle generator. With shunt coupling 
it is introduced in parallel with the load 
and 60-cycle generator. In either case 
the 720-cycle loss in the generator de- 
pends on the 720-cycle voltage present, 
the generator 60-cycle reactance (or the 
60-cycle short-circuit kilovolt-amperes) 
and the 60-cycle kilovolt-ampere rating 
of the load on which the 720-cycle voltage 
is impressed. For a very large ratio of 
60-cycle short-circuit kilovolt-amperes to 
load kilovolt-amperes, the physical size 
of the 720-cycle transmitter is smaller, 
using series coupling, but below some 
smaller value of this ratio the trans- 
mitter physical size is smaller when using 
shunt coupling. 

On any system it is always possible to 
locate the transmitter or transmitters to 
provide the desired coverage. As ex- 
amples, the control voltage can be im- 
pressed on only a portion of one primary 
feeder, or on one entire primary feeder, or 
on all primary feeders from one sub- 
station, or on a number of substations fed 
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from a common higher-voltage trans- 
mission system. In each of these ex- 
amples different values of 60-cycle load 
and short-circuit kilovolt-amperes are 
encountered, which in turn influence the 
size of the transmitter and the choice 
between series and shunt coupling. 


720-Cycle Characteristics of 
60-Cycle Lines and Apparatus 


When 720 cycles is superimposed on a 
60-cycle circuit, for purposes of calcula- 
tion, all values which are affected by fre- 
quency must be corrected as follows: 


1. The reactance of the feeder conductors 
and the leakage reactance of transformers are 
proportional to frequency and hence are 
increased in the ratio of 720/60 or 12 times. 
But the series resistance of the feeder con- 
ductors and transformers increases rela- 
tively little with frequency, and therefore 
the series resistance can be safely neglected 
at 720 cycles for determining current flow or 
voltage drop. 


2. Distribution-transformer susceptance, 
which determines the transformer exciting 
current, is directly proportional to fre- 
quency and, hence, can be safely neglected. 


8. A distribution transformer can be rep- 
resented by the transformer leakage react- 
ance in series with the secondary load. This 
reactance is increased 12 times by the fre- 
quency increase. The transformer voltage 
drop is also increased, being of the order of 
ten per cent at 720 cycles compared to two 
or three per cent at 60 cycles. 


4. To determine the characteristic of the 
60-cycle load, it is convenient to divide the 
load into the two following types: 


(a). Noninductive loads such as lights, ranges, 
water heaters, and heating appliances whose 720- 
cycle impedance can be represented by a pure resist- 
ance numerically equal to the 60-cycle load im- 
pedance, Hereafter these are classed together as 
lighting load. 

(b). Inductive loads composed of motors are 
treated as though the motors stand still since there 
is no transfer of mechanical power through the 
motor shaft. Thus the locked-rotor reactance de- 
termines its 720-cycle impedance. The 60-cycle 
locked-rotor reactance of a typical three-phase motor 
is 20 per cent. The 720-cycle reactance is increased 
12 times and is equal to 240 per cent of the motor 
full-load 60-cycle impedance. Single-phase motors 
show a similar 720-cycle impedance increase. The 
amount of motor load present can be determined in 
order to obtain an accurate solution, but this usually 
does not justify the additional complexity of the 
solution. The usual practice is to cunsider the entire 
load including the motors as lighting load. ‘This 
approximation is on the conservative side, since the 
smaller load impedance used indicates somewhat 
greater than actual 720-cycle voltage drop and 
power loss, 


5. The capacitive reactance attributable to 


conductor capacitance or power-factor-cor- 
rection capacitors is inversely proportional 
to frequency and hence is divided by 12 at 
720 cycles. A small amount of capacitance 
present corrects the system power factor 
and decreases the 720-cycle voltage drop. 
Excessive amounts of lumped capacitance 
have the opposite effect, but, if undesirable 
effects do occur, they can always be over- 
come by applying corrective measures at the 
capacitors. The short-line methods out- 
lined hereafter neglect the effect of distrib- 
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uted capacitance, and the effect of lumped 
capacitance is treated separately. 


Base Used for 720-Cycle Voltage 
Calculations 


For .convenience the 720-cycle voltage 
at all points on the system is referred to a 
115-volt 60-cycle base. Hence, the 720- 
cycle voltage at any point is the voltage 
at that point on a 115-volt 60-cycle base 
multiplied by the transformation ratio of 
the transformer (or transformers) inter- 
vening between this point and a 115-volt 
60-cycle circuit. The voltages considered 
on a 115-volt 60-cycle base are directly 
applicable to 115-volt receiving control- 
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Figure 1. Frequency-voltage characteristics of 

720-cycle carrier relay as used in General 

Electric types SCS-15 and SCS-17 controllers 


lers. The 230-volt controllers required 
operating voltages exactly twice those for 
115-volt controllers. But in practice a 
230-volt controller receives exactly twice 
the voltage received by a 115-volt con- 
troller at the same location, so the results 
are equally applicable if controllers of 
either or both voltage ratings are actu- 
ally applied. 


Permissible Range in 720-Cycle 
Received Controller Voltage 


The frequency-voltage characteristics 
of the 720-cycle controllers are shown in 
Figure 1. The 710-cycle operating volt- 
age range is 1.5 to 15 volts on a 115-volt 
60-cycle base. Because of motor slip in 
the 60/720-cycle conversion at the trans- 
mitter, the transmitted frequency usu- 
ally ranges from 713 to 716 cycles under 
different load conditions, with a total 
variation from 707 to 723 cycles if the 
standard allowance of 60 cycles + 1/2 
cycle is made for transmitter-power- 
supply variation. For this complete fre- 
quency range, the recommended con- 
troller voltage range is 1.75 to 15 volts. 
If sequence coupling is used so that a con- 
troller must not operate on one feeder 
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when another feeder is energized, ‘the — 


maximum recommended interfering volt- 
age is one volt. 


-720-Cycle Power Consumption by 


Controller 


The 720-cycle power consumption of a 
controller is approximately the same as 
the 720-cycle power absorbed by a 60- 
cycle load of one kilovolt-ampere, so it 
usually represents a small per cent of the 
total 720-cycle power. In view of other 
unfavorable assumptions the controller 
power consumption is ignored unless it 
exceeds 20 per cent of that taken by the 
feeder 60-cycle load. Beyond this point 
the effect of the controllers should be in- 
cluded by adding one kilovolt-ampere of 
60-cycle load for each additional con- 
troller. 


Short-Line Voltage-Drop Equations 


Equations 1 and 2 are well known and 
entirely acceptable in determining 60- 
cycle voltage drop, but for reasons out- 
lined below, equation 3 is preferable for 
use at 720 cycles. 


Per cent volts drop 
_ (kva)d (R cos 0+X sin 8) 


10(kv)? (1) 


where - 


kva=load in three-phase kilovolt-amperes 
d=length of line in miles 
0=load power-factor angle 
R=line resistance in ohms per mile 
X =line reactance in ohms per mile 
kv=line kilovolts 


An equation for 60-cycle voltage drop 


can also be written as: : 


Per cent volts drop 
=%IR cos 0+ %IX sin 6 (2) 


where 


%IR=IR volts expressed as a percentage of 
the received volts 

HX =IX volts expressed as a percentage of 
the received volts 


If a 720-cycle voltage is superimposed 
so that power flows toward the load in 


the same direction at both 60 and 720° 


cycles and if the assumptions in the pre- 
ceding paragraphs numbered one to five 
apply, then the current through each load 
per volt of impressed load voltage is the 
same at both’ frequencies. The %LX is 
directly proportional to frequency. “The 
%IR is the same at both frequencies, but, 
in view of the assumption made in para- 
graph 1, the 720-cycle value of R or %IR 
is zero. Also @ is 0 under the assumption 
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MINIMUM €, = V175° +316 


=3.6 VOLTS IX= 1.75X 720 X 15 
60° 


= 3.15 VOLTS 


I 

, MINIMUM E, = 1.75 VOLTS 

Figure 2. Feeder input volts required when 

the 60-cycle %/X between the controller and 
the input point is 15 per cent 


in paragraph 4b. It can now be seen that 
the equations 1 and 2 are based on ap- 
proximations which are not valid at 720 
cycles because, if R or %IR and 0 are 0, 
the per cent volts drop is 0. 

By solution of Figure 2 on a per-unit 
basis, equation 8 is obtained which is 
exact within the limits of the assumptions 
previously made. 


By=E,V 1+(0.12X GLX)? (3) 
where 


E,=feeder 720-cycle transmitted volts on 
115-volt 60-cycle base 
E,=720-cycle volts received at 115-volt 
controller 
%IX =total 60-cycle X volts from trans- 
mitting end of feeder to the controller 
expressed as a percentage of the 60- 
cycle volts at the receiving controller 


To determine accurately the total 60- 
cycle %IX it is often necessary to divide 
a primary feeder into a number of sections 
for which the 60-cycle load or current is 
constant for each section. The 60-cycle 
%IX can then be determined for each 
section. The %IX to the end of the 
feeder is the sum of the %IX for each 
section traversed in reaching the end of 
the feeder. Adding the distribution 
transformer and secondary feeder %IX 
' gives the total %1X to reach the con- 
troller. 


Feeder 720-Cycle Input Volts 
Required 


Substituting in equation 3 the minimum 
required value of H,, and for %IX a value 
applying to the last controller (or cus- 
tomer) on the last feeder distribution 
transformer gives the minimum FE, neces- 
sary to provide control at all points on the 
feeder. If the 60-cycle %IX for the last 
controller is 15 per cent, the 720-cycle 
voltage relations are as shown in Figure 
2. Figure 3 shows the minimum F, re- 
quired for other values of 60-cycle %IX. 

Ey is easier to calculate than is the 
actual feeder 60-cycle voltage drop. For 
the usual overhead feeder circuits, X 
does not vary much with conductor 
size or spacing. Thus E, depends chiefly 
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on the feeder 60-cycle characteristics of 
load and distance, while the 60-cycle 
voltage drop depends chiefly on load, dis- 
tance, conductor size, and load power 
factor. 

Figure 4 shows values of 60-cycle %IX 
for one per cent 60-cycle volts drop and 
for various 60-cycle load power factors 
and values of line X/R. Since average 
feeder load power factors are well below 
80 per cent, the curves show that %IX 
changes only slightly for a given X/R for 
power factors encountered. Values of X 
and R are given in standard-wire tables.! 
Values of X/R range from approximately 
0.35 to 2.5 for the usual overhead feeder 
conductor spacings and for copper-wire 
sizes from number 6 to 0000, respectively. 
For this range of X/R and a 50 to 80 per 
cent power-factor range, Figure 4 shows 
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TOTAL 60-CYCLE %IX TO GONTROLLER 
Figure 3. Feeder input volts as function of 
the 60-cycle %/X between the controller and 
the input point 


that %IX varies from 0.35 to 1.08. For 
the largest wire size 0000 and 70 per cent 
power factor, the 60-cycle %IX is ap- 
proximately equal to 60-cycle per cent 
volts drop. 

In view of the preceding, if data are 
available on the 60-cycle voltage drop, 
Figure 4 is used to determine the total 
%IX and thereby the required feeder 
720-cycle volts from Figure 3. 

If the 60-cycle drop is unknown, it 
usually can be. estimated based on the 
maximum voltage drop that can be toler- 
ated without getting unsatisfactory 60- 
cycle voltage at the last customer. 
Power-factor correction capacitors should 
be disconnected and voltage regulator 
blocked in determining the 60-cycle volt- 
age drop. 

Even though different wire sizes are 
used on different sections of the feeder, 
it is usually possible to estimate an aver- 
age value of X/R which is weighted for 
the relative amount of voltage drop in 
each section. The value obtained from 
Figure 4 (for this average value of X/R), 
when multiplied by the total 60-cycle per 
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cent volts drop then gives the total 60- 
cycle %IX. If the average value of 
X/R taken corresponds to the largest 
value for any section of the feeder, the 
solution becomes very simple, although 
in some cases this assumption may lead to 
the application of larger 720-cycle trans- 
mitter equipment than is actually re- 
quired, 

If data are not available on 60-cycle 
voltage drop, the 60-cycle %/X can be 
calculated for each section of the feeders 
using equation 4. 

(kva) dX 


Feeder 60-cycle %IX = “10 (kv)? (4) 


Feeder 720-Cycle Power Input 
Required 


For feeders previously defined as short 
lines the feeder 720-cycle kilowatt and 
kilovolt-ampere input depends on the 
following factors: 


1. The 720-cycle-feeder volts input. 
2. The 60-cycle-feeder load. 
3. The 60-cycle %1X for each section of the feeder. 


The curves of Figure 5 are based on 
five volts input on a 115-volt 60-cycle 
base. This voltage is more than is re- 
quired for most feeders but has been used 
because the standardized series-coupling 
arrangements provide five volts in series 
with the feeder. The actual feeder volt- 
age varies from five volts to some lower 
value which depends on the application 
conditions. Since power varies as the 
square of the voltage, each value from 
Figure 5 can be corrected for any other 
voltage. 

If the same 720-cycle voltage (on a 115- 
volt 60-cycle base) is impressed on feeders 
having the same 60-cycle per cent re- 
actance, the same 720-cycle power input 
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Figure 4. %IX based on one per cent 60- 
cycle volts drop as function of load power 
factor and feeder X/R ratio 
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five volts (on®a"115-volt 60-cycle base) im- 
pressed on a feeder with 1,000-kva concen- 
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samme 60-cycle power loss is then obtained 
if all the load is concentrated at a point 
one-third the distance from the point to 
the end of the feeder. For this case the 
per cent reactance can be obtained from 
the 60-cycle power factor and 60-cycle 
voltage drop data using equation 5. 


Equivalent 60-cycle per cent reactance 
= %IX (Vat3/s( Vaa— Van) | (5) 
= AIX (2/sVat*/s Vian) 


where 


%IX =value of 60-cycle %IX (from Fig- 
ure 4) 
Vu=60-cycle per cent volts drop to the 
first customer on the feeder 
Vag =60-cycle per cent volts drop to the 
last customer on the feeder 


2. A 720-cycle voltage of as little as three 
volts is adequate if the system character- 
istics are favorable or if control is only re- 
quired at favorable points such as at points 
near the substation or near the end of the 
primary feeder but not at the ends of the 
secondary circuits. 


3. For determining feeder 720-cycle power 
input under peak-load conditions as previ- 
ously described it is usually conservative tov 
consider the total load. concentrated in 
series with a 60-cycle reactance of ten per 
cent on the feeder load base. 


Schematic Diagrams for Series and 
Shunt Coupling - 


The essential differences between the 
series- and shunt-coupling arrangements 
are shown in Figures 6 and 7. It is under- 
BUS 


FEEDER 
REACTANCE 


BUS 
Ey FEEDER 
REACTANCE 
ree 
GENERATOR GENERATOR 
SUB-TRANSIENT SUB-TRANSIENT 
RE ACTANCE SO-CYCLE " REACTANCE 
FEEDER 
Es LOAD 
60- CYCLE 60-CYCLE 
GENERATOR GENERATOR 
* x 
When the 720-cycle voltage is simul- 
Figure 6. The 720-cycle voltages super- taneously impressed on two or more 


imposed on a 60-cycle system using series 
coupling 


Shown single phase for simplicity 


per 1,000 kva of 60-cycle load is required 
for each feeder. Values obtained from 
Figure 5 can be prorated in direct pro- 
portion to 60-cycle kilovolt-ampere rating 
to cover larger or smaller systems. 

As explained later values from Figure 
5 do not include additional power losses 
occurring in the power system because of 
720-cycle current flow through the genera- 
tors and through irrelevant loads which 
usually parallelthe generators. Also allow- 
ance must be made for losses in the 720- 
cycle coupling apparatus, which are usu- 
ally made fairly high in the interest of 
stable operation and reasonable first cost. 

The 60-cycle per cent reactance used 
in Figure 5 can be determined readily if 
all the load is concentrated at one point 
on the feeder. On most distribution 
feeders the load is distributed, and it is 
necessary to determine the per cent re- 
actance for an equivalent concentrated 
load circuit. A fair approximation is to 
move all the load to a point on the feeder 
where the same 60-cycle power loss is ob- 
tained. Frequently, there is no load up 
to a certain point, and beyond this point 
the load is uniformly distributed. The 
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feeders the 60-cycle feeder load kilovolt- 
amperes used to enter Figure 5 is the sum 
of the loads on all these feeders and the 
per cent reactance for the equivalent 
concentrated load circuit is also expressed 
on this base. 


Distribution-Feeder Characteristics 
Based on Operating Experience 


Since the 60-cycle characteristics of 
feeders are subject to wide variations, it is 
evident that the 720-cyclefeeder character- 
istics are also subject to variations. How- 
ever, operating experience on a large 
number of installations indicates that the 
720-cycle variations are not as wide as 
might be expected from the aforemen- 
tioned considerations. In many applica- 
tions the 720-cycle energy is superimposed 
so that it flows toward the load in the 
same direction as the 60-cycle power. 
Also only one transformation is usually 
involved to reach any controller, and all 
of the assumptions in the preceding para- 
graphs numbered 1 to 5 apply with negli- 
gible exceptions. Thus operating ex- 
perience leads to the following conclu- 
sions: 

1. A 720-cycle voltage of four volts (on a 
115-volt 60-cycle base) is adequate to pro- 


vide complete control at all points on any 
feeder. 


60- CYCLE 
FEEDER 
LOAD 


Figure 7. The 720-cycle voltages 
superimposed on a 60-cycle system 
using shunt coupling 


stood that generator reactances shown in- 
clude reactance in the intervening trans- 
mission system if the 60-cycle generator 
is remote from the point at which the 
720-cycle coupling is made. 

Both series- and shunt-coupling ar- 
rangements include circuits (not shown) 
which prevent interference with the nor- 
mal flow of 60-cycle current and prevent 
appreciable flow of 60-cycle current 
through the source of 720-cycle voltage. 
The 720-cycle transmitted voltage E, is 
shown as being introduced directly on the 
60-cycle system to simplify these pictorial 
explanations of the 720-cycle operation. 


Theory of Operation of 
Series-Coupling Arrangement 


In the series arrangement of Figure 6, 
the 720-cycle voltage E, is introduced 
in series with the load on the feeder over 
which control is required. The 720-cycle 
current flows through the complete series 
circuit as illustrated. The relations be- 


tween the voltage are: on , 
Ey=E,-Ep (6) 
Ey =E,—Ey (7) 


The 720-cycle impedance of a feeder of 
given 60-cycle voltage and per cent re- 
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Figure 8. Feeder input volts obtained with 

five volts in series with a feeder for 60-cycle 

values of load on the feeder, load on other 

feeders, and short-circuit capacity at the 
coupling location 


Each feeder has concentrated lighting load 
and ten per cent reactance on its own base 


actance is inversely proportional to the 
feeder 60-cycle load kilovolt-amperes. 
The generator 720-cycle impedance de- 
pends almost entirely on the generator 
60-cycle subtransient reactance which 
also determines the generator 60-cycle 
rms symmetrical short-circuit kiloyolt- 
amperes. Therefore the generator 720- 
cycle impedance is inversely proportional 
to the generator 60-cycle short-circuit 
kilovolt-amperes. Hence, it follows that, 
if the 60-cycle ratio of generator short- 
circuit kilovolt-amperes to feeder load 
kilovolt-amperes is large, which is usually 
the case, the series coupling arrangement 
is highly efficient. 

Values of E,, when £, equals five volts, 
are plotted in Figure 8. If carrier is 
coupled simultaneously to all feeders on 
the bus, as in Figure 6, the load on other 
feeders is zero, and the curve for N=0 
gives the applicable values of Ey. It is 
seen that if the short-circuit kilovolt- 
amperes is at least 26 times the loadon the 
feeder over which control is required, the 
feeder 720-cycle voltage is four volts or 
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FEEDER CONTROLLED AT 720 CYCLES 


more. When the bus is fed by a single 
generator (or transformer bank) the mini- 
mum value of H; is obtained under feeder 
peak-load conditions since the lowest 
ratio of short-circuit kilovolt-amperes to 
load kilovolt-amperes is then obtained. 
If the same bus is fed by two or more 


generators and some may be out of service - 


during light loads, the ratio of generator 
short-circuit kilovolt-amperes to feeder 
load kilovolt-amperes is. least for the 
operating condition under which the 
generators in service carry the maximum 
60-cycle load in per cent of their rating. 
Since the generators usually carry the 
highest per cent load under bus peak-load 
conditions the minimum value of E; is 
usually obtained during station peak- 
load conditions but in exceptional cases 
may occur under light-load conditions. 
When other feeder loads are connected 
across the bus, the value of E; is increased 
because this load is in parallel with the 
generator reactance, and the resultant 
720-cycle impedance of the bus is de- 
creased. Figure 9 shows Figure 6 modi- 
fied to include other feeders on the same 
bus. In Figure 8, E; is plotted for values 
of N from 1 to 10 applicable to the circuit 
of Figure 9. To visualize the significance 
of these curves, it is convenient to con- 
sider that all feeders have the same 60- 
cycle load, since NV is then equal to the 
number of the other feeders on the bus. 
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Note that if P is constant, E, increases 
as N increases or as more feeders are 
added. In practice, P usually increases as 
N increases because larger generator (or 
station transformer) capacity is required 
to carry the increased load. With V=4 
(that is, a total of five equally loaded 
feeders) a value of four volts is obtained 
for E, even if the short-circuit kilovolt- 
amperes is zero. 

It is fairly typical in substation layouts 
to have four feeders of equal kilovolt- 
amperes rating present. For this case 
N=3; however, if it is assumed that the 
maximum load on the feeder over which 
control is required is 50 per cent greater 
than the average load on the other feed- 
ers, a value of N=2 is obtained. From 
Figure 8 it is seen that for N=2 and 
E,=4, the 60-cycle short-circuit kilovolt- 
amperes must be 16 times the kilovolt- 
ampere load on the most heavily loaded 
feeder. If the short-circuit kilovolt- 
amperes is higher than this, EF, is higher, 
and more efficient operation is obtained. 
The minimum value of £, for Figure 9 is 
almost always obtained during the sta- 
tion peak load. 

Values of E; obtained from Figure 8 
should at least equal the 720-cycle input 
volts previously determined necessary to 
provide adequate 720-cycle control over 
the actual feeders. 

The arrangement of Figure 9 is used 
frequently for sequence coupling in which 
carrier is transmitted in sequence through 
coupling transformers in each of two or 
more feeders. The 720-cycle voltage is 
then impressed in succession on each 
feeder or group of feeders. In this case 
the maximum value of Ey in Figure 9 
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Figure 9. The 720-cycle voltages super- 

imposed on a 60-cycle system using series 

coupling to obtain independent control over 
one of several feeders 
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Figure 10. The 720-cycle input kilovolt- 

amperes and power factor using shunt coupling 

to superimpose five volts on the system of 
Figure 11 


should not exceed one volt in order to 
use sequence coupling safely. Thus, 
using the customary transmitted 720- 
cycle voltage of five volts, values of EF, 
obtained from Figure 8 should be four 
volts or more under all substation operat- 
ing conditions. Otherwise, a suitable 
720-cycle shunt is required across the bus 
to decrease E, to the required minimum 
value. 

Note that if a tie exists between 
feeders A and B in Figure 9 or be- 
tween their secondary loads, circulat- 
ing current in the tie may prevent the 
efficient application of sequence cou- 
pling to feeders A and B individually. 
However, by energizing the coupling 
transformers on both feeders simul- 
taneously at 720 cycles, equal and in- 
phase voltages EH, are introduced in- 
series with both feeders simultaneously so 
that simultaneous control is provided 
over both feeders even when they are 
tied together. On a given system this ar- 
rangement tends to decrease Ey and to 
increase E, obtained from Figure 8, 
because the load on the feeder controlled 
at 720 cycles becomes the sum of the load 
on feeders A and B, and this decreases 
the value of P. 

If the resulting operating flexibility 
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cannot justify the operating time required 
to operate controllers on all feeders when 
using feeder sequence coupling as shown 
in Figure 9, it is feasible to impress 720- 
cycle voltage on a group of two or more 
feeders simultaneously. In order to ob- 
tain maximum E, and minimum £, it is 
then preferable to make the phase of E£, 
different for each feeder in each group as 
follows: 


A. If two radial feeders are controlled 
simultaneously, through a simple connection 
of the coupling transformers the voltage is 
introduced 180 degrees out of phase on each 
feeder so that, if the feeder loads are iden- 
tical, no 720-cycle current flows through the 
bus, and hence £, is zero, and Ey is equal 
to E;. 


B. Jf three radial feeders are controlled 
simultaneously, through a simple connection 
of the coupling transformers equal voltages 
FE; can be introduced 120 degrees out of 
phase in each feeder so that, if the feeder 
loads are identical, no 720-cycle current 
flows through the bus. In practice the feeder 
loads may not be identical, but, assuming 
the maximum possible unbalance, the values 
of E; and Ey will not restrict the operation 
any more than the corresponding limiting 
values obtained by using individual feeder 
sequence coupling (that is, energizing the 
feeders one at a time at 720 cycles). 


Here again values of Hy should be com- 
pared with those previously determined 
necessary to provide control over the 
actual feeder or feeders. If more voltage 
is required, it can be provided with either 
of two methods. A 720-cycle shunt can 
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be connected across the feeder bus to de-’ an 


crease the bus impedance at 720 cycles, or 
coupling transformers capable of provid- 
ing the necessary 720-cycle voltage can’be 
selected. The choice between these meth- 
ods is one of economics unless the in- 
evitable increase in the interfering voltage 
Fy causes interference between controllers 


on feeders provided with sequence coup- +» 


ling. If so, the former method is manda- 
tory, if the advantages of sequence coup- 
ling are retained. : 


Theory of Operation of 
Shunt-Coupling Arrangement 


In the shunt-coupling arrangement of 
Figure 7, E, is impressed across the bus 
and the voltage across the feeder H, is 
equal to the voltage FE, The voltage E, 
is also impressed directly across the 60- 
cycle generator. The 720-cycle power 
input to the feeder was determined pre- 
viously (see Figure 5). The generator 
720-cycle kilovolt-ampere input is di- 
rectly proportional to the generator rms 
symmetrical 60-cycle short-circuit kilo- 
volt-amperes. Tests show that the 720- 
cycle power factor of 60-cycle generators is 
approximately 15 to 20 per cent. Hence 
if the generators are directly connected to 
the bus, approximately 20 per cent of the 
720-cycle kilovolt-ampere input to the 
generators represents actual kilowatts. 

Using the shunt-coupling arrangement 
under the conditions assumed for Figures 
10 and 11, the total 720-cycle input kilo- 
volt-amperes and power factor can be 
determined directly if values of 60-cycle 
short-circuit kilovolt-amperes and feeder 
load kilovolt-amperes are known. Since 
carrier control is usually required under all 
load conditions, the 720-cycle input is 
usually determined for a feeder load based 
on peak-load conditions and for a short- 
circuit capacity based on all generators 
in service under peak-load conditions, 
making a reasonable allowance for future 
increases in these values because of sys- 
tem growth. 

Values obtained from Figure 10 are 
based on five volts, 720 cycles on a 115- 
volt 60-cycle base but may be corrected 
for any other 720-cycle voltage, since the 
720-cycle power factor is constant and the 
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720-cycle kilovolt-amperes varies di- 
rectly as the square of the voltage. 
If the generators are located at a re- 


. mote point on the system, the 720-cycle 


kilovolt-ampere input toward the genera- 
tors is still limited by the same reactance 
which limits 60-cycle short-circuit kilo- 
volt-amperes, and reasonably accurate 
values can be obtained from Figure 10, 
providing 720-cycle standing-wave effects 
on the transmission line (or lines) to the 
generators can be neglected. When the 
transmission-line reactance has a negli- 
gible effect on the 60-cycle short-circuit 
kilovolt-amperes the error attributable to 
neglecting standing-wave effects can be 
ignored. Even if the transmission-line 
reactance is not negligible in determining 
60-cycle short-circuit kilovolt-amperes, 
reasonable accuracy can be obtained 
neglecting standing-wave effects for line 
distances to the generators up to 32 miles 
(corresponding to one-eighth wave length 
at 720 cycles). For line distances-in ex- 
cess of 32 miles the values obtained from 
Figure 10 are subject to errors which vary 
with the system characteristics. 

The two tuning schemes used with 
shunt-coupled transmitters are usually 
designated as constant-v@ltage tuning 
and maximum-current tuning. To use 
the coupling equipment for protection 
against interference from a neighboring 
interconnected 720-cycle transmitter, con- 


stant-voltage tuning must be used. (See 


“Interference Between Two or More 
Interconnected Transmitters on the Same 
Power System.) Otherwise, the tuning 
scheme requiring the least 720-cycle kilo- 
volt-amperes rating is used. This is 
usually the maximum-current tuning 
scheme. 


Constant-Voltage Tuning Scheme 


If this scheme is used, the 720-cycle 
power source (converter) and coupling 


circuit are tuned so that no over-all re- 


active voltage drop occurs between the 
point at which the 720-cycle voltage is 
generated in the converter and the 60- 
cycle bus of the system. The 720-cycle 
voltage on the 60-cycle bus is essentially 
independent of the system 60-cycle values 
of feeder load kilovolt-amperes or short- 
circuit kilovolt-amperes. The 720-cycle 


_ converter furnishes the 720-cycle kilovolt- 
‘ampere input to the 60-cycle system 


plus the kilowatts coupling loss. 


Maximum-Current Tuning Scheme 
If this scheme is used, the converter and 


coupling circuit are tuned for maximum 
720-cycle current into the 60-cycle bus 
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MULTIPLIER 


0 10 20 30 40 50 60 
PER CENT DECREASE IN 720-CYCLE KVA 
Figure 12. 720-cycle multipliers used for 
maximum-current shunt-coupling arrangement 
when system-switching conditions decrease 
the short-circuit capacity during peak-load 
conditions 


when the 60-cycle values of feeder load 
and short-circuit kilovolt-amperes are a 
maximum. 

When tuned, the converter furnishes 
the 720-cycle kilowatts input to the 60- 
cycle system plus the kilowatts coupling 
circuit loss. The 720-cycle reactive kilo- 
volt-amperes required by the 60-cycle 
system is neutralized by a reactive kilo- 
volt-amperes of opposite phase provided 
by the coupling circuit. With this scheme 
the over-all transmitter circuit becomes 
detuned under light 60-cycle load condi- 
tions, and the 720-cycle volts transmitted 
decreases. However, since the trans- 
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Figure 13. Voltages introduced on power 
system by transmitters at two stations 


mitter output voltage required to operate 
the controllers under light-load condi- 
tions drops more than the decrease in 
720-cycle volts transmitted, limiting 


_ conditions are still obtained at peak load. 
_ But if the 60-cycle generator or trans- 


mission-line switching changes during 
peak-load conditions, the 720-cycle trans- 
mitted voltage drops because of detuning, 
and it is necessary to multiply values of 
720-cycle kilovolt-amperes and volts by 
the multipliers obtained from Figure 12. 
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Interference Between Two or More 
720-Cycle Transmitters on the 
Same Power System 


Assume that transmitters are applied to 
provide independent control over the 
two feeders out of stations 1 and 2 in 
Figure 13. When transmitting separately 
station 1 and 2 transmitters impress 
voltages of H, and Ep», respectively, as 
shown. £,’, the interfering voltage on 
station 1 feeder produced by station 2 
transmitter on station 1 feeder, should 
not exceed one volt; otherwise, incorrect 
operation may result. 

If both transmitters are operated simul- 
taneously and synchronized in phase, the 
total voltage on the station 1 feeder is 
E,\+£,’. If both transmitters are syn- 
chronized 180 degrees out of phase the 
resulting voltage is H,—F,’. In general, 
the transmitters tend to synchronize 
but, because of the high reactance in the 
interconnecting ties, the operation is un- 
stable, and the transmitters drift in and 
out of synchronism, thereby producing 
“beats” at a low frequency of between 
zero and five cycles per second. Under 
the condition of 180 degrees out-of-phase 
operation, station 2 transmitter has the 
effect of decreasing the voltage provided 
by station 1 transmitter from F; to £,— 
Fy’. If the transmitter at station 1 is 
atranged to provide independent control 
over more than one feeder out of the 
station using series sequence coupling, 
then the value of £,+ 4,’ should not ex- 
ceed one volt. 

The following analysis is usually em- 
ployed to determine the magnitude of the 
interfering voltage such as produced by a 
transmitter at station 2. The interfering 
voltage is caused by a 720-cycle current 
flowing through the transformer bank 
and the line to station 3. At this point 
it may be considered that the current 
produces a voltage H3; across an im- 
pedance combining the 720-cycle im- 
pedances of the generators and the out- 
going lines terminated in the other sub- 
station loads. This voltage is then 
transmitted over the outgoing lines to 
reach the other substations. The~first 
controller at each substation receives 
the maximum interfering voltage, but 
this is less than H, because of the volt- 
age drop in transmission. 

For estimating purposes E,’ is obtained 
from equation 8 which is based on the 
following assumptions, both of which 
tend to indicate a somewhat higher inter- 
fering voltage than would actually be 
obtained: 

1. All the 720-cycle current from station 2 


transmitter flows through the generators at 
station 3. 
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2. There is no 720-cycle voltage drop from 
station 3 to the first controller at station 1. 


Ey ‘= E3 
_ FE» (station 2 60-cycle short-circuit kva) 
station 3 60-cycle short-circuit kva 


(8) 


Theoretically, intertransmitter inter- 
ference becomes more pronounced on an 
interconnected system as the ratio of the 
total number of transmitters to the total 
number of substations increases, since 
the total potential interfering voltage 
becomes the sum of the interfering volt- 
ages produced by each transmitter oper- 
ating alone. In practice, however, it is 
usually feasible to arrange the coupling 
circuits to avoid difficulty of this kind, 


across station 3 bus in Figure 13) or by the 
use of 720-cycle shunts connected across the 
bus at some of the substations where trans- 
mitters are located. If this type of coupling 
is used at all substations on the system, to 
prevent intertransmitter interference one 
large 720-cycle shunt is required, or else 
smaller shunts are required at enough of the 
substations so that the total 60-cycle load 
capacity at these stations is at least 50 per 
cent of the total 60-cycle system peak load. 


83. Using shunt coupling for control over 
individual substations, an intertransmitter 
interference problem may arise if two or 
more simultaneously operated transmitters 
provide control over ten per cent or more 
of the total 60-cycle system load. This 
means practically that interference pre- 
ventive measures are almost always re- 
quired if two or more shunt coupled trans- 
mitters are applied on the same system. As 
an example, if the maximum-current tuning 
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Effect of Capacitance and Long” 
Lines 


720-Cycle Voltage Distribution 
Along Long Lines at No Load 


On long lines the effect of capacitance 
and reflection must be considered. Fig- 


ure 14 shows the variations in 720-cyclé” . 


voltage along an overhead line with one 
volt at the receiving end for various load- 
ing factors. The scale of distance is 
taken from the receiving end because the 
720-cycle voltage at any point is the 
resultant voltage of a direct voltage that 
would exist there if the line were in- 
finitely long, plus a reflected voltage 
whose magnitude and phase are depend- 
ent on the distance from the point to the 


_ actual receiving end of the line. 


For the curve marked ‘‘no load,” the 
only line load present is that due to line 
If the 720- 


cycle transmitter is located 31 miles 
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720-CYCLE VOLTS 
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As an example in the previous comparison 
of series and shunt coupling, it was shown 
that the voltage across the bus to which 
the feeder is connected is inherently 
lower using series coupling; therefore 
intertransmitter interfering voltages are 
lower. The relative interfering voltages 
produced vary greatly with the applica- 
tion conditions, but studies made of 
actual systems permit deducing some 
general conclusions: 


1. Using series sequence coupling to con- 
trol feeders individually at each substation, 
the intertransmitter interference in this 
type of application is almost negligible. By 
applying transmitters at each station so that 
each transmitter produces no objectionable 
interference over its own feeders, the slight 
additional interference caused by simul- 
taneous operation of transmitters is usually 
acceptable. 


2. Using series bus coupling in which each 
transmitter provides control over an entire 
bus or substation an intertransmitter inter- 
ference problem may arise if two or more 
simultaneously operated transmitters pro- 
vide control over 30 per cent or more of the 
total 60-cycle system load. However, this 
interference may be prevented effectively by 
the use of a 720-cycle shunt connected at 
some central point on the system (such as 
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arrangement of shunt coupling is selected 
to permit use of a smaller converter, the 
coupling circuit tends to act as a 720-cycle 
shunt drawing a leading current which in- 
creases the interfering voltage. In contrast, 
if constant voltage tuning is used with a 
resulting larger converter, the use of auxili- 
ary circuits allows the coupling circuit to 
act as a 720-cycle shunt tuned for minimum 


720-cycle impedance which tends to reduce . 


the incoming interfering signal. However, 
with a strong interfering signal a larger 
coupling equipment may be required to allow 
for the additional 720-cycle current that 
flows through the coupling circuit, and this 
form of operation makes inadequate pro- 
vision for preventing interference to other 
transmitters using series coupling on the 
same 60-cycle system. 


For these reasons, traps are often re- 
quired in series with the substation trans- 
former bank when shunt coupling is 
used, in order to reduce the intertrans- 
mitter interference to the value often 
inherently provided by series coupling 
alone and, as always, provided by series 
coupling plus a 720-cycle bus shunt. 

Shunt coupling is ideal for applications 
which call for one transmitter to provide 
control over an entire system which has 
no interconnections to other systems. 
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Conductor capacitance increased to show effect of many short tap lines 


(one-eighth wave length) distant from 
the receiving or far end of the line, this 
curve shows that a transmitted voltage of 
0.7 volt is required for one volt at the re- 
ceiving end. At intermediate points the 
the voltage can be read directly off this 
curve based on the distance from each 
point to the receiving end, the general 
characteristic being a steady rise in volt- 
age from the transmitter all the way to the 
far end of the line. 

Similarly, for a line length of 62 miles 
and a transmitted voltage of 0.14 volt, 
the line voltage rises steadily to one volt 
at the ‘receiving end. With the line 
length between 62 and 124 miles a steady 
voltage drop occurs until an intermediate 
point is reached beyond which a steady 
voltage rise occurs up to the receiving end. 
Thus for a line 124 miles long and a trans- 
mitted voltage of 1.05 volts, the voltage 
falls to 0.14 volt at the center of the line 
and then rises to one volt at thefar end. — 

The wave length of the line is not ap- 
preciably affected, and the general shape 
of the no-load curve is the same for a 
considerable range of overhead conductor 
spacings and sizes. Assuming the line 
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leakage is constant, the minimum voltage 


_ point of 0.14 volt for the number 2 


Brown and Sharpe conductor becomes, 
respectively, 0.5 volt for number 10, or 
0.08 volt for 4/0 conductor. If 1.05 
volts is transmitted over a 125-mile 4/0 
line, the voltage at the center of the line 
is reduced to 0.08 volt because of reflec- 
tion or so-called standing-wave effects. 
Hence, to provide the required minimum 
of 1.75 volts 720 cycles at all points on the 
line, the transmitted voltage required on 
the same 115-volt 60-cycle base is 23 
volts, without any allowance for dis- 
tribution transformer or secondary volt- 
age drop. This voltage corresponds to 
20 per cent of the 60-cycle line voltage and 
would be impractical to apply for a num- 
ber of reasons. A somewhat more prac- 
tical solution would inyolve terminating 
the line in a 720-cycle shunt having an 
impedance equal to the characteristic line 
impedance (approximately 300 ohms re- 
sistance based on one conductor to neu- 
tral). The result would then be a small 
but continuous voltage drop to the re- 
ceiving end of the line. However, this 
solution rarely is required on long dis- 
tribution feeders for reasons outlined in 
the following paragraphs. 


720-Cycle Voltage Distribution 
Along Long Distribution Feeders 
On distribution feeders there is almost 
always some 60-cycle load present, and 
even at ‘“‘no load” the 720-cycle control- 
lers alone impose some load as previously 
explained. However, it is feasible to use 


_ the different curves in Figure 14, when 


the load approximates a uniform distri- 
bution so that loading factor K can be 
computed from equation 9. 


a kva 
~ (kv)? 


(9) 
where 


kya=three-phase 60-cycle load kilovolt- 
amperes per mile (for single-phase 
feeders the per-mile per-conductor 
load impedance is reduced 50 per 
cent, and twice the actual load 
kilovolt-amperes per mile is then used 
in equation 9) 

ky =60-cycle line-to-line kilovolts 


For convenience in visualizing the 
significance of the curves in Figure 14, 
assume that the feeder is a one-kilovolt 
three-phase 60-cycle feeder. Values of 
loading factor then are equal to the actual 
60-cycle load kilovolt-amperes per mile. 
When a three-phase 60-cycle load of 0.1 
kilovolt-ampere per mile is added to a 


- 125 mile unloaded number 2 Brown and 
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Sharpe three-phase feeder the voltage at 
the center of the feeder increases from 
0.14 to 0.23 volt, while requiring only 
a slight increase in transmitted volts. 
For a 60-cycle load of one kilovolt- 
ampere per mile the standing-wave ef- 
fects are almost negligible, regardless of 
the feeder length. The maximum error 
in neglecting completely the reflected 
voltage at a point 40 miles from the re- 
ceiving end of the line where the greatest 
error is obtained is only 15 per cent. 
Feeders on which standing-wave effects 
are prominent only at light load present 
a simple application problem, provided 
transmission is only required at heavy or 
medium load, such as for off-peak load 
control. Street or highway lights are 
seldom controlled at periods of minimum 
load because of the power-demand char- 
acteristics of rural customers. 
720- 


long 


Another factor influencing the 
cycle voltage distribution along 
feeders is the presence of tap lines. Fre- 
quently long lightly loaded lines with 
many taps are encountered in rural dis- 
tribution. The taps are generally less 


than one-eighth wave length (31 miles)- 


long so it is unlikely that reflection from 
the end of an unloaded tap may cause a 
minimum voltage point along the tap, or 
that an unloaded tap line one-quarter 
wave length long may have a short-cir- 
cuiting effect on the main line. 


Very short tap lines can be represented 
electrically by a lumped capacitance 
connected across the main feeder. Fig- 
ure 15 is based on a line having eight miles 
of very short tap lines for each mile of 
line. Since the line capacitance has been 
increased nine times by adding the tap 
lines, we might expect that the wave 
length, which is dependent inversely on 
LC, would be decreased to one third its 
former value, and a comparison of Figure 
15 with the no-load curve in Figure 14 
indicates that this is exactly what 
happens.) The low-voltage point of 0.14 
volt at a distance of 21 miles is exactly 
the same'as for the corresponding point at 
63 miles on the no-load curve of Figure 14. 

In practice tap lines are rarely ever so 
short that they do not improve the voltage 
distribution along a long line. The volt- 
age along the line is the resultant of a 
direct voltage received directly from the 
transmitter and the voltages reflected 
from the ends of the main line and each 
tap line. The reflected voltages are often 
received out of phase because of the dif- 
ferent lengths of the paths traversed. 
Therefore, if the line is long enough to 
have one or more points of minimum volt- 
age, the minimum voltage is higher than 
for a line of the same wave length with 
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no taps. In other words, tap lines gener- 
ally improve the voltage distribution 
along lightly loaded long lines, and if taps 
are present in sufficient numbers, 720- 
cycle standing waves are completely ab- 
sent. 


Cable Distribution Feeders 


Because of the reduced conductor re-~ 
actance and increased capacitance of 
cable as compared with overhead lines, 
short cable feeders generally show con- 
siderably less 720-cycle voltage drop for 
the same loading, but the 720-cycle per- 
formance generally can be estimated us- 
ing the methods suggested previously 
for short overhead lines. However, this 
disregard of the distributed capacitance 
generally tends to give pessimistic results 
regarding 720-cycle voltage drop and 
transmitted power, and the conclusions 
may require a larger 720-cycle trans- 
mitting equipment than is required 
actually. 

Cables are seldom encountered on rural 
or other long, lightly loaded lines, but 
at 720 cycles cable is superior to overhead 
lines, because its higher attenuation gives 
it more freedom from standing-wave 
effects and results in a more uniform 
voltage distribution. 


Effect of Shunt Capacitors at 
720 Cycles 


The reactance of a capacitor is inversely 
proportional to frequency. If the fre- 
quency is increased from 60 to 720 cycles, 
the capacitor current increases 12 times 
for the same voltage. The general 
effects of capacitors are outlined in the 
following paragraphs. Where these ef- 
fects are adverse to the 720-cycle opera- 
tion, they can always be eliminated by 
taking corrective measurements at the 
capacitors. (Refer to ‘'720-Cycle Cor- 
rective Measures for Shunt Feeder 
Capacitors.’’) 


Bus Capacitors 


If a bus capacitor is present at a sub- 
station it usually can be used to assist in 
the application of a carrier transmitter at 
the substation, If series coupling is used, 
it then is generally preferable to install the 
coupling transformers in the feeder so 
that the capacitor is on the bus side of 
the coupling transformers. If Figure 8 
is used to determine the required feeder 
720-cycle volts, it can be considered that 
each capacitor 60-cycle kilovolt-ampere 
at the aforementioned location has the 
effect at 720 cycles of reducing the bus 
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short-circuit kilovolt-ampere 
by 144 kva. If the capacitor kilovolt- 
amperes is sufficient to reduce the appar- 
ent short-circuit kilovolt-amperes to zero, 
this means that the capacitor and the 
60-eycle generator (or station trans- 
former) act as a parallel resonant trap 
circuit of high impedance at 720 cycles. 
As previously explained, a high bus im- 
pedance is undesirable when series coup- 
but, by using a reactor 


60-cycle 


ling is ttsed; 
(having 0.7 of one per cent 60-cycle re- 
actance on the capacitor base) in series 
with the capacitor, a low impedance 
720-cycle bus shunt is obtained which is 
very beneficial to the 720-cycle operation 
with series coupling, 

If other factors favor the use of shunt 
coupling at a substation having a bus 
capacitor, this capacitor usually can be 
used asa part of of the coupling capacitor 
assembly, 


Primary-Feeder Capacitors 


Primary-feeder capacitors generally 
have the effect of increasing the length 
of the line. Thus a short line with a 
large capacitor may have some of the 
standing-wave effects obtained on long 
lines without capacitors, It is well known 
that at 60 cycles the flow of leading cur- 
rent through the line reactance causes the 
capacitors to give a voltage rise which is 
fixed and largely independent of the load. 
If the line reactance is considerably less 
than the value required for series 720- 
cycle resonance, the preceding is true also 
at 720 cycles. Thus, if a 60-cycle voltage 
rise of 0.2 of one per cent is obtained, the 
line reactance is increased 12 times, the 
capacitor reactance is reduced to one 
twelfth of the 60-cycle value and the per 
cent voltage rise is increased 144 times 
at 720 cycles. Hence the 720-cycle volt- 
age rise is approximately 29 per cent 
under the same conditions, 

Under 60-cycle conditions of no feeder 
load and a line reactance of 0.7 of one 
percent on the capacitor base, the line 
and capacitor reactances are equal and 
form a series resonant circuit at 720 cycles 
in which the current flow is limited only 
by the line-conductor resistance. Hence 
the capacitor greatly reduces the feeder 
720-cycle impedance and causes a rapid 
rise in voltage along the feeder ending in a 
high voltage at the capacitor, 

Under 60-cycle conditions of no feeder 
load and a line reactance greater than 0.7 
of one per cent on the capacitor base, the 
line reactance is greater than the capaci- 
tor reactance at 720 cycles and the 
feeder 720-cycle input current becomes 
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lagging. Starting at the substation and 
moving toward the capacitor, the feeder 
720-cycle voltage then gradually de- 
creases until a low-voltage point is 
reached at some intermediate point and 
then gradually rises to some higher value 
at the capacitor. The lowest voltage is 
obtained at a point where the line re- 
actance from the point to the capacitor 
form a series resonant circuit at 720 cycles 
with the capacitor reactance. 

Under full-load conditions the load 
usually prevents excessive voltage rise or 
pronounced resonance effects, but under 
light-load conditions these effects must 
be considered. Under some conditions, 
the presence of feeder capacitors may re- 
quire more 720-cycle power input under 
light-load conditions than under heavy 
loads. 

Where it is feasible to control the size 
and location of capacitors, successful 
720-cycle operation often can be obtained 
in spite of large primary feeder capacitors 
without taking corrective measures at 
the capacitors. Many feeders take the 
form of a line running to a load center 
with the load distributed in a circle about 
the load center. On a feeder of this type 
the operation of 720-cycle controllers is 
not required between the station and the 
load center, so the 720-cycle voltage dis- 
tribution is unimportant along this part 
of the circuit. If the capacitor is located 
between the station and the load center 
so that a 60-cycle voltage rise of approxi- 
mately 1.4 per cent is obtained at the 
capacitor, the 720-cycle capacitor re- 
actance is one-half the line reactance 
from the station to the capacitor, and the 
720-cycle volts received at the capacitor is 
equal to the feeder 720-cycle input volts. 
The 720-cycle voltage distribution beyond 
the capacitor would then be the same as 
on a similar feeder without a capacitor 
with no drop in voltage to the load center. 
For a 4,000-volt three-phase feeder these 
conditions would exist for a three-phase 
capacitor of 400 kva at a distance from 
the station of approximately one mile, 
or 200 kva at a distance of approxi- 
mately two miles. 

Note that Figures 5, 8, and 10 do not 
apply if feeder capacitors present are not 
equipped with suitable. reactors, unless 
the conditions outlined heretofore make 
negligible their effect on the 720-cycle 
characteristics of the feeder. If the 720- 
cycle application is made without re- 
actors for the capacitors present, the 720- 
cycle feeder voltage, and power required, 
and the choice between series and shunt 
coupling should be based on a careful 
analysis of the 720-cycle impedance dia- 
gram of the 60-cycle system. 
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Secondary-Feeder Capacitors 


Some distinction can be made between 
secondary-feeder capacitors depending on 
whether control is or is not required on the 
secondary feeder on which the capacitor 
is located. If control is not required, it 
is only necessary to consider the condi- 
tions under which the distribution-trans- 
former reactance, capacitor reactance, 
and secondary load may combine to affect 
adversely the 720-cycle voltage at other 
points on the primary feeder. If the 
capacitor is large enough to short-circuit 
essentially the transformer at 720 cycles, 
the transformer reactance usually pre- 
vents appreciable adverse effect on the 
voltage on the primary feeder. Troubles 
with this setup are relatively infrequent, 
since the circuit constants usually must be 
near series resonance before the 720-eycle 
voltage is affected. If control is required 
over the secondary feeder on which the 
capacitor is located, the capacitor may 
require 720-cycle correction, if it causes 
either series resonance or low voltage 
because of short-circuiting effect. 


720-Cycle Corrective Measures for 
Shunt-Feeder Capacitors 


The preferred methods of eliminating 
adverse 720-cycle effects of shunt capaci- 
tors involve the use of reactors in series 
with the capacitors. One method is to 
use a reactor of approximately five per 
cent 60-cycle reactance on the capacitor 
base in every capacitor. The reactor in- 
creases the capacitor voltage five per 
cent, the capacitor kilovolt-amperes is 
increased ten per cent, and the net cor- 
rection kilovolt-amperes is increased five 
per cent at 60 cycles, which may require 
that the capacitor be designed for a 
slightly higher 60-cycle voltage. The 
capacitor-reactor combination acts as a 
reactor at 720 cycles. The size of the 
reactor required and the fact that the 
720-cycle transmitter has to furnish re- 
active vars absorbed in the reactor make 
this method relatively undesirable. 

A series reactor having a 60-cycle re- 
actance of 0.7 of one per cent on the ca- 
pacitor base has a reactance equal and op- 
posite to the capacitor at 720 cycles. 
If a reactor of twice this reactance (1.4 
per cent at 60 cycles) is connected in 
series with the capacitor, the combination 
acts as a reactor whose reactance is equal 
to the reactance of the capacitor but 
opposite in sign. Hence the combination 
will neutralize or correct the 720-cycle 
power factor of another equal capacitor at 
the same location. Thus, if 1.4 per cent 
60-cycle reactors are installed in one-half 
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the capacitors, the sum of the 720-cycle 
current flowing through all capacitors is 
zero. Preferably, reactors should be fur- 
nished for one half of the capacitors at 
each capacitor bank. Where this is not 
feasible, capacitors with and without 
reactors need not be at the same location 
but'the distance between locations must 
receive some consideration because of the 
circulating 720-cycle current which must 
flow in this path. 

In some cases the preceding arrange- 
ment can be used to improve the 720- 
cycle feeder voltage distribution. By 
using tapped reactors the 720-cycle cur- 
rent through the reactor can be adjusted 
to obtain a resulting leading current 
through all capacitors and thus obtain 
a desirable 720-cycle voltage rise which 
will compensate for the voltage drop 
because of the feeder load and thus per- 
mit the use of smaller transmitter coup- 
ling and converter equipment. 

In short, any capacitor arrangement 
that improves 60-cycle operation can be 
used to also improve 720-cycle operation. 


Appendix 


In order to illustrate the use of the equa- 
tions and curves in typical 720-cycle control 
applications, the following examples are 
given. 


Example 1 


The 4,000-volt feeder circuit shown in 
Figure 16 is given. The three-phase 720- 
cycle voltage and power required at the sub- 
station end of the feeder to provide 720- 
cycle control at all points on the 115- or 
230-volt secondary circuits is determined as 
follows: 

The 60-cycle %JX may be computed for 


peak-load conditions for each section of line ° 


using equation 4. For example, use section 3 
in Figure 16. 


kva = 500 
d=1 mile 
X =0.762 ohm per mile 
kv =4.0 
500 X 10.762 
60-cycle %IX = Tose =2.4percent 


Similar values for each section of the line 
are shown in Table I. 

Note that voltage regulators have the 
small value of approximately one-half %IX 
in maximum boost position, but they pro- 
vide enough boost in 720-cycle voltage so 
that they can be ignored conservatively. 

The last transformer on this feeder is 
obviously at the far end of section 4. It is 
assumed that the last customer is fed from 
a distribution transformer having 2.6 %IX 
at the peak load through a secondary feeder 
having three %JX. The latter value is 
often difficult to determine accurately, but 
a reasonable error in its determination 
usually will have little effect on the over-all 
application. 
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XOhms Per 60-Cycle 
Section Kva Load Mile AIX 
Restslator 9.1000 v5.45 4oe ss -ospe at let ae! 0 
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Din kok ZOO... tacks ORTO2 he. i cee 1.0 
Se Si SOO er Recs On762 tiie, ter: 2.4 
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The total 60-cycle %IX from the substa- 
tion bus to the last customer is the sum of 
the %IX values for each part of the cir- 
cuit traversed so that: 


Total 60-cycle ®LX =5.6+2.4414+2.6+ 
3= 14.6 per cent 
From Figure 3 it is seen that, for a value 
of 14.6 %IX, the minimum 720-cycle feeder 


input volts necessary to provide complete 
720-cycle control is: 


Minimum E;=3.5 volts on 115-volt 60- 
cycle base 


4,000 
115 
on 4,000 wye-volt 60-cycle base 


=3.5X =121 wye-volts 


Figure 16. Circuit 

diagram of 4,000- SUBSTATION 

volt three-phase 60- he REGULATOR 
cycle overhead 


feeder showing ap- 
proximate peak-load 


distribution 


PEAK LOAD 


' 


It is convenient to obtain the feeder 60- 
cycle reactance for an equivalent concen- 
trated load circuit using values in Table I. 


Equivalent primary-feeder reactance 

_ 1,000 X5.6 +200 X1+500 X2.4+200X 1 
1,000 

=7.2 per cent on 1,000-kva base 


Adding the average transformer reactance 
(estimated at two per cent) and average 
secondary-feeder reactance (estimated at 
one per cent) to this value, 10.2 per cent 
equivalent reactance to the load is obtained. 
Entering |Figure 5 with this reactance and 


STATION { 
PEAK LOAD 


GENERATORS 
25,000 KVA 


(15%) 


20,000 KVA . 
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3000KVA 
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5000 KVA 
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1OOOOKVA 
(1.6%) 


1000 KVA 
(1%) 


1000 KVA 5000 KVA 
(5%) (5%) 
4kV 1 T 1 
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2 3 


Woodworth—A pplication of 720-Cycle Carrier 


1% MiLes 


lOOOKVA 


STATION 
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correcting for 3.5 volts required, rather than 
five volts, the minimum required feeder 
input is 


720-cycle three-phase kilovolt-amperes 


5\2 
oS 11322) =0.58 


720-cycle three-phase kilowatts 


sD \2 
-o79(22) =0.37 


Assume that 720-cycle control is desired 
at all points on the 115- or 230-volt second- 
ary circuits of a 1,200-kva radial feeder 
which has not been constructed and that no 
prints are available of the feeder layout or 
load distribution. Only the following data 
are known: 


Example 2 


(a). The average 60-cycle load power factor is 70 
per cent lagging. 


(6). 00 primary and 0 secondary conductors are 
to be used. 


(c). To hold the customer’s 60-cycle voltage within 
reasonable limits the peak-load 60-cycle voltage 
drop to the first customer is approximately ten 


200KVA 


sh 


300 KVA 


200 KVA 


per cent and cannot exceed 15 per cent to the last 
customer. 


From wire-table values of X/R of 1.61 
(for 00 conductor) and 0.942 (for 0 conduc- 
tor) are obtained. Since most of the 60- 
cycle voltage drop occurs in the primary 
00 conductor, it is estimated that an average 
value of X/R of 1.5 is applicable for the 
total voltage drop. For a value of X/R of 
1.5 at 70 per cent power factor, 0.85 %IX is 


Figure 17. Circuit diagram of three-phase 
60-cycle power system 
60-cycle per cent reactances shown in 
parentheses 
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15,100 
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obtained from Figure 4. Hence the total 
%IX to the last customer is 


Total 60-cycle %IX =0.85K15=12.7 per 
cent 
The minimum required E;= 
Figure 3) 
Equivalent reactance (equation 5) 
= FIX (7/3 Vart*/s Vaz) 
= 0.85 (2/3 K10+1/3 X15) 
=9.9% on 1,200-kva 60-cycle base 


3.2 volts (from 


Entering Figure 5 with this reactance and 
correcting for 3.2 volts instead of five volts 
and for 1,200 instead of 1,000-kva load, the 
minimum required feeder input is 


720-cycle kilovolt-amperes 


3.2\? 
=1.21\ - 4 1.2 =0.60 
5 


720-cycle kilowatts 


3.2\2 
=0,78| — ) X1.2=0.38 
o 


Example 3 


The system and system characteristics 
shown in Figure 17 are given. Series coup- 
ling is to be applied to provide control over 
the four-kilovolt feeder out of station 2. 

Since the station-transformer-bank rating 
is 1,000 kva, it is assumed that control is 
required up to 1,000-kva station load. The 
720-cycle operating characteristics of this 
system are obtained easily from the follow- 
ing: 

The 4-kv bus short-circuit kva = 
15,100 kva (from Figure 17) 


short-circuit kva 


~ Joad kva on feeder being controlled 
15,100 


1,000 


_load kva on other feeders on same bus 


~ load kva on feeder being controlled 
— 20% _ 
~ 1,000 — 
E,=3.48 volts (from Figure 8) 


Since this voltage is less than the four 
volts usually considered necessary, the re- 
quired voltage should be determined as in 
examples 1 or 2. 


Example 4 


The system and system characteristics 
shown in Figure 17 are given. It is required 
to determine the interfering voltages be- 
tween transmitters at stations 2 and 3 to 
provide simultaneous control over all feeders 
at each station using series bus coupling. 


E7=38.48 volts, 720 cycles (from example 3) 
Ey =5 —3.48 = 1.52 volts on 4-kv bus 


From Figure 17 the 60-cycle short-circuit 
kilovolt-amperes on station 2 bus and at 
the 13-kvy generator are, respectively, 15,100 
and 167,000 kva. From equation 8 the 
interfering voltage does not exceed 


Volts at station 3 from station 2 transmitter 


eo eralt 
187,000 5 eae, 
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Repeating the previous calculations for 
station 3 transmitter, it can be shown that 


Volts at station 2 from station 3 transmitter 
=0.55 volt 


If the two transmitters are operated at 
different times the aforementioned inter- 
fering voltages are both less than one volt, 
and hence no objectionable interference is 
obtained. 

If the two transmitters are operated 
simultaneously and happen to synchronize 
180 degrees out of phase, it can be concluded 
that: 


(a). The voltage on the four-kilovolt feeders at 
station 3 is decreased 0.14 volt by station 2 trans- 
mitter. 


(b). The voltage on the four-kilovolt feeders at 
station 2 is decreased 0.55 volt by station 3 trans- 
mitter. 


(c). Each transmitter must provide a somewhat 
higher 720-cycle voltage than would otherwise be 
required without interference, 


Example 5 


The system and system characteristics 


voltage is available assuming the feeders 
are of the usual type. 


Example 6 


The system and system characteristics 
shown in Figure 17 are given. It is re- 
quired to determine the interfering voltages 
produced by transmitters at two or more 
stations using series sequence feeder coup; 
ling at each station. 

Following the method used in example 5 
it can be shown easily that station 5 trans- 
mitter is near the point of having inter- 
ference between its own feeders. A 720- 
cycle shunt is required across the station 5 
four-kilovolt bus, if additional transmitters 
are to be operated simultaneously. If this 
shunt is used, station 5 can be ignored as a 
transmitter or receiver of interfering voltage. 
Also this shunt passes some 720-cycle cur- 
rent from transmitters at other slations so 
as to decrease the current through the 13-ky 
generators and reduce the interfering volt- 
age. The 720-cycle effect is the same as 
though the 167,000 short-circuit kilovolt- 
amperes of the 13-kv generators is increased 


shown in Figure 17 are given. Series se- directly by the 32,300 short-circuit kilovolt- 
Table Il 
720-Cycle Volts on 115-Volt 60-Cycle Base 
4-Kv -_ Se 
Feeder Load Short-Circuit 4-Ky 4-Ky 13-Kyv 
Station Kilovolt-Amperes N Kilovolt-Amperes Feeder Bus Generator 
Dis se athe cars LjODOs sae aeenetere OP a LB; 400 carsales we ecDUe Aunt ae nem 1.49 Sige 0.115 
OG Th. its ae ty 1 BOO sy5- seater ree Abe ign eaeitch 46, 60003 Pincers iD OUe rises te 0’. 40:5 ttere eet 0.087 | 
ae featdins Caparo L200 5c masta seo Olea yam ie BO; 200 is ee reine OE 2s Ur Sc 0.40 leer ee 0.13 
Goepaihe nigeria. VOD Bia saree MO end rare 42,800.,.%.. ia MDa ro ee ae 0.38 5 queen 0.082 


quence coupling is to be applied to provide 
independent control over two or more four- 
kilovolt feeders out of station 3. 

It is first necessary to determine the 
limiting conditions for use in Figure 8. The 
most inefficient coupling will be obtained 
when the 720-cycle voltage is impressed on 
the most heavily loaded feeder at the peak 
load and when the least load is present on 
the other feeders. When the ultimate ca- 
pacity of the station of 5,000 kva is reached, 
assuming control is required over any feeder 
up to its full-rated 1,380-kva load, the total 
load on the four other feeders is 3,620 kva. 
On this basis the limiting conditions for use 
in Figure 8 are: 


*3 4-kv bus short-circuit kva 

~ load kva orf feeder being controlled 
_ 41,700 
~ 1,380 


load kva on other feeders _ 


= 30.2 


“toad kva on feeder being controlled 


E,=4.33 volts on 4-kv feeder (from Figure 8) 
Ey =5 —4,83 =0.67 volt on 4-kv bus 


This voltage is considerably less than one 
volt, hence independent control over each 
feeder under the assumed limiting conditions | 
will be obtained. Also, since Hy is greater 
than four volts, ample 720-cycle feeder 
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amperes rating of station 5. Hence, for this 

study, the 13-kv generators can be replaced 

by a new generator having a 60-cycle short- 

circuit kilovolt-amperes rating of 199,300 

kva and a reactance of 12.5 per cent on a 

25,000-kva base. | 
The four-kilovolt bus short-circuit kilo- 

volt-amperes at station 4 based on the new 

generator then is 


2 
5,000 X 100 06 Sonne | 
12.54. 21000/, , 1.6%5,000 
5,000 10,000 . 


If eatin 4 transmitter is operated under 
maximum-station-load conditions with equal 
loads on each feeder the limiting conditions 
are 


4-kv bus short-circuit kva a) 
load kva on feeder being controlled 
60,200 ‘ 


Dims 


load kva on other feeders 


~joad kva on feeder being controlled 
oe \ : 


y= 4, 51 volts on 4-kv feeder (from ae igs 
Ey =5—4.51 =0.49 volt on 4- kv bus 


53,800 “? . 
Ey =0.49X 300 ote roe on 13-kv gen- 
mi erator 


a 


Values of Ey and Ey operating any one of 
the transmitters based on maximtm load at 
each station and feeders equally loaded at 
each station are tabulated in Table IT. 
Station 5 is omitted because a 720-cycle bus 
shunt is to be used at this station. 

Disregarding station 2 because it has only 
one feeder, it is apparent that the maximum 
interfering voltage on any feeder at any 
tivion occurs at station 4 which has a four- 
kilovolt bus voltage of 0.49 volt when its 
transmitter is operated alone. If the trans- 
mitters at stations 2, 3, and 6 are simul- 
taneously operated and synchronized in 
phase, the resultant voltage does not exceed 


720-cycle volts on 13-kv generator = 
0.115+0.087+0.082 =0.28 volt 


If station 4 transmitter is operated at the 
same time, the interfering voltage at station 
4 under this condition does not exceed 


0.49+0.28=0.77 volt 


Since the total interfering voltage is less 
than one volt, no objectionable interference is 
obtained, even if all transmilters are oper- 
ated simultaneously. In an actual applica- 
tion available station and feeder load data 
should be consulted and applied in the pre- 
ceding calculations to ensure that the inter- 
fering 720-cycle voltage has been obtained 
under the most unfavorable operating con- 
ditions. 


Example 7 


The system and system characteristics 
shown in Figure 17 are given. A shunt- 
coupled transmitter is to be applied at sta- 
tion 1 to provide control at stations 2 to 6, 
inclusive. . 

In this example the 720-cycle voltage is 
impressed across station 1 13-kv bus. This 
arrangement provides operating flexibility 
in that the four-kilovolt and 13-kv feeders 
out of the different substations can be inter- 
connected in a primary or low-voltage 
secondary network without increasing- the 
720-cycle voltage or power required. If 
each substation carries rated load, the 
lowest 720-cycle voltage is obtained at sta- 
tion 6, since the highest 60-cycle %IX is 
obtained at this station. | 
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60-cycle %LX to station 6=6+5 
=11 per cent 


If it is assumed that the feeder in example 
1 is the feeder at station 6 requiring the 
highest feeder 720-cycle voltage, the maxi- 
mum 60-cycle %IX from station 6 four- 
kilovolt bus to the last controller is 14.6 
percent. Adding this to the foregoing %IX 
to station 6 gives 25.6 %IX from station 6 
to the last controller. 


- 


720-cycle volts at station 1 = 5.7 volts 
(from Figure 3) 


The maximum 720-cycle power will be 
obtained with 25,000 kva of generators in 
service at the system peak load of 20,000 
kva. At this time the average load at each 
substation is approximately 75 per cent of 
the station transformer kilovolt-ampere 
rating. The 60-cycle per cent reactance to 
reach the substation four-kilovolt busses 
varies for each substation, but the maximum 
and minimum values are 


Per cent reactance for station 6 
=0.75 (6+5) é 
=8 per cent on 4,500-kva base 


Per cent reactance for station 2 
=0.75(1+5) 
=4.5 per cent on 750-kva base 


For estimating purposes it can be assumed 
that the per cent reactance to the average 
substation falls midway between the afore- 
mentioned two values so that a value of six 
per cent is used. Representing each four- 
kilovolt feeder by a concentrated load with 
ten per cent series reactance, the total 720- 
cycle power input in the direction of the 
loads can be determined, based on 16 per 
cent reactance on a 20,000-kva base. The 
curves of Figure 10 are based on ten 
rather than 16 per cent reactance but 
may be used for estimating purposes since 
this assures results on the safe side. (If 
more accurate results are required, suitable 
corrections can be determined from Figure 
5.) From Figure 17, 20,000 kva (the 13-kv 
60-cycle peak load) and 167,000 kva (the 
station 1 13-ky 60-cycle short-circuit 
kilovolt-amperes) are the two values used 
in Figure 10 to obtain 48-kva 720-cycle 


input at 0.47 power factor, for five volts 
impressed. 

But the peak load can be carried with one 
5,000-kva generator out of service. This 
would decrease the 60-cycle short-circuit 
kilovolt-amperes 20 per cent to 134,000 kva 
and the 720-cycle kilovolt-amperes approxi- 
mately ten per cent to 44 kva (from Figure 
10). Thus a voltage inultiplier of 1.05 from 
Figure 12 must be applied. The required 
three-phase 720-cycle input to the 13-kyv 
bus at station 1 is: 


Volts on 115-volt 60-cycle base 
=5.7X1.05=6 volts 

Volts on 13-kv 60-cycle base 
_ 6X18,000 


=r 
115 378 volts 


: 6\? 
Kilovolt-amperes = ss(2) =69 kva 


Kilowatts =69 X0.47 =32.4 kw 


x00 
urrent =>. =e 
332678 amperes 
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A New Control System for 
Automatic Parallel 
Operation of Load-Ratio- 
Control Transformers 


Discussion and authors’ closure of paper 43-64 
by S. Minneci and S. B. Farnham, presented at 
the AIEE North Eastern District technical 
meeting, Pittsfield, Mass., April 8-9, 1943, 
and published in AIEE TRANSACTIONS, 
1943, July section, volume 62, pages 488-93. 


C. E. Winegartner (Cleveland Electric 
Illuminating Company, Cleveland, Ohio): 
This ingenous control system is designed 
specially to secure the seven characteristics, 
as stated in the summary of the paper, which 
are particularly applicable to medium-volt- 
age networks. It might be appropriate to 
consider some of its limitations and to 
compare it with electrically interlocked units 
with duplicate master-control equipment. 

It is not practical to set contact-making 
voltmeters closer than about +11/, volts. 
Although the circulating current is self- 
reducing, there will still be, at times, this 
band of voltage producing it. Also, the 
meter has the dual function of regulating 
voltage and the relative tap position of the 
transformers. This does not provide as posi- 
tive an interlock as does an odd and even 
auxiliary switch on the tap-changer mecha- 
nism operating through a relay to prevent 
further automatic operation when units get 
out of step. In fact, a jammed or welded 
contact on the meter will cause a trans- 
former torun to its tap limit instead of being 
blocked as soon as it gets one step out. 

Even though the odd- and even-step 
electrical interlock does not provide for 
reducing circulating current automatically, 
it is possible to operate the transformers 
any multiple of two steps, continuously out 
of step, to afford some control, as long as 
the transformers do not run to their limits. 
In view of the aforementioned limitations 
on the automatic control, a fixed relation 
between steps through the electrical inter- 
lock will, in some cases, keep circulating 
currents down as effectively as automatic 
control. 

Duplicate master control has its greatest 
advantage when two or more transformers 
are operated in parallel and are located 
relatively close together. This always af- 
fords a spare atittomatic-contro! equipment 
to use when one has to be taken out of 
service for tests or maintenance. If the 
current from all the transformers in parallel 
is totalized, and if this current is used 
through the duplicate compensators, it is 
not necessary to change compensator set- 
tings when a transformer is taken out of 
service, and compensation is not affected 
by circulating current. 

To summarize, duplicate master control, 
at a saving of compensator and auxiliary 
current transformers for each of two load- 
ratio-control transformers, and without 
requiring additional control equipment for 
additional units, affords spare control equip- 
ment for any emergency. While it does not 
afford automatic control of circulating cur- 
rent, yet where it is practical. to have a 
central control point for all transformers in 
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parallel and where circulating currents do 
not become excessive, it does have definite 
merit. 


S. Minneci and S. B. Farnham: Mr. 
Winegartner’s discussion is based on his 
familiarity with an arrangement for parallel 
operation of regulating equipment in which 
the units are electrically interlocked so as 
to operate substantially as one unit; and 
at any given time all are under the control 
of one master-control equipment, with 
another control equipment ‘available as a 
spare. Although this type of arrangement 
has been used successfully in a number of 
applications, it requires the attention of an 
operator each time a unit is brought into 
parallel operation with the others, after 
having been out of service for any reason. 
The reason for this is that all of the regulat- 
ing mechanisms must be brought by manual 
control to the same relative position before 
the master control is placed in operation. 
There is no way in which they can be 
brought into agreement automatically after- 
wards, and if they fall out of step the ef- 
fective regulating range of the entire group 
is reduced by an amount equal to the 
greatest difference in position between any 
two units. In addition, there may be, of 
course, excessive circulating current, and 
the flexibility of operation is not so great 
as it is with some other arrangements. In 
several recent applications for which the 
electrically interlocked arrangement was 
being considered, these were among its 
principal limitations which lead to the de- 
velopment of the new fully automatic- 
control system described in the paper. 

The authors agree with Mr. Winegartner, 
however, that the arrangement which he 
describes has certain merits, and may be 
operated successfully, provided: 


(a). -The transformers are connected directly in 
parallel on both their high-voltage and low-voltage 
sides, so as to avoiggany differences in the applied 
voltages such as might be caused by different im- 
pedances in the supply circuits. 


(b). Individual operation is not required. 


(c). The number of units operated in parallel is 
not so great as to complicate unduly the control 
interconnections. 


(d). There is no objection to having an idle trans- 
former brought by manual control to the same 
operating position as the active units. 


Mr. Winegartner makes the statement 
that it is not practical to set contact-making 
voltmeters closer than about +11/, volts, 
which corresponds to a band width of 21/, 
volts. This is probably a reasonable figure, 
if the regulator steps are 11/, per cent. 
This corresponds to the rule of thumb to the 
effect that the voltmeter band width should 
equal the voltage difference between suc- 
cessive steps, plus one volt.. On a 120-volt 
base, 11/4 per cent =11/, volts, which, added 
to 1 volt, gives 2!/; volts as the band width, 
when Mr. Winegartner’s figure is checked. 
However, there are many regulators having 
steps smaller than 11/, per cent, and, conse- 
quently, narrower band widths are very 
frequently encountered. This is particu- 
larly true in the case of induction-type 


regulators, where band-width adjustment ~ 


need not be influenced by consideration of 
frequency of operation in order to conserve 
the life of moving contacts. 

It appears that Mr. Winegartner has over- 
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looked the provision that is made in the new 
control system for using an overcurrent 
lockout relay, connected so as to respond to 
circulating current only, for insuring that 
no regulating mechanism can get more than 
a predetermined amount out of agreement 
with the others. His statement, that a 
jammed or welded contact on the contact- 
making voltmeter will cause a mechanism 


to run to its limit, therefore, does not* 


apply to this new control system. 

In the comparative evaluation of the two 
control arrangements, it will be found that 
the new system not only fulfills all of the 
functions of the electrically interlocked ar- 
rangement described by Mr. Winegartner, 
but also includes other features for which the 
electrically interlocked arrangement makes 
no provision. In addition, it is fully auto- 
matic, rather than requiring the services of 
an operator. These advantages, together 
with the high degree of flexibility for meeting 
varied system-operating conditions, result 
from the inclusion of a complete set of 
automatic-control equipment in each unit, 
in preference to placing dependence upon 
equipment that is located elsewhere. The 
additional auxiliary current transformer and 
compensator, required by the new control 
system, are operated in the secondary circuit 
of the main current transformer and are 
very small physically. Their added cost is 
usually insignificant. 

It may be concluded that the new control 
system will supersede the electrically inter- 
locked arrangement in the majority of 
applications. 


Use of Equivalent Annual 
Ambient Temperature in 
Overloading Transformers 
and Voltage Regulators 


Discussion and author's closure of paper 43-65 
by M. S. Oldacre, presented at the AIEE 
North Eastern District technical meeting, 
Pittsfield, Mass., April 8-9, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
July section, pages 477-80. 


W. C. Sealey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): The de- 
scribed method for determining the equiva- 
lent ambient temperatures has a sound 
theoretical as well as empirical basis. The 
values of equivalent annual ambient tem- 
peratures listed in the paper are average 
equivalent ambient temperatures based on 
an average year. 

The author is strictly correct in following 
the American Standards and making no 
correction for daily variations in tempera- 
ture. Such a correction can be made easily 
if desired. The purpose of making such a 
correction is to assure the same life base 
for all localities instead of a varying life 
base. In practice, it is not feasible to take 
full advantage of the present recommenda- 
tions which allow increased loads for a de- 
parture from the base of 30 degrees daily 
average temperature and 40 degrees maxi- 
mum temperature, since to do so would re- 
quire daily adjustment of the load carried. 
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In most cases, where the daily ambient 
temperature is used for loading, the result- 
ant aging will be less than for full load car- 
ried continuously with a constant ambient 
of 30 degrees. Consequently, it would not 
be inconsistent to use a constant 30-degree 
ambient as a reference base for calculating 
equivalent annual ambient temperatures 
and a 30-degree average with a maximum 
of 40 degrees for the daily ambient tempera- 
ture. 

With reference to Figure 3, the differ- 
ence between the curves K’s and Ks repre- 
sents the temperature correction for range 
in daily temperatures during the month. 
This correction is equal to 2.2 degrees centi- 
grade and corresponds to a range in average 
daily temperature during the month of 
27 degrees centigrade, which is a typical 
value (from Figure 3 of reference 9 of the 
paper). 

This paper and references 8 and 9 of the 
paper agree in the fundamental principles 
to be used in calculating equivalent ambient. 
These three papers differ in their applica- 
tion of the fundamental method, but there 
is no real inconsistency among them. 

For convenience in calculation and analy- 
sis, as outlined in these papers, a satisfac- 
tory means of determining the equivalent 
ambient consists of the sum of three factors: 


1. A mean temperature for the given period of 
time. 


2. A correction factor based on the range during 
the given period of mean temperatures for the next 
smaller unit of time. 


3. A correction factor based on the range of tem- 
peratures during the next smaller interval of time 
and so forth. 


The base mean temperature is usually 
selected either for a year or for a month. 
This base mean temperature may be the 
average of several years or months, the 
maximum mean temperature over a long 
period of time, or some intermediate value. 

The typical manner of variation of the 
temperature during the period of time con- 
sidered can be determined theoretically, 
checked by empirical data. The range se- 
lected for determining the correction may be 
an average range for the whole country, an 
average range for that locality, the maxi- 
mum range for that locality for the time 
considered, or some other value which would 
be typical. For convenience, any value so 
selected should be determinable readily from 
the records of the United States Weather 
Bureau. 

The factors mentioned in the preceding 
paragraph apply, of course, for each suc- 
ceeding smaller unit of time, until the hourly 
variation of temperatures during a day is 
reached. For the variation of temperatures 
during a day the thermal capacity of the 
transformer comes into play. For most 
transformers thermal capacity produces the 
same effect as does a reduction of the tem- 
perature range during one day to 80 per cent 
of its actual value. 

These three papers have used the same 
fundamental principles to calculate values 
of equivalent ambient temperature which 
establish the upper and the lower limits of 
such equivalent temperatures. Equivalent 
temperatures based on average tempera- 
tures over a long period of time represent 
the lower limit of equivalent ambient tem- 
perature, since an examination of weather 
reports will show that there can be a suc- 
cession of several years with monthly aver- 
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age temperatures during the hot months in 
excess of the long-time average tempera- 
ture for these months. A succession of as 
irany as ten years, in which the average 
monthly temperatures during the summer 
months exceed the long-time average 
temperature for that month, is not un- 
common, 

Temperatures derived in reference 9 of the 
paper are definitely on the safe side and 
represent the higher limit of equivalent 
ambient temperatures. 

The spread which exists between the 
higher and lower limits is not unduly great. 
For the cities compared, the variation is be- 
tween four and nine degrees centigrade. 

Methods readily suggest themselves by 
which the values obtained in reference 9 can 
be reduced by taking a less pessimistic view 
of the probable temperatures which may 
occur. Similarly, the values given in the 
present paper could be increased to allow 
for the difference between the average 
mean temperatures and the maximum 
mean temperatures to be expected and, 
perhaps, in addition, for the daily range in 
temperature. 

There is some advantage in having avail- 
able equivalent monthly temperatures. If 
it were decided to use equivalent monthly 
ambient temperatures, the equivalent 
monthly ambient temperature could be 
calculated as the sum of the maximum 
monthly mean temperature, plus a correc- 
tion for monthly range, in which the 
monthly range is assumed to be twice the 
difference between the maximum tempera- 
ture ever recorded for that month, and the 
maximum monthly mean _ temperature. 
An alternative suggestion, which will give 
values somewhat more optimistic, would be 
to apply a monthly correction equal to the 
correction for a range equal to the difference 
between the maximum temperature re- 
corded for the month and the maximum 
monthly mean temperature. This correc- 
tion would be applied twice, once as the 
monthly correction, and once as the daily 
correction. It would be based on the as- 
sumption that one half of the variation was 
due to variation in hourly temperatures 
during the day. This correction would 
tend to be slightly optimistic, because the 
correction for range would be based on the 
most favorable conditions which are equal 
division of the temperature range, but this 
would be compensated for to some extent 
by the use of the maximum mean tempera- 
ture ever recorded for the month. 

The establishment of maximum and mini- 
mum limits for equivalent annual ambient 
temperatures with a small spread between 
them indicates the progress which has been 
made in the determination of equivalent 
ambient temperatures for overloading trans- 
formers. When the nature of the problem 
is considered, the agreement obtained be- 
tween optimistic and pessimistic values 
should be reassuring to those who plan to 
use equivalent ambient temperatures for 
transformer overloading. 


R. Riidenberg (Harvard University, Cam- 
bridge, Mass.): From the standpoint of 
the transformer, it is very important to de- 
termine the maximum permissible tempera- 
ture, or temperature rise, with correspond- 
ing limit to which the load may increase 
without undue deterioration of the insula- 
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tion. However, if I were a transformer 
operator during this wartime, I probably 
would approach the problem from a quite 
different and much less conservative view- 
point. 

Since most of the transformers in our net- 
works have a life expectancy of the order of 
ten years or more, whereas the war and, 
thus, the demand for high industrial loads 
will last probably for a period of five years 
or less, I would sacrifice quite a number of 
years of the future life of the transformer 
by overloading it heavily, if this should be 
required by the conditions of war industry. 
I then would sell the power exceeding the 
well-established rated load of the trans- 
former at a higher price per kilowatt-hour, 
derived from the more.rapid deterioration 
of the insulation and the corresponding 
higher rate of depreciation. The increase 
in cost per kilowatt-hour would be very 
moderate, and I believe that the war in- 
dustry would be perfectly willing to pay such 
extra cost as a return for getting the excess 
power at all. The additional money that 
would be received I would put aside until 
the end of the war, and then with it I 
would buy a new transformer, thereby solv- 
ing another problem, namely, giving our 
transformer factories a good number of 
orders in the first period after the end of the 
war, when the returning labor needs it most, 

I see no reason to prevent the application 
of a similar scheme for turbine generators, 
if their overloading should be seriously re- 
quired, although the cost balance may not 
be so favorable here. 


C. F. Wagner (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The ultimate purpose of determining 
the annual equivalent ambient temperature 
is to permit loading beyond the rating of the 
transformer when this quantity is below 
30 degrees centigrade. It is highly desirable 
that any rule for this purpose should be as 
simple as possible. The rules proposed to 
date, in an effort to obtain accuracy, have 
suggested procedures that are too compli- 
cated, and the accuracy implied is not war- 
ranted by fundamental considerations of the 
problem. In the first place, the eight-degree 
rule for insulation aging is accepted without 
question, whereas the data do not justify this 
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Figure 1. Comparison of Oldacre’s equivalent 
ambient temperatures with proposed rule 
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Figure 2. Comparison of Sealey’s equivalent 
ambient temperatures with proposed rule 
(straight line) 


faith. Insulation experts are far from agree- 
ment in their views regarding the factors 
affecting aging as to whether insulation 
aging follows an eight-degree rule, or a five- 
degree rule, or does not age appreciably 
until a certain critical temperature is 
reached. It is likely that the laws change 
with the character of the transformer, 
whether or not oxygen is permitted to come 
in contact with the oil. Also, the effects of 
other factors, such as the location of the 
transformer with respect to reception of 
direct sunlight, whether it be exposed or 
protected, are not considered. Further, it 
is assumed that the loading of the trans- 
former is constant. 

In Figure 1 of this discussion the equiva- 
lent annual ambient temperatures obtained 
by Mr. Oldacre are plotted as circles against 
the average ambient temperatures. The 
points represented by the crosses were ob- 
tained from the data contained in the Hell- 
mund and McAuley! paper corrected to 
normal as indicated in Table III of Old- 
acre’s paper. The writer is proposing that 
the values given by the straight line be used. 
This is a simple relation that is obtained 
merely by adding six degrees to the average 
ambient temperature. By this proposal 
the equivalent annual ambient temperature 
would be equal to the average annual am- 
bient temperature plus six degrees. In 
view of the indefinite character of the as- 
sumptions underlying this work, it is the 
writer’s opinion that the proposed rule is 
sufficiently accurate for all practical pur- 
poses and possesses the important ad- 
vantage of simplicity. 

Similar data have been plotted from Mr. 
Sealey’s paper.2 These points lie above 
the suggested curve, because they are based 
on maximum variations and are probably 
too conservative. The disparity between 
the Oldacre and Sealey values of equivalent 
ambient temperature is further evidence of 
the unsettled thinking with regard to this 
problem. It constitutes a further argument 
for not requiring accuracy of high order. 

This proposal is equivalent to assuming 
that Ks’ of Figure 3 of the paper is equal 
to 6.0. While this may appear to be a 
rather rough approximation, the proposal 
should be judged in terms of the total cor- 
rection to be applied to the rating of the 
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transformer; that is, the accuracy of the 
equivalent ambient temperature should be 
judged in terms of the amount by which it 
lies below 30 degrees centigrade. 
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V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): I wish to discuss 
this paper first from the standpoint of com- 
paring M. S. Oldacre’s derived equivalent 
annual ambient temperatures with those 
obtained by W. C. Sealey in his paper 
(reference 9 of M. S. Oldacre’s paper). 

When the ambient temperatures derived 
from six cities, Bismarck, Helena, Kansas 
City, Denver, Dallas, and Chicago, are com- 
pared, it will be found that Mr. Oldacre’s 
data permit an average of 7.0 per cent 
greater overloads than Mr. Sealey’s data 
permit. The difference, of course, is due 
to the fact that Mr. Sealey was very con- 
servative and used the greatest mean tem- 
perature recorded over several years, whereas 
Mr. Oldacre used annual average values. 

We, therefore, have two papers whose 
authors differ in their ideas of how recorded 
ambient temperatures should be used in 
deriving equivalent annual ambient tem- 
peratures. Both are right, depending on 
the degree of conservatism one wishes to 
use. 

As I see the situation, we are supposed to 
take full advantage of any and all factors 
during the war either to conserve critical 
materials or to get more capacity out of 
existing transformers, and for this reason I 
think that Mr. Oldacre was justified in using 
the recorded ambient data as he did. Per- 
haps after the war we may wish to be more 
conservative and use Mr. Sealey’s method of 
deriving the equivalent ambient tempera- 
tures. 

The question of whether we should use 
daily average or daily equivalent ambient 
temperatures in applying the one per cent 
rule for overloading in cool ambients natu- 
rally arises. Both Mr. Oldacre’s and Mr. 
Sealey’s curves show that for a change of 
20 degrees centigrade daily temperature 
(which represents a good average value) 
the effective ambient is in the order of one 
to two degrees centigrade higher than the 
average ambient. The one per cent rule 
has a small margin of safety for most trans- 
formers, that is, if a self-cooled transformer 
has 45 degrees centigrade top-oil rise, 65 
degrees centigrade hot-spot rise, and a 
2:1 loss ratio at rated load, for 20 degrees 
centigrade ambient it could carry 111.5 per 
cent load for a 95-degree hot-spot tempera- 
ture instead of 110 per cent load permitted 
by the 1 per cent rule, 121.5 per cent load 
instead of 120 per cent load for 10 degrees 
centigrade ambient temperature, and 132 
per cent instead of 130 per cent load for 
zero degrees centigrade ambient \tempera- 
ture. For this reason it is not really neces- 
sary to use equivalent daily ambient, but 
rather average daily ambient temperatures, 
when applying the one per cent rule. 
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Under most conditions a greater benefit 
can be derived probably from using the 
annual equivalent ambients rather than 
daily average ambient temperatures. Where 
ovetloads are required during the winter 
months only, the one per cent rule used with 
daily ambient temperatures would be better 
than the one per cent rule used with the 
equivalent annual ambient temperature. 
It is obvious that both rules cannot be”* 
used. The user, however, should be able 
to decide which rule, that is, the one per 
cent rule used with daily average ambient 
temperatures or the one per cent rule used 
with the equivalent annual ambient rule, 
works out best for his particular loading 
condition. 


M. S. Oldacre: Mr. Sealey points to the 
method used in the paper as obtaining “ay- 
erage equivalent ambient temperatures 
based on an average year.’’ This state- 
ment, which he develops in his discussion, is 
not correct. The equivalent temperatures 
obtained by methods in the paper are based 
on all the recorded temperatures over a 
long period of time and are not based on 
either average temperatures or extreme 
temperatures. The approximate method 
outlined in the paper uses the average tem- 
peratures, since they are readily available, 
but makes correction which takes into ac- 
count the variations from averages that 
occur over a long period of time. This 
seems to be a better procedure than to, use 
only averages or only extremes. 

Mr. Wagner’s suggestion to add six de- 
grees centigrade to the average annual 
temperature is a very rough approximation 
which is good enough for some localities but 
not very adequate when there is either a 
great or small range of temperature during 
the year. As shown in Figure 3 of my paper, 
the correction factor is not a constant but 
a function of the temperature range. The 
use of the Ks’ curve of Figure 3 gives a 
reasonably accurate value of equivalent 
annual ambient temperature from readily 
available United States Weather Bureau 
data. 

As pointed out by Mr. Montsinger, we 
believe that the use of the equivalent am- 
bient temperature, as derived in this paper, 
has a sufficient degree of conservatism for 
present-day conditions. 


Thermal Rating of Overhead 
Line Wire 


Discussion of paper 43-73 by Myron Zucker, 
presented at the AIEE North Eastern District 
meeting, Pittsfield, Mass., April 8-9, 1943, 
and published in AIEE TRANSACTIONS, 
volume 62, 1943, July section, pages 501-07. 


Jerome J. Taylor (Detroit Edison Company, 
Detroit, Mich.): It is readily apparent that 
emergency overload ratings are valuable in 
application to overhead lines, as they are to 
transformers, circuit breakers, and other 
equipment. It is not so apparent that run- 
ning line wire up to temperatures of 90 
degrees centigrade or more, continuously, 
as inferred by the author’s Figure 18, is 
either good engineering or a net service to 
the war effort. 
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If 3/0 copper conductor operated at 500 
amperes is taken, as shown in the mid-range 
of Figure 13, the J? R loss per mile of three- 
phase line is about 325-kw, four or five times 
that which occurs at ordinary loadings. At 
500 amperes, one quarter of the total energy 
is thrown away in 17 miles of 24-kv line, 
or in 85 miles of 120-kv construction. 
Stated another way, the wastage of coal is 


about 300 tons per day per 100 miles of line . 


thus operated. Losses of this magnitude 
seem to call for considerable justifying, 
even though the capacity of the lines has 
thereby been approximately doubled. An- 
other drawback is that under such conditions 
there is little margin left for emergencies. 

From the other side of the picture, if we 
assume that high loadings are advantageous 
in particular cases, reinforced conductors 
such as steel-reinforced aluminum cable 
enjoy large advantages over hard-drawn 
copper in regard both to strength and to sag 
considerations, since steel is little affected 
by relatively high temperatures. There isa 
good deal of such construction in service. 
The paper in limiting its consideration to 
copper only is more specialized than is indi- 
cated by its title. 

In regard to a minor point, the writer 
questions the validity of the author’s 
statement that “... . (self-) circulation was 
more effective, per unit speed in carrying 
away heat than equal real wind speeds.” 
There seems no basis for such a conclusion 
either experimentally or theoretically. The 


difference in slope between the no-wind and 


the wind curves, of which Figure 6 is an 
example, is adequately explained by the 
fact that the air velocity of self-circulation 
increases with temperature rise of the wire, 
whereas external wind velocity does not. 


The Sorocabana Railway 
Electrification 


Discussion of paper 43-67 by Durval Muy- 


~faert, presented at the AIEE North Eastern 


District meeting, Pittsfield, Mass., April 8-9, 
1943, and published in AIEE TRANSAC- 
TIONS, volume 62, 1943, pages 804-18. 


Sidney Withington (New York, New Haven, 
and Hartford Railroad Company, New 
Haven, Conn.): This paper is exceedingly 
interesting in the data it presents, especially 
in indicating the status of railroading in a 
part of the world remote from the United 
States. The high cost of fuel and the low 
cost of labor in that section of Brazil are a 
surprise to us in the United States. A loco- 
motive maintenance bill of 3.1 cents per 
mile and a fuel cost of $1.48 would mystify 
some of our master mechanics mightily, 
who report maintenance expense of six 
times, and fuel cost of one sixth’ of those 
figures. Skilled labor at 12 cents per hour 
would indeed make them envious. 

The figure of more than 50 watt-hours 
per trailing ton-mile seems high compared 
with our figures, even considering the fact 
that the locomotive weights are relatively 
high compared with trailing tonnage. It 
would be of interest to know just why. Ina 
Paulista report of some years ago 21.3 for 
freight and 35 for passenger were given. 
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The power costs are of interest: 90 cents 
per kilowatt per month demand, and energy 
cost of just over one mil—total cost being 
less than half a cent, with a load factor of 
less than 40 per cent. It is easy to see why 
the feeding back of surplus regenerated 
power was not thought necessary, even in 
the small net amounts it is contemplated 
will exist. 

In this connection it is intimated that re- 
generation is not easily obtained in single- 
phase systems. It may be pointed out 
that there is considerable dynamic braking 
on some railroads abroad with single-phase 
motors where, as in Brazil, energy from 
water power is cheap. 

The railroad is to be congratulated in re- 
sisting the temptation to cover modestly the 
locomotive running gear with petticoats. 
In spite of the alleged popularity of such 
efforts in this country, especially with steam 
locomotives, streamlining equipment thus 
does not seem justified. 

The concrete hollow poles for catenary 
are of interest. It would be interesting to 
know just how the core or mandrel is de- 
signed in casting. Also it would be inter- 
esting to learn how the poles are climbed 
in maintenance. 

It is a little harsh to charge engineers with 
prejudice in the design of catenary struc- 
tures. There is no doubt that most of our 
designers would conscientiously adopt the 
most economic design, regardless of per- 
sonal preference; the difficult line to draw 
is that between cheapness of construction 
and expense of maintenance and reliability 
of operation. That is a most vexing prob- 
lem. 

It is understood that the power in the 
vicinity of Rio de Janeiro is 50 cycles. It 
would be interesting to know just the divi- 
sion between 50 and 60 cycles in Brazilian 
territory. 


Overvoltage Protection of 
Current- Transformer 
Secondary Windings 
and Associated Circuits 


Discussion and author's closure of paper 
43-70 by R. H. Kaufmann and G. Camilli, 
presented at the AIEE North Eastern District 
technical meeting, Pittsfield, Mass., April 
8-9, 1943, and published in AIEE TRANS- 
ACTIONS, 1943, July section, pages 467-72. 


C. A. Woods, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The subject of the paper is 
very timely in focusing the attention of 
engineers upon a source of overvoltages in 
the secondary circuits of current trans- 
formers due to the rapid increase in installa- 
tions involving the switching of lumped 
capacitance on power systems. The test 
data and calculations show that, under 
certain conditions, excessive voltages may 
be developed in the secondary circuits of 
current transformers used in such installa- 
tions. The data given show very clearly 
the factors, such as source voltage, inter- 
vening line impedance, and current-trans- 
former ratio, which determine the magni- 
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tude of the overvoltages induced in the 
current-transformer secondary circuits. This 
information should be of considerable benefit 
in determining whether any additional pre- 
cautions regarding the protection or in- 
stallation of transformer secondary circuits 
are necessary in such instances. 

As stated by the authors of the paper, 
there are other sources of overvoltage on 
the current-transformer secondary circuits 
which have been recognized for many years. 
Likewise, in the past there has been con- 
siderable use made of some form of protec- 
tive device, such as protective gaps, pro- 
tective tubes, or other similar devices, for 
short-circuiting the secondary circuits of the 
current transformers when overvoltages oc- 
cur, where these transformers were used for 
operation of instruments. On the other 
hand, there has been considerable hesi- 
tancy on the part of the industry to utilize 
any stich device on current-transformer 
secondary circuits where the transformers 
are used to energize protective relays. The 
principal reason for this is that any such 
device has rendered the relays inoperative 
at the very time when they are most likely 
to be called upon to operate. 

The new protector described herein seems 
to overcome the principal objection to the 
use of overvoltage protectors on the second- 
ary circuits of current transformers used to 
energize relays. The curves of Figure 6 of 
the paper show the device performance under 
a specific set of conditions, but it would be 
interesting to know the volt-ampere char- 
acteristics of the protector, thus providing 
an indication of the limitations under vary- 
ing conditions of currents and burdens. 

We have developed recently a protective 
device, in combination with multicircuit 
arrangements, which will restrict the over- 
voltages in the secondary circuit of current 
transformers and still permit operation of 
protective relays. This device consists of 
protective gaps, tubes, or similar devices in 
series with an impedance, both in shunt 
with the secondary burden, and located as 
close to the secondary terminals of the 
current transformer as possible. The series 
impedance is co-ordinated with the burden 
and relay application so as to permit a pro- 
portional amount of the secondary current 
to flow through the burden because of the 
voltage drop across the impedance, even 
though the protective tube or gap has op- 
erated at the predetermined voltage. With 
this device in certain multiphase arrange- 
ments, particularly three-phase arrange- 
ments of current-transformer secondary cir- 
cuits, it is even possible to obtain function- 
ing of the protective relays, in certain in- 
stances restricted functioning, with one of 
the secondary lead wires or burdens open- 
circuited. 

Over the years, operating experience has 
shown on average installations, capacitor 
installations for line power-factor correction 
excepted, that the ordinary overvoltages 
developed on current-transformer secondary 
circuits do not warrant the use of such pro- 
tective devices in circuits involving pro- 
tective relays, except under unusual condi- 
tions. Such unusual conditions involve 
very high ratio transformers, very long and 
possibly exposed secondary leads, and cur- 
rent transformers having unusually large 
cross-sectional area of core. Where the 
unusual conditions justify the application 
of such a device, it seems desirable that it 
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should permit, to as great a degree as pos- 
sible, proper functioning of protective relays. 

The paper under discussion clearly indi- 
cates another special condition, wherein 
current transformers that are installed in, 
or adjacent to, circuits containing lumped 
capacitance require an investigation of the 
possible overvoltages on the secondary cir- 
cuit. If it is found necessary, suitable pro- 
tective measures should be taken. 


M. C. Westrate (Commonwealth and 
Southern -Corporation, Jackson, Mich.): 
After reading this paper, one is impressed 
with the need for overvoltage protection on 
current-transformer secondary circuits. 
However, the question immediately arises as 
to why there has not been more trouble ex- 
perienced without such protective devices. 
The examples and tables in the paper show 
conditions where capacitors are involved, 
and it may be that high voltages will be 
experienced with increased capacitor installa- 
tions. In the paragraph headed ‘“‘Need for 
Overvoltage Protection,’ the authors do 
not limit the application of the protective 
devices to capacitor installations. 

In the discussion of open-circuited second- 
ary circuits, the authors mentioned that the 
voltage magnitude is a function of the 
current-transformer magnetic design. It 
would seem as though the saturation of the 
iron would be a very definite factor limiting 
the maximum voltage. Bushing-type cur- 
rent transformers, in particular, would be 
subject to the effect of saturation. It would 
be of interest if the authors would supply 
additional data or suitable references on 
the effect of saturation. 


G. Camilli: Mr. Woods has amplified on 
the scope of the paper and has stressed the 
fact that the new protector does not interfere 
with the operation of overcurrent relays. 
While the curves of Figure 6 of the paper 
show the performance of the device with a 
Z burden connected across the secondary 
circuit of the current transformer, the flexi- 
bility of the device is such that any predeter- 
mined characteristic can be obtained easily. 
Mr. Westrate’s comments are well 
founded. There are many cases in which 
the circuit insulation has been punctured 
by excessive transient voltage which may 
not be evident at normal rated current. 
Automatic protection of every current 
transformer against open secondary circuits 
is desirable if the cost and size of the device 
are relatively small. There are, however, 
some applications where protection certainly 
should be considered, for example, high pri- 
mary-current ratings, low secondary-current 
ratings, applications to test circuit where 
connections may be changed frequently. 


New Developments in Po- 
tential-Transtormer Design 


Discussion of paper 43-71 by G. Camilli, 
presented at the AIEE North Eastern District 
meeting, Pittsfield, Mass., April 8-9, 1943, 
and published in AIEE TRANSACTIONS, 
volume 62, 1943, July section, pages 483-7. 


J. J. Samson (Commonwealth Edison Com- 
pany, Chicago, Ill.): The new type of 
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potential transformers described by Mr. 
Camilli is quite an innovation, as it includes 
in one unit several new developments of the 
transformer industry. Most developments 
are rather piecemeal in using new methods 
and processes, and it is quite refreshing to 
see so many changes at one time. 

In addition to the saving in materials, 
there is an improved insulation structure, 
practical elimination of gaskets by welding 
of cover to case and by sealed construction 
between porcelain and metal parts of the 
bushings, and also the use of noninflam- 
mable insulating liquid. All these points 
are included, and at the same time the ac- 
curacy is said to be as good or better than 
the older designs. , 

From the application angle, the new design 
of potential transformer has made long 
strides toward the 100 per cent we are look- 
ing for. Obviously, the smaller and lighter 
the transformer can be made, particularly 
if the size will allow mounting on the bus 
structure, the greater the saving in labor, 
material, and over-all area .otherwise re- 
quired. The material saving above 46 kv 
should be appreciable. 

The new design also promises to mitigate 
some of the other potential-transformer 
problems. The one always present is that 
of protection—not of the potential trans- 
former itself but of the bus, its associated 
equipment, and the service it supplies 
from the effects of faults in the potential 
transformers. 

A “stewing”’ fault in the secondary or the 
ground end of the primary winding of large 
oil-filled potential transformers is a major 
hazard. Fusing the primary winding is the 
usual remedy, with its well-known ‘“‘head= 
aches.” If the fuse current rating is high 
enough to withstand the inrush current due 
to switching surges and other transients, it 
will not protect for faults in the secondary 
and in the ground end of the primary 
winding (because of the necessary high im- 
pedance of the primary winding), If the 
current rating is low enough to protect for 
these faults, it becomes a hazard to the 
relay protection. For example, a 138-ky 
potential transformer would require a 
(.25-ampere fuse to protect for secondary 
short-circuits. The fuse will blow on surges 
or momentary secondary short-circuits, 
removing the potential from the reverse- 
power or impedance relays. It is therefore 
a step in the right direction to design the 
transformer so that the probabilities of 
fault are reduced to a point where the pro- 
tection is not considered necessary. 

It would have been helpful if more detailed 
description had been given of the joint be- 
tween the porcelain and metal supports. 
This is an important development that is 
quite new, and, although it might be the 
subject of a separate paper, more informa- 
tion would be valuable with Mr. Camilli’s 
paper. ; 

The complete sealing of the transformer 
by welding and solder-sealed bushings will 
eliminate gaskets and greatly reduce the 
chances of trouble with the insulating liquid 
and insulation since moisture and oxygen 
are excluded. The improvements in shield- 
ing and impulse strength, together with 
proper lightning-arrester protection, should 
practically eliminate the chances of faults 
due to lightning. The small amount of 
liquid or the use of Askerel as liquid will 
make the fireand explosion hazard negligible. 


Discussions 
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V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): Mr. Camilli has 
done an excellent job in designing and build- 
ing potential transformers of a construction 
so nearly the ideal. The paper states in 
general terms how the great reduction in size 
and weights was accomplished but gives no 
data on the relative strengths of the con- 
ventional method of arrangement of insula- 
tions and the arrangement which was used, 
Two factors that appear to contribute to 
the improvement made in these potential 
transformers are: 


1. Eliminating as far as possible nonuniform 
dielectric fields. = 


2. Eliminating oil in series with solid insulation 
between the high-voltage and low-voltage windings. 


With reference to the first point: it can 
be stated that for nonuniform dielectric 
fields the spacing varies approximately as 
the three halves power of the voltage, that 
is kv'-®, whereas for uniform fields the spac- 
ing varies approximately as the first power 
of the voltage. For low-voltage designs this 
factor is not very important, but for high- 
voltage designs it becomes very important. 
For example: if we assume that it requires 
the same insulation distance for both uniform 
and nonuniform fields for a test of 70 kv, 
then for a test of 460 kv the distance for the 
nonuniform field would be (460/70)!-5=16.8 
times that for the 70-kv test, whereas for 
the uniform field the distance would be 
460/70 =6.57 times that for the 70-kv test 
or approximately four tenths of the space 
required for the nonuniform field. 

On the second point: the benefits to be 
gained by elimination of the oil ducts in 
series with the insulation barrier between 
windings is best illustrated by an example, 
based on the fact that the division of voltage 
across solid and oil in series is inversely pro- 
portional to their dielectric constants. The 
dielectric constant of solid insulation is 
approximately twice that for oil. — 

The following assumptions are made: 


1. ‘The dielectric strength of oil is 200 volts per 
mil (uniform field). 


2. The dielectric strength of solid is 250 volts per 
mil. 
3. Test =300 kv 


If all solid is used, the thickness of barrier 
will be 800/250 =1.2 inches. 

Half of barrier is now oil and half is solid. 
The stress on the oil is of course twice the 
stress on the solid, because of the ratio of 
their dielectric constants. Therefore, only 
half of the solid can be added to the oil to 
get the equivalent oil spacing required. 

The space required will be 300/200=1.5 
inches of equivalent oil space made up of 
one inch of oil and one inch of solid, or a 
total thickness of two inches which is 1.67 
times the thickness of the 1.2-inch solid 
barrier. 

In other words, by the elimination of free 
oil ducts the barrier need be only 0.6 of 
that for a barrier with free oil ducts. Also, 
it was shown that with a uniform field the 
space was reduced to approximately 0.40 
of that for a nonuniform field. Lhe product 
of the two reductions is 0.6 X0.4=0.24 per 
cent, or one quarter of the space between 
high-voltage and low-voltage windings for 
the conventional design. 

A third factor which resulted in the saving 
of space was the ingenious method used in 
folding the paper over the ends of the 
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layers in the high-voltage winding, which 
thereby eliminated large creepage distances 
ordinarily required in high-voltage layer- 
wound coils, 


Automatic Voltage 
: Compensator for Resist- 
ance Welding Control 


Discussion and authors’ closure of paper 
43-121 by E. M. Callender and R. S. Phair, 
presented at the AIEE national technical meet- 
ing, Cleveland, Ohio, June 21-25, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
November section, pages 701-05. 


Benjamin Cooper (General Electric Com- 
pany, Schenectady, N. Y.): The work pre- 
sented in this paper represents a step in the 
advancement of high-quality resistance 
welding as applied on a mass-production 
basis. The problem of either providing a 
heavy electric-power distribution system or 
providing electrical apparatus to compen- 
sate for the voltage variations which are 
unavoidable on less-substantial power sys- 
tems, is a problem for users of resistance- 
welding equipment if they are to maintain 
consistently high-quality welding, particu- 
‘larly on power systems that become more 
and more overtaxed. 

While the first alternative of building a 
power-supply system with low-voltage drop 
represents a very sound way of improving 
the voltage conditions, it may not be 
selected for at least two reasons: First, it 
may not represent the most economical 
solution; and second, in view of our war- 
__ time emergency, the new aspect of a maxi- 
mum saving in critical materials becomes an 
important item for consideration. 

If the building of a heavier power system 
were selected as the way of improving the 
voltage conditions, anticipated growth 
would be the deciding factor as to how much 
more substantial the power system should 
be made. Obviously, an adequate system 
today may soon be overtaxed by an unantici- 
pated growth. This, then, means unused 
copper and idle fixed assets today in antici- 
pation of tomorrow’s growth. On the other 
hand, the voltage-compensating apparatus 
may be added as an integral part of the new 
installations, or, in many cases, used to 
supplement the older installations. 

One form of electrical apparatus which is 
now commercially available and which may 
alleviate the poor-voltage conditions at the 
welder is the capacitor for power-factor im- 
provement. This type of apparatus reduces 
the voltage variations by reducing the high 
reactive demands such as are required by a 
welding transformer. However, in some 
cases it may be either impractical or uneco- 
nomical to add capacitors for purposes of 
improving the voltage conditions. The best 
answer in these latter cases would certainly 
be the voltage-compensating or current- 
regulating control. Then too, there is the 
possibility, even after capacitors have been 
added, that the electrical demand may be 
great enough to require the voltage-com- 
pensating control anyway. The voltage- 
compensating control is an electronic device 
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which does not attempt to correct the 
voltage variations, but rather changes the 
current by phase-control methods so as to 
provide a constant welding current irrespec- 
tive of these voltage variations. While in 
the authors’ case, their control is designed to 
compensate for voltage variations, it should 
be pointed out that electronic type of control 
is not necessarily limited to compensating 
for voltage variations alone. Electronic 
control may be made to regulate the weld- 
ing current and to compensate for changes 
in the welding-transformer power factor, 
impedance, or any combination of voltage 
and impedance effects that might change 
the welding current. This is an advantage 
which cannot be gained in any way except 
by means of proper control. There are in 
operation numerous current-regulating com- 
pensators which permit a constant welding 
current to be delivered to the weld, irrespec- 
tive of the size of the welder throat or of 
the change in projected metal into the throat 
of the welder. One example is an arrange- 
ment where identical welds are made alter- 
nately, using first the main electrodes of the 
welding machine and then an auxiliary 
parallel-connected welding gun without 
making any changes in transformer taps or 
current adjustments on the welding control. 

In the authors’ case, because they were 
welding nonmagnetic materials they did not 
experience any appreciable impedance 
changes; hence they were interested only in 
voltage compensation. For their work, a 
special voltage compensator was used 
advantageously in conjunction with the cur- 
rent squared-time or J?7 recorder, the [?T 
recorder being a standard part of each 
welding control operated by them. Using 
the voltage compensator in these systems, 
they have demonstrated conclusively, by 
actual operations, that high-quality welding 
can be maintained in production lines, inde- 
pendent of the line-voltage variations even 
though, at times, these variations may be in 
excess of 20 per cent. 

To produce equivalent-quality welding 
by addition of extra feeders would have re- 
quired that the capacity of the power sys- 
tem be more thandoubled. Thisisa striking 
enough comparison. 

In conclusion, when the abilities of elec- 
tronic control, as a device for maintaining 
constant welding current, become more com- 
mon knowledge through industrial experi- 
ences and papers such as this, there is little 
doubt but that the future may find an elec- 
tronic | regulating unit an integral part of 
most welding installations. 

| 
E. M. Callender and R. S. Phair: Mr. B. 
Cooper’s discussion brought out a considera- 
tion that was not previously stressed. Cer- 
tain types of welding, notably seam welding, 
may require special control when welding 
material having permeability greater than 
unity. For instance, the configuration, or 
otherwise the varying portions of the work, 
passing through the throat of the welder 
loop may have a marked effect on the 
secondary-circuit reactance. The authors 
did not meet particularly with this problem, 
since the welding material is mostly stain- 
less steel with permeability approaching 
unity. 

Constant-current regulators which regu- 
late the current for many of the causes, such 
as line-voltage drop or reactance change, are 
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understood to be available. These devices 
are somewhat more elaborate and probably 
require more attention than the automatic 
voltage-compensator described. 

We wish to emphasize that the voltage 
compensator in no way affects the regulation 
of line voltage, but regulates the welding 
current during the multiplicity of machine 
operation on the same line. Therefore, full 
consideration still is required to determine 
that the application contemplated will not 
reflect undue voltage drops back to the 
power company high-voltage line, with con- 
sequent light-flicker problems. Multiple- 
welding installations require as ‘“‘stiff”’ a 
source of power as possible and complete 
divorcement of lighting and welding loads 
within the plant. 

The authors appreciate Mr. Cooper's clear 
interpretation of plant savings in copper bus 
feeders through use of the voltage compensa- 
tor. 


“ 


A Study of Voltage Tran- 


sients in Atrc-Furnace 
Circuits 


Discussion and author's closure of paper 43-97 
by J. B. Hodtum and J. B. Rice, presented at 
the AIEE national technical meeting, Cleve- 
land, Ohio, June 21-25, 1943, and published 
in AIEE TRANSACTIONS, 1943, August 
section, pages 556-62. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The authors have 
found in their study that the highest switch- 
ing surge was of the order of 5.2 times 
normal. This corresponds to approxi- 
mately 73 per cent of the full-wave impulse 
test level of the rated transformer voltage. 
From tests made on barriers representing 
transformer insulation, such barriers can 
withstand switching surges of approximately 
the same amplitude as the full wave. Fur- 
thermore, even though switching occurs 
rather frequently, from the data presented 
it appears that the highest surge could occur 
only once in approximately a month’s 
operation. These results do not differ 
greatly from those obtained at other instal- 
lations. 

The authors also have found that the 
surges originating on the low-voltage side, 
due to arcing, are not transmitted. to the 
high-voltage terminals. This also has been 
confirmed by others. However, tests made 
by the General Electric Company show 
that such transients are transmitted to the 
high-voltage side of the transformer, In 
Figure 1 of this discussion, upper trace, is 
shown the voltage to ground at the junction 
of the high-voltage winding and the 
internal reactor. The violent changes in 
voltage and the high-frequency character 
are of similar nature as the surges on the 
low-voltage side. The lower oscillogram 
trace shows the simultaneous voltage to 
ground from the other end of the trans- 
former winding which is connected to the 
supply line and shows no disturbance 
whatever. 

The installation on which these oscillograms 
were obtained is similar to the ones de- 
scribed in the paper, except that the high- 
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LINE H2 TO SRGUNE 


Figure 1. Line voltage (H, to ground) and 
voltage from reactor—transformer connection 
(B-10 to ground) 


Rapid rate of voltage change inside of trans- 
former—reactor windings is not associated with 
disturbance on the transformer line terminals 


voltage winding was rated 13,800 volts, 
delta-wye. The network feeding this trans- 
former is a 13.8-kv cable network of 52 
miles total cable length. Power to this 
network is supplied principally from a 
115-kv system and partly from generators 
through step-up transformers. 
Measurements made with surge-voltage 
recorders from line to ground showed over- 
voltages of less than four times normal line- 
to-ground voltage crest. These overvolt- 
ages occurred only during switching. 
Figure 2 of this discussion, upper curve, 
shows the voltage from transformer reactor 
junction to ground with peak voltages of 
about two times normal line-to-ground volt- 
age crest and a frequency of approximately 
10,000 cycles. In the lower curve the as- 
sociated are voltage and current show that 


B-10 
TO GROUND 


SECONDARY. 


AMPS 


tie 


Figure 2. Transients within high-voltage 
windings are caused by arc phenomena in the 
furnace 


Top. Voltage to ground from transformer— 
reactor junction 


Bottom. Arc voltage and arc current. Points 
1 and 2 relate voltages at high-voltage and 
low-voltage terminals 
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the violent changes on the transformer high- 
voltage side are associated with rapid 
changes in arc current. 

In this study it was found that only in the 
melt-down period such high-frequency 
transients occur in the high-voltage winding 
of the transformer. The frequencies of the 
observed transients ranged between 10,000 
and a few-hundred cycles. The maximum 
voltages measured across the reactor and 
across the high-voltage winding of the 
transformer with surge-voltage recorder 
were only of the order of 2.5 times to 3.5 
times normal line-to-ground voltage crest 
However, in cases of resonance between 
natural periods and applied. frequencies, it 
appears possible that voltages of much 
higher relative amplitude may appear across 
certain portions of the windings. These 
high-frequency surges are very numerous. 
Thirty-three of the steep-front 10,000-cycle 
surges of Figure 2 occurred within the ob- 
served period of 48 cycles. Therefore, it 
would appear that the internal transient 
voltages caused by the low-voltage arc 
transients are much more important from 
the point of view of transformer insulation 
than the relatively infrequent switching 
surges. 


C. C. Levy (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It seems to me that in some cases 
the conclusions drawn are too positive, and 
not wholly justified by the evidence; for 
example, I do not believe that the statement 
made by the authors to the effect that char- 
acteristics of the electrode control have an 
important bearing upon voltage surges 
caused by instability of the arc is justified. 
In the body of the paper evidence is sub- 
mitted ‘that voltage surges do not occur 
when the secondary circuit is opened, and 
this of course is what would happen if the 
are were unstable. 

Again, I do not think that sufficient evi- 
dence is produced to reach the conclusion 
that tripping under load in the early part 
of the heat will result in higher-voltage 
transients than load tripping during refining. 
This is merely an academic consideration, 
because in the refining period load is quite 
stable, and such short circuits as occur are 
rapidly cleared by the regulator so that the 
breaker seldom, if ever, opens during this 
period. My theory is that if there is a dif- 
ference, as the authors claim, it will probably 
lie in the fact that simultaneous extinction 
of the arc on the secondary side, caused by 
regulator operation, and the opening of the 
breaker on the primary side is much more 
likely to happen during the melt-down 
period than during refining. This condition 
would give rise to higher transients during 
meltdown. 

I should like to ask Mr. Hodtum if the 
tests at location A when the change was 
made from cable to overhead line showed 
greater number as well as greater magnitude 
of the surges for the cable as against the 
overhead line. 
that the change in overvoltages when the 
cable was replaced by overhead line might 
have been due to arcing grounds in the cable 
system. I mention this because some recent 
tests on a furnace circuit supplied by a 
cable showed a large number of overvoltages 
which were proved definitely to be caused 
by an arcing ground in the cable system. 
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It is also possible to assume . 


I should also like to ask whether the possi- 
bility may not exist that closing surges are 
attributable in some cases to the mechanical 
condition of the breaker causing restrikes 
in closing. : 


G. E. Shaad (nonmember, General Electric 
Company, Schenectady, N. Y.): There are 


some unknown factors in regard to the circuit’ 


characteristics used in these tests when it 
comes to explaining the high voltages ob- 
tained, and a great deal of study may have to 
be given before all of the phenomena defi- 
nitely can be explained. For instance, an 
“deal” breaker might be considered as one 
which closes all three phases at exactly the 
same instant; there is no restriking phe- 
nomenon on either closing or opening, and the 
current is interrupted at normal current zero. 
It is well-known that for such breaker opera- 
tion it is not possible to get over twice- 
normal voltage on the closing or opening of a 
circuit irrespective of the circuit constants. 

When we necessarily discard the desirable 
characteristics of the ‘‘ideal’”’ breaker, how- 
ever, it is theoretically possible to get 
transient voltages many times normal, dur- 
ing both opening and closing of transformer 
circuits. So little is known, however, in 
regard to the circuit-breaker phenomena 
present in these tests that we should not be 
too hasty to condemn any one item, for 
example, the use of cables on such installa- 
tions. For instance, it is interesting to note 
the following facts in regard to the tests 
just completed and presented. 

It may be noted that in Figure 5 of the 
paper, curve B, a maximum of four times 
normal voltage was obtained on a grounded 
system with no underground cable, while in 
Figure 6, curve B, exactly the same value 
of four times normal voltage is given as a 
maximum for a grounded system with 
cable. Thus, there would seem to be little 
to choose between the two. 

The capacitance of cable is some 15 to 20 
times that of overhead transmission lines. 
In the particular case used in this paper the 
cable run was 650 feet. Thus, it was 
equivalent in capacitance to about 2!/, 
miles of Overhead transmission line. It is 
interesting to note that there are some 350 
circuit miles of overhead transmission in this 
system. Thus, the capacitance of the cable 
involved adds very little to that of the 
system, 

Switching surges of four or five times 
normal, caused by restriking of the arc in the 
interrupter, have been recognized for many 
years, and it is believed that adequate pro- 
tection against contingencies of such over- 
voltages should be provided, as may be 
obtained by the use of protective equipment, 
instead of changing the form of one of the 
circuit elements, which may be inconvenient 
and is of doubtful value. 
~ It would appear, therefore, that the excel- 
lent data presented in this paper should 
serve as the groundwork for future study. 
The fact still remains that there are hun- 
dreds of successful installations using cable. 


Sherwin H. Wright (Ebasco Services, Inc., 
New York, N. Y.): In the paper 
it is stated that it appears unlikely that 
overvoltages caused by breaking magnetiz- 
ing current should be a source of serious 
concern. One’s attitude toward the possi- 
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bility of overvoltages from breaking mag- 
netizing current depends on whether the 
overvoltages have actually been experienced. 
It is believed that breaking magnetizing 
current on power transformers not only can 
but does occasionally produce serious over- 
voltages on parts of systems, and that it 
should not be assumed that this is unlikely 
to be of serious concern. It may occur cnly 
rarely, but when it does occur it may create 
results which are quite serious. 

Regarding overvoltages which are pro- 
duced by switching, such as those mentioned 
in the paper as often occurring on the high- 
voltage terminals, it seems well worth-while 
to consider the possibility of their control 
by a resistor in the circuit-breaker interrupt- 
ing element. This has already been accom- 
plished on 280-kv circuit breakers used for 
extensive high-voltage transmission systems. 
Have the authors examined this possibility 
of control of transients? 


H. G. Heath (Pittsburgh Lectromelt Fur- 
nace Corporation, Pittsburgh, Pa.): From 
tests and analysis of switching operations on 
arc-furnace installations, it has been known 
generally that voltage transients of con- 
siderable magnitude resulted. In fact, the 
first data obtained in connection with volt- 
age transients on an arc-furnace circuit oc- 
casioned the observation that the magnitude 
was no greater than would be expected from 
previous knowledge of switching operations. 

The present studies, I believe, should 
take into consideration the large number of 

furnaces in operation on whieh the insula- 
tion levels have been ample, at least to the 
extent that the few failures should be con- 
sidered abnormal or exaggerated cases. 

On 5-kv transformers the test voltage, 
high voltage to low voltage and ground, is 
3.8 times the rated voltage, while I find it 
to be only 2.23 and 2.05 times, respectively, 
on 23 and 34.5-kv transformers, respec- 
tively. It has been the practice of my com- 
pany to specify 34.5 kv installation test on 
23 kv and 46-kv installation test on 34.5-kv 
transformers, which brings test values to 3 
times and 2.7 times rated voltage, respec- 
tively. It is to be admitted that conditions 
are more severe on 23 and 34.5-kv installa- 
tions and need to be given every considera- 
tion. There have been no failures on 13.8 
kv where the ratio is 2.46 times the rated 
voltage, except in one or two abnormal cases. 

On installation A, I was surprised at the 
mention of restrikes on the closing of the 
switching equipment. The switching equip- 
mentconsists of an oil circuit breaker equipped 
with Ruptors where the current-carry- 
ing members consist of a bayonet and a 
segmented stationary contact equipped with 
springs to give sufficient pressure. The 
bayonet enters this stationary segmented 
contact to a degree that I can see no possi- 
bility of sufficient bounce to open or break 
contact. Possible explanation for this re- 
strike indication is that it may be a re- 
flected wave. 

The use of surge capacitors has been rec- 
ommended and tests made where they have 
been installed. The magnitude of the volt- 
age transients has been reduced to approxi- 
mately two times normal. Economically, I 
have found that in most cases it is less ex- 
pensive to install surge capacitors than to 
insulate the transformer for the next higher- 
voltage class. 
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J.B. Hodtum: During the meltdown opera- 
tion there is usually a reactor connected in 
series with the primary winding of the trans- 
former. Between the secondary terminals 
of the transformer and the arc there is con- 
siderable reactance because of the secondary 
lead connections. For the refining period 
the primary reactor is usually removed from 
the circuit. If the primary switch is 
opened during the meltdown operation, 
with the electrodes short-circuited, the pri- 
mary winding receives an inductive kick 
from the primary reactor and the secondary 
winding an inductive kick from the lead 
reactance. During operation of the furnace 
under this condition, oscillations appear at 
the junction of the primary reactor and the 
primary winding as indicated in Mr. Hagen- 
guth’s Figure 1, upper trace. 

If the furnace are interrupts with the 
primary breaker closed, similar disturbances 
occur at this junction. 

Surge magnitudes of the order of 100 
times normal have been recorded at the 
secondary terminals of the transformer by 
other observers. These probably resulted 
from the inductive kick produced by the 
collapse of the field surrounding the second- 
ary leads when the primary breaker is 
opened and with the electrodes short- 
circuited. 

During the refining period the primary 
reactance usually is removed from the cir- 
cuit, and investigations conducted within 
the transformer winding indicate similar 
surges as shown by Mr. Hagenguth’s figures. 

Mr. Shaad raised the point regarding 
Figures 5 and 6 of the paper. Curve A of 
Figure 6 represents a system having an 
impedance ground and a lump capacitor on 
the line side of the breaker. Curve B 
represents a system solidly grounded, but 
with capacitance on the line side of the 
breaker. Curve C represents an impedance- 
grounded system without the additional 
capacitance on the line side of the breaker. 

Curve B of Figure 5 represents a solidly 
grounded system without the additional 
capacitance. The magnitude and _ fre- 
quency for this connection is almost identical 
with that of curve B of Figure 6. The 
surges for curve B of Figure 6 are all on 
closing, while those of curve B of Figure 5 
are equally on opening and closing. 

The authors may be in error in assigning 
the principal cause of the overvoltages to 
the extra capacitance; however, when this 
capacitance was removed and with the sys- 
tem impedance grounded, the magnitude of 
surging was reduced from 4 times normal to 
2'/. times normal maximum. 

Mr. Hagenguth’s point regarding the 
impulse strength of the winding is more or 
less confirmed, in that there have been few 
winding failures caused by switching surges. 
Practically all of the difficulties have been 
caused by the flashover of associated 
equipment. 

Regarding Mr. Levy’s question as to 
whether when the change was made from 
cable to overhead line showed a greater 
number as well as a greater magnitude of 
surges for the cable against overhead line, 
I regret that at the present time I cannot 
give him a definite answer. I am not, 
however, willing to admit that cable fail- 
ures at other locations have been due to 
arcing. grounds within the cable. It is 
quite possible that the arcing grounds were 
the result rather than the cause. 
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Mr. Wright raises the question regarding 
a resistor in the breaker interrupting 
element. This was considered, of course, 
and some testing was accomplished, the 
results of which indicate a reduction in 
magnitude of the overvoltage. 

It is difficult to visualize how the breaker 
described in Mr. Heath’s comment can re- 
strike on closing. The magnitude of the 
overvoltages, however, indicates that some 
such phenomena must be taking place. It 
is possible that a similar result is obtained 
when all of the phases do not close simul- 
taneously. 


Practical Calculation of 
Electrical Transients 
on. Power Systems 


Discussion and authors’ closure of paper 43-98 
by R. D. Evans and R. L. Witzke, presented at 
the AIEE national technical meeting, Cleve- 
land, Ohio, June 21-25, 1943, and published 
in AIEE TRANSACTIONS, 1943, Novem- 
ber section, pages 690-6. 


T. Y. Shen (Nonmember; American Gas 
and Electric Service Corporation, New 
York, N. Y.): Evans and Witzke have 
made an important contribution to the 
method of calculating transients on power 
systems. On frequent occasions we en- 
counter generator-neutral-grounding or 
lightning-arrester-application problems in 
which we have to determine the magnitude 
of transient over voltage due to ground fault. 
The magnitude of these transient voltages 
can be amplified considerably if the fault is 
of the arcing type or if it consists of succes- 
sive clearings and restrikings during circuit 
interruption. Calculations for these types 
of faults are usually lengthy and cumber- 
some if conventional mathematics are used. 
By using the method suggested in Evans and 
Witzke’s paper, many mathematical manipu- 
lations are by-passed, and hence much 
time is saved. Furthermore, this method is 
well adapted to the needs of many electrical 
engineers who would prefer to attack the 
problem without resorting to differential 
equations or Heaviside operational calculus. 

In applying the present method to prac- 
tical computations, our experience from 
various calculations indicates that in many 
cases the zeros and slopes can be determined 
quite easily from the analytical expressions 
of the reactance or admittance function and 
its derivative. This results from the fact 
that many ordinary power circuits can be 
reduced and represented by a relatively 
simple network. For this reason the 
angular velocity, w, corresponding to zero 
reactance (or infinite admittance) between 
the driving-point terminals can be deter- 
mined by equating the impedance function 
to zero and solving for the respective w’s. 
Similarly, the angular velocity correspond- 
ing to zero admittance (or infinite reactance) 
between the driving-point terminals can be 
determined by equating the admittance 
function to zero and solving for the re- 
spective w’s. This method of finding w 
requires the determination of the roots of 
an algebraic equation whose degree is equal 
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to the number of internal zeros of the re- 
actance function or admittance function. 
In the case of a complicated network, the 
equation will be of high degree and will not 
be practical to solve. Under such condi- 
tions, the cut-and-try or graphical method 
developed in the paper will undoubtedly 
be more suitable. . 

If a high-degree accuracy is desired in the 
calculation of the final network response, 
the slopes as well as the zeros should be 
determined with high accuracy. The slopes 
of the angular velocity-reactance (or angular 
velocity- admittance) curve can be deter- 
mined more accurately from the first deriva- 
tive of the reactance (or admittance) func- 
tion. If the reactance (or admittance) be- 
tween the driving-point terminals be ex- 
pressed in the following form: 


1 N10 Age 2-E Agee 4 0: 


BB + Bow™-24+Bwo™-*,... 


where \y, Ao, .... and fi, Bo,.... are func- 
tions of the circuit parameters, the proce- 
dure for determining its derivative at zero 
impedance (or admittance) can further be 
simplified, because all terms involving the 
product of the numerator of the impedance 
(or admittance) function are equal to zero. 
Therefore 
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In most of the practical cases, very little 
numerical computation is involved by using 
this method. One further advantage is 
that the computation may be done on a slide 
rule,, whereas the calculations for the in- 
cremental method as suggested by the 
authors in their illustrative example must 
be carried out to five or six figures or more 
in order to obtain the same degree of ac- 
curacy. This is true, because in the authors’ 
method of evaluating AX/Aw or AB/ Aw, 
the result depends upon finding the differ- 
ence of two numbers which are approxi- 
mately equal. The truth of this statement 
is clearly shown by the numerical example 
in the paper. 

It might be of interest to show a numerical 
example illustrating our method of comput- 
ing the transients due to a circuit change. 
Taking the same problem as in Table VI 
in the paper, the admittance function can be 
expressed by the succeeding equation. 
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By substituting numerical values, thus 


B= 10714 o§—2.1 107 7g? +-] 
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Set B =0 and solve for w’s 


w= 2,700 or wy =3,700 
dB 
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At wy =3,700 
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3.700% 0.344 X10-5 
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R. D. Evans and R. L. Witzke: Mr. Shen’s 
discussion is a noteworthy supplement to 
our paper, as it illustrates an alternative 
method of obtaining the zeros and slopes. 
As pointed out in our paper, under ‘‘Exten- 
sions of the Method,” “‘. . . it is possible and 
sometimes convenient to form the analytical 
expression for the impedance (or admit- 
tance) function and its derivative and to 
use the first or both of these to determine 
the zeros and slopes.” Mr. Shen has men- 
tioned that it may be more convenient to 
obtain the zeros by graphical or cut-and-try 
methods when the equations involved are of 
a high “degree. This procedure will also be 
useful, if not necessary, in those cases 
where hyperbolic or trigonometric functions 
are used to represent distributed circuit 
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constants. In many cases we have found it 
desirable to calculate the zeros by graphical 
methods, and then to obtain the slopes by 
substituting the zeros in the general analyti- 
cal expression for the derivative of the re- 
actance (or susceptance) function. The 
procedure to follow in any particular case 
will depend upon the complexity of the net- 
work as well as the experience of the opera- 
tor. 

Mr. Shen’s simplified expressions for thé 
slopes of the reactance and susceptance func- 
tions are very useful when the complete 
analytical solution is made. Similar expres- 
sions can be obtained directly from the 
Heaviside expansion theorem as follows: 


k=2n DL 
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=e 

Then 
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if we substitute in equation 1 
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which is another common form of the ex- 
pansion theorem. 


The Calculation of Unbalanced 
Magnetic Pull in Syn- 
chronous and Induction 
Motors 


‘ 


Discussion and author's closure of paper 43-99 
by R. C. Robinson, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, October section, 
pages 620-4, 


C. J. Fechheimer (Louis Allis Company, 
Milwaukee, Wis.): Mr. Robinson has given 
consideration to the decrease in unbalanced 
magnetic pull caused by circulating currents 
in parallel paths of the stator windings. As 
the vast majority of induction motors have 
squirrel-cage rotors in which there is nearly 
the equivalent of an infinite number of 
phases, consideration should also be given to 
the decrease in pull occasioned by circulat- 
ing currents in the squirrel-cage winding. 
If the rotor is of the slip-ring type with 
parallel paths, there are circulating currents 
between such paths, although they are not 
so helpful as a squirrel cage. A damper 
winding on the rotor of a synchronous motor 
helps in the same way as a squirrel cage on 
an induction motor, although not to the 
same degree. 

I do not believe that a two-circuit stator 
winding is necessarily in the same class as a 
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single-circuit winding; for example, if 
turned through 90 degrees from the axis of 
symmetry. 

I would inquire of the author whether 
1/)-inch displacement is still considered to 
be the arbitrary value for synchronous ma- 
chines. Certainly that value is entirely too 
large to be used as a basis for calculation in 


induction motors. 
4 


R.C. Robinson: Mr. Fechheimer points out 
that the presence of either parallel circuits 
in the rotor winding or a two-parallel stator 
winding may further reduce the unbalanced 
magnetic pull. While this is true for certain 
conditions of air-gap deflection, there are 
other conditions where there will be no re- 
duction in pull. For instance, a machine 
operating at synchronous speed with a 
rotating deflection will have no reduction 
in pull caused by rotor parallels and at a 
speed close to synchronous will have only 
slight reduction. A two-parallel stator 
winding will produce no reduction in pull 
when the deflection is along the line between 
parallels. 

Since we do not know in advance what 
type of deflection the machine may have in 
operation, it is desirable to make the most 
pessimistic assumptions. Consequently, the 
machine should be calculated without re- 
gard to any reduction in pull produced by 
the rotor winding or the two-parallel stator 
winding. 

A displacement of '/3. of an inch is the 
generally accepted standard for synchronous 
machines. The use of an arbitrary figure 
such as this merely serves the purpose of 
giving a basis of comparison between ma- 
chines and between the unbalanced pull 
and the shaft spring constant. 


Pole-Face Loss in Solid- 


Rotor Turbine Generators 


Discussion and author's closure of paper 43-76, 
by W. W. Kuyper, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, volume 62, 1943, 
pages 827-34, 


C. J. Fechheimer (Louis Allis Company, 
Milwaukee, Wis.): Mr. Kuyper has ana- 
lyzed the pole-face loss of turbine genera- 
tors arising from the armature-magneto- 
motive force. Has he made analysis of the 
loss due to the tufting of the flux from the 
stator teeth, which occurs at no load and is 
generally included in the core loss? It 
would be interesting also for Mr, Kuyper 
to tell his views on the beneficial effects 
secured by grooving the rotor surface, as 
‘has been the practice of manufacturers of 
turbine generators. 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): In regard to the 
value of rotor-iron permeability to be used 
in the loss formulas developed by Mr. 
Kuyper, it should be remembered that the 
flux components with which we are con- 
cerned are usually relatively small pulsating 
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components superposed on a large direct 
component. For this reason it might seem 
logical to use an incremental permeability 
in the relations between flux density and 
magnetizing force. 

Laboratory measurements of the incre- 
mental permeability of typical rotor steels 
for small oscillations (of practically zero 
frequency) superposed on a direct flux have 
indicated that the incremental permeability 
is small and relatively constant. Plotted 
as a function of the magnitude of the direct 
component, it starts at the value of initial 
permeability and decreases at a slow and 
rather uniform rate with increasing average 
flux density. In nearly all cases investigated 
the curves ranged from slightly over to 
slightly under « = 100, so it would seem 
that « = 100 is a good round figure to use 
in these loss calculations, as well as in some 
of the transient short-circuit calculations 
discussed in reference 2 of Mr. Kuyper’s 
paper. 

Since the behavior of the incremental 
permeability is entirely different from that 
of the garden variety of permeability, one 
must use caution in the interpretation of 
test results in which the direct component 
of rotor flux is absent. 


¢ 


C. B. Fontaine (General Electric Company, 
West Lynn, Mass.): Mr. Kuyper’s paper 
is of real value to the turbine-generator de- 
signer, inasmuch as it offers a rational means 
for evaluating a major component of the 
complex generator load loss. These meth- 
ods have been used to advantage, not only 
in determining losses for usual generator 


stator windings, but also in determining ° 


the proper location for omitted coils. An 
idea of the importance of proper location 
may be gained by observing that a coil 
grouping of (5-) (5-) for an 11/18 pitch wind- 
ing results in three times the pole-face loss 
calculated for a (8-2) (3-2) winding ar- 
rangement. 

The calculations, particularly those using 
Figure 8 of Mr. Kuyper’s paper, are not 
complicated. Curves of loss versus pitch, 
similar to those of Figure 1 of this discus- 
sion, may readily be made up to give loss 
directly for frequently used winding com- 
binations. Figure 1 represents the calcu- 
lated loss for two-pole 60-cycle three-phase 
generators with no coils omitted, and with 
21 slots per pole, but applies with slight 
error to similar generators having 18 or 
more slots per pole. 

The calculated pole-face loss is critically 
dependent on armature-winding pitch 
whethet or not coils are omitted. Figure 1 
shows this relation clearly when all coils 
arein. An attempt has been made to check 
this calculated relation between loss and 
winding pitch by studying results of load- 
loss tests taken previously on about 100 
generators ranging in size from 1,250 kva 
to 12,500 kva. These generators all had 
magnetic-rotor retaining rings. The losses 
were measured calorimetrically during short- 
circuit heat runs and are not reliable in- 
dividually. However, when the test load 
loss minus the calculated extra copper loss is 
plotted against pitch, the curve representing 
the average of the test points for a given 
frame size shows a maximum and a mini- 
mum near the same values of pitch as the 
calculated pole-face-loss curve, but the 
effect of the pitch on the magnitude of the 
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HORT CIRCUIT POLE FACE LOSS-KILOWATTS 


x ARMATURE WINDING PITCH 

Figure 1. Short-circuit pole-face loss for solid- 
rotor generators. Calculated for a two-pole 60- 
cycle three-phase turbine generator, with no 
coils omitted 


A= 10,000 ampere turns per pole and L= 
ten inches. Loss is proportional to A2L 


test-loss curve is not so pronounced as the 
effect on the calculated pole-face loss. 

Losses in the stator end structures of tur- 
bine generators form an appreciable por- 
tion of the total load loss. If the pole-face- 
loss formulas and the extra copper-loss for- 
mulas were correct, the difference between 
the test load doss and the sum of the two 
calculated losses would represent mainly 
the stator end losses. This residue compo- 
nent of the loss was found from the tests 
above to increase with pitch between about 
0.5 pitch and 0.8 pitch, and to dip down- 
ward slightly between 0.8 and 0.85 pitch. 
It is probable that the true end loss con- 
tains one component which is relatively in- 
dependent of winding pitch for a given value 
of fundamental armature reaction, plus 
another component which increases with 
pitch. If this is true, the trend of the test 
residue loss with pitch appears reasonable, 
excepting for the downward dip after 0.8 
pitch, which may reflect an‘ inaccuracy in 
the pole-face-loss formulas. 

For small two-pole 60-cycle generators 
we have used the expression, end loss in 
kilowatts = (4/10,000)2(D;/10) (K), where 
A is the square wave value of fundamental 
armature reaction in ampere turns per pole, 
and D, is the stator-bore diameter in inches. 
K is an arbitrary loss factor, the value of 
which is determined by test and is plotted 
against pitch for generators of a given frame 
diameter and given end construction. Use 
of the formula and curves have allowed 
reasonably close predetermination of the 
short-circuit load loss for those individual 
generators where the load loss has been 
measured reliably by dynamometer drive. 
An average value of K for generators’ of 
usual design is roughly 4. 

Such a simple expression for end loss, 
while useful to the designer, does not sepa- 
rate many of the fundamental factors con- 
trolling the loss. Consider, for example, a 
two-pole generator with magnetic-rotor re- 
taining rings operating under short-circuit 
conditions. The path of the major portion 
of the fundamental stator-end leakage flux 
is from the stator end through air to the 
retaining ring, peripherally around the re- 
taining ring to the opposite pole, through 
air to the stator end, and peripherally back 
through the stator end structure to the 
starting point. The reluctance of the air 
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‘paths between stator end and retaining 
ring appear large compared with the re- 
mainder of the leakage path through metal, 
even when the added reluctance due to in- 
duced stator end currents is considered. 
It is probable, therefore, that most of the 
stator-end leakage flux leaves the stator in 
the region of the slots, where the air gap to 
the magnetic retaining ring is relatively 
short. Since most of this leakage flux links 
the stator-end windings near the stator core, 
and before the windings have turned ap- 
preciably toward the connection point, it 
appears that most of the stator-end leakage 
flux is relatively independent of winding 
pitch for a given value of armature reaction. 
This applies as well to the end losses in the 
region of the stator slots and clamping 
fingers. The large unlaminated mass of the 
clamping flange lies above the slot region, 
however, so that the magnetomotive force, 
flux density, and losses in this region must 
be dependent to some extent on pitch. Ob- 
viously, the stator end structure configura- 
tion and materials, as well as other factors, 
must also affect appreciably the end losses. 

Past papers have presented means for 
evaluating and controlling extra copper 
losses. _Mr. Kuyper’s paper accomplishes 
the same result for harmonic rotor-surface 
losses. His work paves the way for a 
thorough study of losses in the stator-end 
structure. This additional step must be 
carried out before evaluation of all major 
components of load loss may be placed on a 
rational basis. 


W. W. Kuyper: Mr. Fontaine’s method of 
simplifying the calculations is most wel- 
come to designers. It permits a reasonably 
accurate determination of pole-face loss in 
a shorter time than is usually required for 
copper or core losses. 

The end loss, as Mr. Fontaine points out, 
is affected by many factors. A determina- 
tion of this loss component is difficult, not 
only because of the geometry of the region, 
but also because of the wide variety of ma- 
terials employed. The retaining rings, the 
stator clamping flanges and fingers, the 
binding rings, the shape of the stator-coil 
ends, the type of connections, and the end 
covers of the machine all affect the loss 
through their shapes, locations, and the ma- 
terials of which they are made. It is en- 
couraging that an approximate calculation 
can be made by a simple formula for a group 
of machines which is of similar construction. 

Because tests give us the sum of pole- 
face and end losses together with the more 
accurately determinable extra copper loss, 
it appears that further progress in the ac- 
curacy of predetermining one component is 
conditioned upon advancement in the quan- 
titative understanding of the other com- 
ponent. The use of accurate testing meth- 
ods employing dynamometer drive will be a 
powerful tool in these studies. 

The facts which Mr. Concordia presents 
concerning incremental permeability prob- 
ably are applicable directly to the pole- 
face-loss problem and should be considered 
by those who use the subject paper. 

As suggested by Mr. Fechheimer, at- 
tempts were made to apply the method to 
the flux-tufting problem. The calculations 
showed negligible values of loss for turbine 
generators of usual design, and the study 
was abandoned. 
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That grooving the rotor reduces the pole- 
face losses has been determined by test. 
The usual grooving employed is a square 
thread of about one-fourth-inch~ pitch. 
Such a coarse groove is evidently not the 
ideal, and it is to be expected that calcula- 
tions for the ideal case of a perfectly lami- 
nated layer on the surface of the rotor will 
show a greater reduction of loss caused by 
grooving than actually exists. 

Such calculations have been made, and 
the following results are shown to indicate 
what can be done with perfect grooving: 
Let region 1 be the main rotor body 

region 2 be the grooved region 
region 3 be the air gap 
region 4 be the stator 


The conductivity of region 2 is assumed 
to be zero, which, in the ideal case, is true 
for axial currents. The region is assumed to 
be homogeneous to the passage of flux. 
The thickness of region 2 is d. 

The loss is given by equation 19 where 


gi(1 — tanh? ad)(1—tanh? ag) 


R== 
: ; 1 

| tanh ag+ 2g, tanh ad tanh ag+—X 
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tanh ad +a | + [ueg; tanh ad tanh ag+q;|? 


This equation for R may be plotted as in 
Figure 2 of the paper, provided the ratio 
d/g is fixed and pe is fixed. For a/g = 0.1, 
we = 50 the g/l = 0.01 contour (about the 
order of the fundamental) shows practically 
no change; the peak of the 0.05 contour is 
reduced to two thirds of the value shown in 
Figure 2; and the peak of the 0.20 contour 
is reduced to one fifth. 

Because tests show that the reduction of 
loss from the relatively coarse grooving is 
definitely less than is indicated by calcula- 
tions for the ideal case, the calculations for 
the grooved rotor were omitted from the 
paper. All the test values reported in the 
paper apply to machines with rotors grooved 
with square screw threads. Though the 
benefits of grooving with a coarse thread 
are appreciable, they do not now appear 
to warrant any additional complication in 
the method of calculation. 


The Quadrature Synchronous 
Reactance of Salient-Pole 
Synchronous Machines 


Discussion and authors’ closure of paper 43-89 
by R. V. Shepherd and C. E. Kilbourne, pre- 
sented at the AIEE national technical meeting, 
Cleveland, Ohio, June 21-25, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
November section, pages 684-9. 


C. J. Fechheimer (Louis Allis Company, 
Milwaukee, Wis.): The maximum-lagging- 
current test, being dependent upon the 
reluctance torque, would usually imply that 
the field member has salient poles. With 
the round-rotor construction, as used in 
turbine generators, there are relatively 
large central poles with slots and teeth 
adjacent to them. There is still some re- 
luctance torque with this construction, and 


I would inquire of the authors whether their 
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maximum lagging-current-test method ig 
applicable to turbine-generator construc- 
tion. 


R. V. Shepherd and C. E. Kilbourne: 
As Mr. Fechheimer points out, the maxi- 
mum-lagging-current test depends upon the 
machine being able to develop reluctance 
torque, but it should also be remembered 
that the success of this method demands, 
that the load angle at pull-out must be 
small. It is for this condition that sin? 6 is 
negligibly small and equation 28 reduces 
to equation 29 from which the simple rela- 
tion X,=E/J, obtains. : 

If we limit the pull-out angle to 15 de- 
grees or less, the curves of Figure 8 of the 
paper show what friction and windage power 
(P,) are allowable for a machine with 
given reactances. For values of X,/Xq 
approaching unity the value of P; must be- 
come vanishingly small to limit the pull- 
out angle to 15 degrees. Typical values for 
turbine-generator construction indicate that 
this condition is not usually met; hence, 
the method would not generally be satis- 
factory. 

It may be interesting to point out that 
when an ideal salient-pole machine is ~ 
operating at no load and zero field current 
the axis of stator magnetomotive force is in 
line with the direct axis, and the stator cur- 
rent is, neglecting saturation, e/Xq. As 
negative excitation is applied, the effect is 
to decrease the reactance seen by the stator 
in the direct axis. When the negative excita- 
tion is increased to the point where the 
apparent reactance in the direct axis is 
decreased to a value equal to X,, the ma- 
chine becomes essentially a round-rotor 
machine as seen by the stator, and becomes 
unstable. This point of view is modified 
easily to account for the small load angle 
necessary to overcome friction and windage 
losses and gives a good physical picture of 
the phenomenon. Of course, after the ma- 
chine has slipped a pole the stator again - “ 
‘sees’ the saliency of the rotor, since it is 
operating with positive excitation in its 
new position. 


Distribution Factors and 
Pitch Factors of the 
Harmonics of a Frac- : 


tional-Slot Winding 
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Discussion and author's closure of paper 
43-100 by M. M. Liwschitz, presented at the 
AIEE national technical meeting, Cleveland 
Ohio, June 21-25, 1943, and published in ~ 
AIEE TRANSACTIONS, 1943, October 
section, pages 664-6. 
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C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Professor Liwschitz has presented an inter-- 
esting paper on a subject which seems to 
intrigue the mathematically minded. Other ~ 
papers on this same subject have been pre- 
sented by Malti and Herzog! and by 
Calvert. Incidentally, Professor Liwschitz 
demonstrates the truth of the more or less 
well-known but frequently forgotten truth 
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that the distribution factor for the princi- 
pal harmonic of a fractional-slot winding 

having N/B slots per pole per phase is the 
same as the distribution factor of a machine 
having JN slots per pole per phase. 

Since Professor Calvert published a rather 
extensive prior treatise on this subject, I 
believe it would be helpful to point out here 
some of the similarities and some of the 
differences between the two papers which 
might not be at once obvious to one study- 
ing both papers. 

One difference is the definition of ‘‘funda- 
mental wave.’’ Professor Calvert defines 
the fundamental wave as the one having a 
length equal to one full repeatable group, 
whereas Professor Liwschitz always makes 

_ the fundamental a two-pole wave. For 
example, consider a machine having 20 
poles and 96 slots. If the procedure of 
Professor Liwschitz is followed, the prin- 
cipal flux wave (20 poles) or synchronous 
harmonic is referred to as the tenth har- 
monic. The magnetomotive-force waves in 
this machine are similar to those in a ten- 
pole 48-slot machine, but, in the latter case, 
the synchronous harmonic is of the fifth 
order. Professor Calvert would consider 
the synchronous harmonic of both ma- 
chines as of the fifth order; the funda- 
mental wave would have four poles in the 
20-pole machine and two poles in the 
10-pole machine. Both systems of defini- 
tion have their own respective merits, but 
it probably would be helpful if all would 
define ‘“‘fundamental’”’ the same way. Pro- 
fessor Liwschitz, however, does assign the 
number yv to each harmonic, and the value 
of this number appears to be what Professor 
Calvert calls “order of the harmonic.” 
My personal preference would be to call v 
the ‘‘order of the harmonic,” for the only 
harmonics that can exist are those for which 
vy is a whole number. 

Professor Liwschitz finally arrives at the 
three equations, 15, 16, and 17, for com- 
puting the distribution factors of the various 
harmonics. (Of interest is the fact that 
these equations are in terms of v, not n’.) 
The author helpfully illustrates the use of 
these formulas by giving numerical ex- 
amples. Attempts to use these formulas 
when results were compared with those given 
by Professor Calvert in his Iowa State Col- 
lege Bulletin 142 brought to light some 
interesting facts: 

To compare distribution factors, one must 
remember that Liwschitz’ » corresponds to 
Calvert’s n. In the author’s example of 
N=11, @=4, Liwschitz’ ‘‘second harmonic”’ 
is Calvert’s first, and Liwschitz’ ‘“‘eighth 
harmonic” is Calvert’s fourth. 

When £6 (Calvert’s NV) is an even number, 
the Liwschitz distribution factor is twice the 
Calvert distribution factor. This difference 
is again a matter of definition, because 
Calvert uses his distribution factor differ- 
ently. My personal preference would be 
for the Liwschitz definition in this case, 
because his distribution factor is approxi- 
mately 0.96 for the synchronous harmonic 
in all cases, whereas Calvert’s distribution 
is approximately 0.48. 

Apparently, equations 15, 16, and 17 give 
the correct magnitudes of distribution 
factors for most practical cases, where 
triple harmonics (harmonics of order that v 
is a multiple of three) do not occur. How- 
ever, triple harmonics do have an effect on 
the zero-sequence reactance of synchronous 
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machines. For such cases the simplified 
equations yield distribution factors half of 
what they apparently should be. In other 
words, if y is a multiple of 3, the numerator 
of equations 15, 16, and 17 should be 1.0 
instead of 0.5. 

Algebraic signs of distribution factors are 
probably of more academic than practical 
interest, but it might be observed that the 
algebraic signs obtained from equations 15, 
16, and 17 do not always check those given 
by Calvert. j 

The fact that the three final equations 
given by Professor Liwschitz are not 
applicable to triple harmonics, unless the 
numerator is taken as 1.0, and the fact that 
they do not always yield correct algebraic 
signs, is not caused by any weakness in 
Professor Liwschitz’ slot-star method, but 
it is apparently a natural result of the 
simplifying assumptions which made the 
numerators of all three equations equal to 
0.5. 
~ Professor Liwschitz’ equations 20 and 21 
for the pitch factors prompt a question. 
For integral-slot windings there are two 
common expressions for the pitch factor of a 
coil having a throw of p electrical degrees 


Kon =sin = (1) 
180— 
Kon =Cos lend (2) 


2 


The first equation yields correct magnitudes 
for the pitch factors for all harmonics but 
not the correct algebraic signs. Equation 2 
gives the correct sign and magnitude of the 
pitch factor for all odd harmonics. Pro- 
fessor Liwschitz’ pitch-factor equations 
have the form of the first equation (par- 
ticularly, see his equation 18), which is 
known and acknowledged not to be correct 
for all algebraic signs. Would not the 
following form of equation for pitch factor 
yield both correct sign and magnitude for 
all odd values of v? 


K-pn =cos 1c - =) 
Qv, 


where 


vs =value of v for synchronous harmonic 
p =coil throw expressed in electrical de- 
grees of the synchronous harmonic 
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tr FRACTIONAL-SLOT AND Degap-CorL WINDINGS, 
Michel |G. Malti, Fritz Herzog. .AIEE Trans- 
ACTIONS, volume 59, 1940, pages 782-94. 


M. M. Liwschitz: The use of a single refer- 
ence wave for all machines in connection 
with the slot diagram makes it possible to 
derive simple formulas for the distribution 
factors of fractional-slot windings by simple 
reasoning, whereas the use of different 
reference waves in connection with charts 
leads to rather extensive mathematical 
derivations. Through the use of a single 
reference wave and of the slot diagram, the 
problem becomes a simple vector problem 
rather than a complicated mathematical 
problem, 

The remarks made by Mr. Veinott con- 
cerning the signs of the distribution factors 
and the magnitudes of the triple harmonics 
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are based on a misunderstanding. Mr. 
Veinott assumes that equations 15, 16, and 
17 of the paper are the final equations for 
the distribution factors. The final equa- 
tions for the distribution factors are the 
equations 10 and 11. These equations give 
the correct magnitudes and correct signs for 
all harmonics. Equations 15, 16, and 17 
are simplified equations determined to meet 
the problems which the engineer usually 
encounters in practice; in these problems 
neither the signs of the harmonics nor the 
triple harmonics are of importance (in order 
to avoid that the same error be made by 
other readers, a corresponding remark has 
been made in the proofs). 

With regard to the question by Mr. 
Veinott of whether it would be advisable to 
modify formula 2 of his discussion for the 
fractional-slot windings in order to get the 
right signs, I would advise not doing this 
for two reasons: 


1. This formula is limited to odd harmonics only 
and can be applied neither to the fractional-slot 
windings with even @ nor to the chorded 120-degree 
phase-belt windings. 


2. There is no necessity of using this equation 
(even for the 60-degree phase-belt wiuding, where 
it gives correct signs). 


The Fourier series, when consistently ap- 
plied, yields the right signs for all cases. 
So, for example, for the odd harmonics of 
the electromotive force it yields the factor 


ees T 
ky, =sin — sin n- 
2, 


which gives the same signs as formula 2. 
The first multiplicand of the factor ky, is the 
expression given by formula 1 of Mr. 
Veinott’s discussion. It is clear that with- 
out the factor, sin (7/2), this formula can 
not give the right signs. 

It is customary to call the factor which 
contains the coil pitch “pitch factor.’? The 
magnitudes as well as the signs of the pitch 
factor, as yielded by the Fourier series, are 
treated in my paper. The signs of the 
electromotive-lorce and magnetomotive- 
force harmonics which depend on different 
factors are not in the scope of my paper. 


Critical- Material Conserva- 
tion in Induction-Motor 
Manufacture 


Discussion and author's closure of paper 43-82 
by H. M. Hobart, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, August section, 
pages 549-52. 


P. M. Lincoln (Therm-Electric Company, 
Inc., Ithaca, N-Y.): Mr. Hobart points out 
that the heat-resisting abilities of the usual 
insulations used in electric equipment— 
papers, silks, cottons, linens, and so forth— 
have increased during the last 40 or 50 
years by something of the order of 15 to 
20 per cent. This estimate agrees with my 
own experience which began some time in 
the early 1890’s. Mr. Hobart further points 
out that this increase in the heat-resisting 
abilities of insulations has resulted in the 
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ability to increase the ratings of motors 
and other electric equipment by some 30 to 
35 per cent. Or, to put the matter in an- 
other way, the increase in the heat resist- 
ance of insulations that has taken place 
during the last 40 or 50 years has enabled 
us to decrease the weight of electric motors 
and generators by some 30 to 35 per cent. 
Mr. Hobart’s proof of this is entirely satis- 
factory to me. 

But why stop with a 15 or 20 per cent in- 
crease in the heat-resisting abilities of our 
insulations? _ There are at least three types 
of insulation that are practically heat proof. 
These are mica, asbestos, and glass. There 
may be other types with which I am not 
familiar. Mica, asbestos, and fiber glass 
are not particularly good as insulators, but 
they are heat proof. When I say “heat 
proof” I mean this in a relative sense. 
When these heat-resistance materials are 
used in electric equipment, it is necessary 
to use a certain amount of tape, varnish, or 
other materials which are non-heat-resist- 
ing. The heat-resisting portions of such a 
compound resistance material are unaffected 
by temperatures vastly higher than the 
maximum temperature to which modern 
resistance may be subjected, but the non- 
heat-resisting portions are eventually re- 
duced to carbon by temperatures only 
slightly above those to which our modern 
insulations may be subjected. The reduc- 
tion to carbon, of course, destroys the ef- 
fectiveness of our insulation. If we could 
develop insulations which could withstand 
temperatures 50, 100, 200, 300, 400 per 
cent, or perhaps even a higher percentage 
above the best of our modern insulations, 
think of the tremendous decreases in weight 
of electric equipment that might be accom- 
plished. Please understand that I am not 
advocating this increase in the heat-resist- 
ing qualities of our insulations but am 
simply pointing out the possibilities. Any 
such modification in design must be taken 
gradually and no forward step made in the 
heat resistance of our insulations until it 
has been fully demonstrated that a further 
increase is safe. 

If we attempt increases in the ratings of 
electric equipment in the manner suggested, 
there are many other problems that are sure 
to arise. Mr. Hobart’s paper discusses one 
of these problems. When we decrease the 
weight of our motors by 30 or 35 per cent 
by using a better insulation, the problem of 
starting becomes important. Mr. Hobart 
proves—at least to my satisfaction—that 
with a decrease in motor weight of 30 to 
35 per cent, the starting problem can easily 
be taken care of. This may not be the case 
when the decrease in weight is of the order 
of 300 or 400 per cent instead of 30 to 35 
per cent. In this case, it simply becomes 
another problem for the electrical engineer 
tosolve. And there are other problems that 
are sure to arise if we attempt to decrease 
weights by the amounts suggested. If we 
attempt to operate electric equipment at 
300 or 400 degrees centigrade, each motor 
becomes a fire hazard. However, it is my 
belief that if the electrical engineer were 
confronted with that problem, he could pro- 
duce a design that would be reasonably safe 
from a fire-hazard standpoint. 

In my opinion a research on the means by 
which our modern electric equipment may 
be made safe for temperatures not limited 
to 115 or 120 degrees centigrade, but which 
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may safely go to 200, 300, 400 degrees 
centigrade—or perhaps even higher—is one 
of the problems of research which should be 
undertaken at once. 


H. Weichsel (Wagner Electric Corporation, 
St. Louis, Mo.): It is very timely to study 
means of reducing the requirements for 
critical materials. For induction motors, 
this is similar to a study of means of in- 
creasing the horsepower rating for a given 
frame size. One author quoted by Mr. 
Hobart suggests giving the motor a higher 
normal rating, that is overloading the motor. 
One of the disadvantages of this is that the 
starting torque expressed in per cent on the 
basis of the new full-load rating is decreased. 
Below it is proved that, contrary to this, 
the arrangement proposed by Mr. Hobart 
has the advantage that the starting torque 
expressed in per cent on the basis of the new 
full-load rating is increased. 

The characteristics of a 15-horsepower 
four-pole 440-volt three-phase motor con- 
nected as proposed by Mr. Hobart will be 
analyzed. Figure 1 represents its circle 
diagram. The locus for the primary cur- 
rent when motor is operating without 
capacitors is the circle 0’-6’-10’. The start- 
ing torque is 63 foot-pounds = 145 per cent; 
the maximum horsepower equals 29.5 horse- 
power =197 per cent. The full load corre- 
sponds to point 2’. 

Parallel capacitors with 7.2 amperes 
leading current draw shift the full-load 
point to 2 corresponding to 100 per cent 
power factor. The locus for the line-current 
vector is the circle 0-6-10. A capacitor is 
in series with each line. Its voltage for 
load point 5 is represented by the vector 
f—g and is a certain fraction of the vector 
z—5. The required line voltage is z—g. 
With varying load, the point g travels on a 
circle having a diameter 


d=D-m 
D=diameter of main circle 


length of voltage vector 


m —4 
length of current vector 


The top of the circle is a distance a:m(a= 
distance 0’—z) from the end of the motor 
voltage vector z—f. 

Increasing the line voltage z—g to the 
value of z—f increases all vectors in the 
relation (f—z)/(f—g), but the angle 
a=5—z—f remains fixed. The new line 
current in the direction of z—5 has a magni- 
tude z—5X(f—z)/(f—g) (see Figure 2). 
This process repeated leads to points 1 to 
10 (Figure 2) located on a circle. 

The locus of the motor current vector is 
circle 0’ to 10’. The series-capacitor volt- 
age vector has one end fixed at the point 
254. Its other end travels on a small circle 
1 to 10. Equal numbers on the small and 
big circle belong to the same load condition. 

For the locked condition, the stator cop- 
per loss is line 11/-12’ (Figure 2), and the 
rotor copper loss is the line 10’-12’. The 
introduction of series capacitors increases 
the maximum horsepower from 29.5 to 39.5 
(Figures 1 and 2). Thus the machine 
originally rated 15 can now be rated 20 
horsepower. The starting torque is in- 
creased from 63 to 172 foot-pounds. The 
line starting current is increased from 86 
amperes (475 per cent) to 125 amperes 
(520 per cent). Thus the addition of ca- 
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UE 
pacitors not only raised the maximum horse-_ 
power but also improved the starting condi- 
tions materially. 

The full-load current at the original 15- 
horsepower rating is 18.1 amperes. When 
operating at 20 horsepower with series and 
parallel capacitors, the motor current is 
23.6 amperes. Thus the stator copper loss 
is 1.7 times the loss of the original 15- 
horsepower machine. Figure 2 shows that 
for the 20-horsepower load the motor volt-* 
age is equal to that of the original machine 
at 15 horsepower. Consequently, the iron 
loss in the machine in Figures 1 and 2 is 
identical. If the machine was originally 
a 15-horsepower 40-degree machine, it can 
be expected, when equipped with capacitors, 
to have at 20 horsepower 65 to 70 degrees 
rise. This rise is satisfactory if the motor is 
wound with asbestos wire or its equivalent. 

The diagrams discussed assume that each 
parallel capacitance has a current draw of 
7.2 amperes with 254 volts corresponding to 
75 microfarads, corresponding to a total of 
5.49 kva per machine. 

Each series capacitance is calculated to 
give the motor about 40 maximum horse- 
power. The line current is 21.9 amperes 
at 20-horsepower load. The series-capacitor 
voltage is 33, corresponding to 1,750 micro- 
farads: The series capacitors handle 2.16 
kva per machine at 20-horsepower load. 

Thus a total rated capacitor capacitance 
of 7.65 kva per machine is required to in- 
crease the motor rating from 15 to 20 horse- 
power, provided starting conditions are 
disregarded. 

Figure 2 shows that under starting condi- 
tions the parallel-capacitor voltage (vector 
z-10 on the small circle) is 410/254=1.6 
times the voltage rating of the capacitor, a 
quite satisfactory ratio for commercial 
capacitors. 

The series-capacitor voltage at starting 
is 570 per cent of normal, because the start- 
ing current is 570 per cent of normal. 
Commercial capacitors are tested for one 
minute with two times rated voltage. To 
withstand the starting condition, a capacitor 
with a normal rating of at least 285 per cent 
of its full operating voltage is required. 

Series capacitors rated for normal operat- 
ing voltage can be used, provided they are 
short-circuited or shunted during starting. 
When current transformers supply the series 
capacitors, the transformation ratio can be 
altered during starting when it is desired to 
obtain decreased series capacitor starting 
voltage. 

It was mentioned that the locus for the 
line as well as the motor current is a circle. 
This follows from the equivalent diagram 
of an induction motor. By adding to this 
diagram series- as well as parallel-capacitive 
reactance values, the series and parallel 
reactances of the diagrams are changed. 
Only the numerical values of reactances are 
altered without altering the principle of the 
diagram. It is known that the locus of eur- 
rent drawn by said equivalent circuit is a 
circle. 

From diagrams Figures 1 and 2, it follows 
that the voltage conditions on»the series 
capacitors become more favorable when the 
machine is inherently a poor power-factor 
machine as a slow-speed induction motor has 
inherently a lower per cent starting current 
and starting torque. 

Let it be assumed that the no-load satura- 
tion curve of the 15-horsepower motor is 


AIEE TRANSACTIONS 


CM. KVA = 2. 


MAX. HP =29.5 


given by Figure 3 and that the 15-horse- 
power machine is rewound with 86.5 per 
cent of the original turns, corresponding toa 
maximum horsepower output of 39.5 pro- 
vided the copper section per slot remains un- 


Figure 1 (left). 15- 440 Vv. 
horsepower 60-cycle 
440-volt three-phase fe 
motor with series and 

parallel capacitors 


Motor voltage held 


constant 
10 


Figure 2 (right). Arrangement 
same as in Figure 1 but line 
volts held constant 


Full load of motor is now 20 


changed. The starting current increases horsepower 
Table | 
Modified to Give 20-Horsepower 
Full-Load Output by 
Rewinding With 86.5 
Original Per Cent of the Original Using Series and 
15-Horsepower Motor Number of Turns Parallel Capacitors 
PM -ORG AMPCLES 9... ls ie ee UR. paneer DovOrmN Ye oh. eee 21.9 
Full-load' power factor............. 92 percent 88. -pericent:.~...4. 99.9 per cent 
leading 
Locked current amperes............ See Fate Bik O20) FP. ae pe elas 125 
Locked current, percent of full load 475 percent...... 450: ‘per’cent.5..... 570 per cent 
Locked torque (foot-pounds)........ (5 Se eT SAFO 5 we sh baotiets 172 
In per cent of synchronous horse- 

DOWE? COLQUE: 2.6 sic 00 be ae wets epee 145 percent. . s<. 145. percent... .a.<.. 290 per cent 
Maximum horsepower (fullload).... . 195 percent...... 195 percent...... 197 per cent 
Stator copper loss (watts) full 

VOC Lo. 2a a ee ee ee vey bet es ees OT ie, es Ue 5 ran 730 
Rotor copper losses (watts) full 
eM tS? crc iave sc st vedila acer G40 Ph” aera BOO OF 8 Ptccn.: 1,140 
Constant losses (watts)............. BOSS Biel et eee: TSO") Ue Ree 508 
otal Josses.(watts)).,....... ssc... 6% bS2 ome SMT, 2300) si a, Bibra 2,388 
ROE DMt WALES) ofits ae es fae sane a ws LEO OO ree ue is ea, VAVQOO LS iy te tie Seri an 03 14,900 
TRG CCS) ed ee PSAs Sahn yk LTO os hala AG ieee 17,278 
PE OMLE TOM eg Eocene ciccia star a 88 “percent... .: 86.5 per cent...... 86.4 percent 
Total parallel-capacitor kilovolt- 
EPIRRSEMERLLT ET Ptert Cr Ie Means, be Pashto yc a BS oy arise, ant An oie. aig lero lai pce ygiahagnvenasseelayar sie ebe 5.49 
Total series-capacitor kilovolt- 
ampere rating 
(a). Capacitor in circuit dur- 
TL gE gels Poa Oo ee | ae Aes REE rot ON or eer re ere 6.2 
(b). Capacitor cut out dur- 
BIRT TAIT OT Rauch seers Sani te« eiaie, fc min char an tien: efrar sagas EA tw ini may aroindh Soe AMOS, Soares SiReE 2.16 


The numerical values shown in this table hold true 


from 86 to 115 amperes while the per cent 
starting torque remains the same. Be- 
cause of saturation, the power factor at 20 
horsepower is materially lower than for the 
original machine at 15 horsepower. When 
the original machine has a highly saturated 
iron circuit, its rewinding for higher horse- 
power may force the induction to excessive 
values, making the machine a commercial 
impossibility. On the other hand, if the 
original machine is operated with capacitors, 
the saturation for normal operating condi- 
tions does not change materially; conse- 
quently an increase of its rating is possible. 
If the original machine is a poor power- 
factor machine (high number of poles), all 
conditions become more favorable for the 
machine using series and parallel capacitors, 
and the conditions become materially poorer 
or even impossible for the rewound motor. 
_ In every case an analysis should be made to 
determine if rewinding the motor with de- 
creased number of turns or the addition of 
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only for the particular machine investigated. 


series and parallel capacitors gives the more 
desirable results. 

The) outstanding results are listed in 
Table I. 


Walter L. Upson (Torrington Manufactur- 
ing Company, Torrington, Conn.): Mr. 
Hobart’s very interesting paper is aimed at 
meeting a temporary need. We are inclined 
to question the substantial gains to be ef- 
fected in savings of materials and would 
ask the author to compare savings of copper 
with correspondingly increased demands of 
metal for the six capacitors required for 
each motor. 

On the other hand, this paper suggests a 
peacetime improvement which may be par- 
ticularly pertinent to postwar progress. 

Induction-motor design has changed 
measurably since 1924, the date of the 
original proposal mentioned by Mr. Hobart, 
and, during the intervening period capaci- 
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7.2: AMPS 
IN PARALLEL ¢ 
CONDENSERS 
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Figure 3. Idle amperes and ‘‘constant"’ losses 


as function of impressed voltage 


tors also have undergone considerable de- 
velopment. The application of condensers 
to induction motors has resulted in the 
so-called capacitor-type motor which has 
made a distinctive place for itself. Never- 
theless, in spite of the 20-odd years of 
capacitor development for motor applica- 
tions, and the more than 50 years develop- 
ment of the induction motor itself with its 
resulting high degree of commercial per- 
fection, one may well question whether we 
have not reached a period favorable to 
another major advance in induction-motor 
design and practice. 

Transformer practice, in spite of its ap- 
parently even greater perfection, seems to 
have made greater progress in development 
than the induction motor during this period. 

Mr. Hobart mentions improved perform- 
ance with the application of capacitors by 
which terminal voltage is variable with 
load. This variation has the effect of vary- 
ing the points of maximum efficiency and 
power factor, keeping them closer to the 
load position, which, in itself, benefits 
performance. 

In future developments this relationship 
of efficiency to load deserves careful study 
along with such obvious considerations as 
the use of improved core materials and in- 
sulations, better ventilation, and more 
compact spacing. 

Going beyond these is the possibility of 
applications which may profit by use of a 
frequency greater than 60 cycles, in which 
capacitors would become even more com- 
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mercially practicable, high-power-factor per- 
formance more desirable, and weight of 
copper and steel reduced. 

Since there are ways of obtaining higher 
frequencies from 60-cycle circuits, as well as 
de novo, it would seem highly desirable that 
the whole subject of induction-motor design 
and system operation be studied with a 
measure of detachment from the limitations 
of standard practice. 

One other thought provoked by the paper 
bears more directly on the subject of war- 
time saving of materials. It is that greater 
care might be exercised in suiting a motor 
to its load. Since standards are meant to 
cover operations up to a certain point, for 
example, continuous operation in 104 de- 
grees ambient, if a 75-horsepower motor 
were required for a given installation; in 
another installation with the same full load 
torque, possibly a 50-horsepower motor 
would be satisfactory if the load were inter- 
mittent and the ambient was appreciably 
lower. In other words, wherever prac- 
ticable, recommend use of an under- rather 
than an over-size motor. The same applies 
particularly to cases where the actual load 
requirement falls between standard sizes 
and where the danger of excess load is a 
minimum. 


Comfort A. Adams (Edward G. Budd 
Manufacturing Company, Philadelphia, 
Pa.): The author suggests two steps in 
the attainment of his objective: 

1. The employment of high-temperature insulation 


in order to make safe the proposed increase in 
rating. 


2. The employment of both series and parallel 
capacitors to increase the stalling torque and to 
improve the over-all power factor. 

The first step has been and is being in- 
creasingly employed to the proposed end. 

The employment of parallel capacitors 
for power-factor correction is also a familiar 
device, the use of which is usually deter- 
mined by economic considerations, although 
there are doubtless many cases where they 
are not now used, but where such con- 
siderations would dictate their use, par- 
ticularly with the present price and quality 
of the capacitors. 

However, the additional use of series 
capacitors for automatic voltage control, 
although fully explained in the author’s 
patent of 17 years’ standing, has not been 
employed to any appreciable extent, so far 
as the writer is aware. 

Since there can be no question as to the 
author’s general claims concerning the ad- 
vantages, assuming the prope- choice of 
the capacitors for both the series and 
parallel groups, the question naturally 
arises as to why the series capacitors have 
not been employed. It is thus unfortunate 
that the author did not present more com- 
plete data as to the capacitance of the series 
capacitors and as to their cost, rather than 
stating their kilovolt-amperes for the one 
example cited. The cost per kilovolt- 
ampere at the relatively low voltage usually 
required for series capacitors, would cer- 
tainly be considerably greater than for 
those operating at the higher and more 
normal voltages. This would be particu- 
larly true in this case, since it seems likely 
that the series capacitors would have to be 
designed to stand transient voltages at least 
equal to the rated voltage of the motor. 
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In other words, is it not likely that the 
kilovolt-ampere rating of the series capaci- 
tors would have to be seven or eight times 
their working load, or practically equal to 
the kilovolt-ampere rating of the motor 
itself? 

If this reasoning is sound, it may be the 
explanation of the lack of use of this device. 

If, however, the assumptions are not 
correct, and if the cost of these series capaci- 
tors per kilovolt-ampere of the actual load 
which they carry is no greater than that of 
capacitors for the normal voltage range, 
there would be no question as to the desira- 
bility of employing this device for raising 
the stalling torque of induction motors to a 
point commensurate with the increased 
rating of the motors themselves, made 
possible by higher-temperature insulation 
and high operating temperatures. 


S. D. Sprong (consulting engineer, New 
York, N. Y.): It occurred to me that many 
would be interested in knowing approxi- 
mately the prorata cost per horsepower of 
the additional capacity brought about by 
your application of series and shunt capaci- 
tors. Obviously this horsepower increment 
would be relatively low as compared with 
the original installation, and figures covering 
this might give added emphasis to the 
commercial side of the problem. 

The second thought that occurred to me 
is whether many of the present commercial 
motors would have sufficient leeway in the 
stator laminations to utilize advantageously 
the increase in applied voltage from 480 to 
555 without approaching too closely the 
knee of saturation curve. Probably your 
calculations have already taken this factor 
into account, but I was not able to read 
into the paper anything covering this point. 

Speaking in general terms the over- 
motoring has been largely due to the pur- 
chasers for not predetermining more ex- 
actly the power requirements and duty 
cycle required of the motors. It was prob- 
ably easier to allow a generous margin of 
safety for this undetermined factor, con- 
tingencies, and so forth, and possibly in- 
crease of tool speed as the result of the use 
of special tool steels, and further the addi- 
tion of added tools where they were gang- 
driven. Referring particularly to gang 
drive there are usually some units not 
essential to continuous operation and can 
therefore be dropped off automatically for 
a time if the coincident load exceeds the 
safe motor capacity. This has been done 
successfully in several installations that I 
happen to know about. It permitted a 
close measure of motor capacity to essential 
demand and also kept down the demand 
charge where this entered into the power- 
rate contract. It occurs to me that this 
general idea might still be applied in some 
installations where motor capacities have 
about reached the limit. 


C. J. Fechheimer (The Louis Allis Company, 


Milwaukee, Wis.): We have heard recently 
recommendations for operating electrical 
machinery at higher temperatures. It is 
generally assumed that, if the insulation 
will not fail, it is safe to operate the appa- 
ratus at high temperatures. It is also as- 
sumed that the higher the temperature the 
smaller the machine, with a corresponding 
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reduction in weight. It is my desire to call 
attention to a fallacy in these assumptions, 
and to add a word of caution. 

Entirely aside from the question of the 


insulation being suitable to withstand high ~ 


temperatures, we must remember that, as 
the temperafure is increased, the copper 
resistance and therefore the J? R is increased, 
and as the J?R increases the temperature is 
increased. Thus, with constant current, the 


whole is cumulative, and a point of in-” 
stability may be reached, beyond which the . 


temperature will mever cease to rise. As 
electrical apparatus is usually operated, such 
instability is not reached. A general figure 
as to the point of instability can not be 
given, as it involves the constants and pro- 
portions associated with the thermal drop 
through the insulating wall. If all heat due 
to I?R flows transversely through the insu- 
lating wall for the part of an armature coil 
embedded in the iron, then the drop through 
the wall is given by equation 13 in my 
paper, ‘‘Longitudinal and Transverse Heat 
Flow in Slot-Wound Armature Coils,’ in 
the 1921 AIEE Transactions,! as follows: 


Ké;+e?R 
6= K—I*Ra =copper temperature above 
eK “zero degrees centigrade 
where 


transverse heat conductivity of 


K insulation X mean coil perimeter 


insulation thickness 


6;=iron temperature above zero degrees 
centigrade 
€=eddy factor in copper conductors 
I?R=loss in copper per coil per unit length 
axially at zero degrees 
a=temperature coefficient of resistance of 
copper at zero degrees (0.00427) 


Evidently, the conditions of instability 
are secured when the denominator equals 
zero. ‘Then : 
Critical 2R =— 

€a 

Assume, as a typical case, in an induction- 

motor slot 


Transverse heat conductivity of insulation 
watt 


=0.0025 - 3 
inch X degrees centigrade 


Mean coil perimeter =2 inches 
Insulation thickness =0.04 inch 
e=eddy factor =1 


Then 


0.0025 X 2 
Critical R= as 


a A ee 
0.041 0.00427 ‘ee 


The drop through the insulating wall is then 


29.3 X 0.04 


20.0025 > degrees for the J?R loss at 


zero degrees 


As the temperature rises, the drop increases 
so that the drop would be considerably in 
excess of this value. An experiment on a 
d-c shunt-field coil some years ago indicated 
that at around 350 degrees centigrade gases 
were generated sufficiently rapidly to cause 
the taping around the coils to be blown off. 
The temperature was then mounting at a 
rapid rate. 


ATEE TRANSACTIONS 


—“—— ss 


oe er 


But the engineer should so proportion his 
apparatus that the temperatures attained 
should be considerably below the point of 
instability. For, as temperatures mount, 
so do the J?R losses, and there is little 
gained by running at high temperatures, 
from the standpoint of weight and size. 
Also, in the case of the armature for a motor, 
‘the higher temperatures imply reduced 
efficiency, and therefore more current and 
greater I?R. 

Would it not be well to reconsider this 
question, before we allow the pendulum to 
swing too far in the direction of very high 
temperatures? 


REFERENCE 


1. LoncitupINAL AND TRANSVERSE Herat FLOW 
IN SLtor-WounpD ARMATURE Corts, Carl J. Fech- 
heimer. AIEE Transactions, volume 40, 1921, 
pages 589-645. 


H. M. Hobart: Professor Lincoln’s plea 
for research on the means by which our 
modern electrical equipment may be built 
for satisfactory operation at temperatures 
much above any to which users are at 
present accustomed, should be heeded. It 
is over 30 years ago that Professor Lincoln, 
Doctor C. A. Adams, and a good many 
other AIEE members (most of whom are 
no longer with us in this world), undertook 
the root and branch revision of this coun- 
try’s electrical-engineering standards. This 
effort at thorough revision initially was 
undertaken as an AIEE project, it being 
felt that a professional body best could 
guide to success a task of this kind; all 
sections of the industry being called upon 
for advice and assistance as occasions arose. 
We strove to encourage the greater use of 
mica and other inorganic materials suitable 
for withstanding high temperatures, and we 
urged the assignment of considerably in- 
creased values for the permitted service 
temperatures. But the state of the art, 
and the non-availability, in those days, of 
suitable heat-withstanding materials for 
impregnants, adhesives, gums, and var- 
nishes provided the opposition with too 
many arguments which we could not refute 
successfully with the result that, even with 
such stuff as mica, asbestos, lava, and other 
inorganic substances, the temperature limits 
to which we could obtain agreement, were 
decidedly moderate. But the enormous 
progress which since has resulted from re- 
searches on these subjects, now—after 30 
years—demands prompt reconsideration. 
However, instead of attempting the for- 
midable and bewildering task of straighten- 
ing out the limiting-temperature situation, 
does it not seem preferable completely and 
sweepingly to rescind all temperature 
limitations and simply require of the 
manufacturers the provision of products 
with satisfactory life expectancies when 
employed for their intended purposes? If 
left to their own responsibilities, manu- 
facturers will proceed to employ materials 
and constructions of their own choosing, 
and progress and improvement will be 
rapid. A manufacturer will employ for 
each part the material which his experience 
approves and will so design his product 
that each part shall withstand in service, 
for a satisfactory life period, the tempera- 
tures to which it will be subjected. In the 
present standards (which, absurdly enough, 
show but trifling advances over, or de- 
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partures from, those established 30 years 
ago), a fundamental principle of helpful 
standardization was transgressed in that 
the manufacturer’s freedom was restricted 
with respect to the means by which he 
should obtain his object. Fortunately, the 
will to research resists all discouragements. 
Each succeeding year, research has put us 
in possession of more complete mastery of 
the art of providing insulating materials 
which successfully withstand subjection to 
the high temperatures the use of which is 
often the best means of securing important 
characteristics desired in various electrical 
products, such, for example, as lightness, 
compactness and low cost. 

With respect to the kind of insulation 
employed and the temperature attained, it 
is reasonable and desirable that the manu- 
facturer shall utilize in his product the 
advantages accruing from the availability 
of any superior insulating material or insu- 
lating process which he has developed 
which permits of a higher temperature for a 
given degree of reliability. To restrict this 
freedom has the same retarding effect on 
progress toward better products as would 
any restrictions to his use of higher per- 
meability castings or lower core-loss lami- 
nations or skillfully devised transpositions 
of conductors. Thus each manufacturer 
should employ his own best judgment in 
applying to his product the rating at which 
he arrives by his special knowledge of its 
features and characteristics. The manu- 
facturer will supply information as to the 
continuous or short-time output of his 
machine at reference conditions and as to 
the overlonds and underloads for which he 
considers it suitable with service conditions 
less and more favorable than the reference 
conditions. 

Far less interest, however, should be 
attached by the user, to the corresponding 
temperatures of the insulating materials, 
since responsible manufacturers will not 
resort to any temperatures not compatible 
with the properties of the insulations they 
employ. A manufacturer will be required 
to produce (with the aid of properly ac- 
credited testing laboratories and licensed 
proving establishments) satisfactory evi- 
dence that the materials and constructions 
which he employs in a given product will 
not be associated, in the service to which it 
will be applied, with an annual deterioration 
of the insulation, greater than corresponds 
with the agreed life expectancy: The object 
in view is to limit not the temperature rise 
but the) rate of deterioration of the insula- 
tion and other parts. Standardized tem- 
perature limitations may have been desir- 
able 30 years ago, at the then state of the 
art. But it has now led to an undesirable 
discouragement of initiative, to penalizing 
the use of the best products, and to placing 
unjustified confidence in inferior products. 
In other words, a product intelligently built 
by an experienced manufacturer employing 
insulation defined as of a certain class may 
be more reliable at a temperature rise much 
above the standardized limit for that class, 
than another less excellently built product 
would be when operated at a temperature 
rise much below the standardized limit, 

In his very interesting discussion, Doctor 
Fechheimer quite rightly emphasized that 
we should not employ temperatures so great 
that the rate of increase in the J?R loss will 
lead to danger. However, Professor Lin- 
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coln was not contemplating any approach 
to such temperatures in the windings. But 
by the employment of suitable thermal 
barriers, we can, in certain designs, ad- 
vantageously so shield the windings from 
the laminated magnetic-core material, that 
the latter’s temperature may exceed the 
winding’s temperature by 100 degrees centi- 
grade or more. By such constructions it 
should be practicable to obtain the ad- 
vantage of considerable decreases in the 
hysteresis loss which occur at high tem- 
peratures, and to which attention was 
drawn by the researches carried through by 
MacLaren in 1911 and 1912. 

Doctor Weichsel’s contribution to the 
discussion is so extremely interesting and 
valuable that it is regrettable that it should 
be consigned to the rarely read records of 
Institute discussions. While the author is 
very proud and encouraged with respect to 
his own efforts, in realizing that the pres- 
entation of his paper should, in part, have 
been the reason that Doctor. Weichsel 
undertook this fine piece of research in 
induction-motor design along new lines, it is 
also his very earnest wish and hope that 
Doctor Weichsel will make his important 
findings more promptly accessible to his 
professional associates and to the entire 
electrical industry, by embodying the mate- 
rial (suitably and considerably amplified to 
conform with its importance), in an inde- 
pendent paper of his exclusive authorship, 
which shall be presented at an early date, 
on the occasion of an Institute meeting. 

Professor Upson puts forward several 
interesting suggestions, particularly that 
concerning the increased commercial prac- 
ticability of capacitor hookups when asso- 
ciated with higher periodicities. It may be 
interesting to point out that, with the use 
of higher circuit periodicities, the trend will 
be toward lower densities in the magnet 
cores. This bears on a point raised by 
Mister Sprong who rightly indicates that the 
approach to saturation in the stator cores 
imposes a limit to the amount by which 
(in the proposed hookup), the full-load 
voltage may be increased above the voltage 
at light loads. Consequently, with higher 
periodicities, we may go further with that 
feature of the project than with the present 
usual frequency of 60 cycles per second. 

The fine quantitative treatment of the 
problem, for which we are indebted to 
Doctor Weichsel, provides the kind of in- 
formation which Doctor Adams justly re- 
proaches the author for not including in his 
paper. That it was not undertaken by the 
author was not due to laziness but to his 
reprehensible ignorance of some aspects of 
the subject. This applies also to ferro- 
resonance, about which phenomenon the 
author is likewise completely ignorant. 
He is informed by a capacitor specialist that, 
“before the scheme could be exploited,” 
both ferroresonance and the influence of 
“regions of self-excitation’”’ will require 
special study. Since this specialist may be 
right, it is the author’s hope that the rela- 
tion of these phenomena to his induction- 
motor project, will be given the suggested 
further study, by someone. Indeed, the 
specialist was earnestly urged by the author 
to contribute his knowledge and advice to 
be embodied in the present discussion. 
But a letter from him states: “I do not feel 
that I have anything of sufficient interest to 
warrant a written discussion for the TRANS- 
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acTions.”’ It is the author’s hope to learn, 
before long, of some actual trial, somewhere, 
of this induction-motor project, and of the 
attainment of good results. It is, however, 
only reasonable to expect that some troubles 
will be encountered and overcome, as with 
all excursions into new fields. A complete 
exception would bea very agreeable surprise. 

In conclusion, let us return for a moment 
to Professor Lincoln’s very timely recom- 
mendation to turn our backs on present 
outmoded temperature practices and ex- 
amine, in the light of up-to-date knowledge 
and the industrial needs of the present and 
the immediate future, plans for a general 
resort to very much higher temperatures in 
the service operation of electrical machinery. 
Attention especially should be drawn to the 
enormous present and future demand (run- 
ning literally into many millions of electric 
motors per year) for motors with ratings of 
fractions of a horsepower and a few horse- 
power each, as well as for an unprecedently 
great number of larger motors. On page 88 
of the July 1943 issue of Electrical Manu- 
facturing, in a particularly valuable article 
by Lieutenant Colonel T. B. Holliday, we 
learn that “in the large airplanes which are 
to come in the future’ the number of elec- 
tric motors required will approach 100 per 
plane. To keep down the weight high 
periodicities of the order of 400 cycles per 
second, and speeds of many thousands of 
revolutions per minute usually will be 
resorted to. All the old conceptions of 
permissible temperatures will be ‘inappli- 
cable, and all insulations will be inorganic or 
the equivalent as regards their ability to 
withstand far higher temperatures than 
heretofore have been deemed practicable. 
These aircraft motors will receive their 
current from generators of extremely light 
weight, often through interposed light- 
weight high-temperature transformers. 

It is perfectly evident that the consequent 
shake-up to established conceptions and 
accepted standards will be utter. The re- 
sult of demonstrating the possibilities of 
radical improvement in electric equipment 
for aircraft inevitably will be that com- 
parable high periodicities and speeds and 
temperatures promptly will become usual 
in other fields, instead of being exceptional. 
This will apply not only to motive power 
for embodiment in machine tools in work- 
shops, but also in the motors and trans- 
formers which will be required by the 
millions in domestic appliances of all kinds, 
and in agriculture. In other words, the 
electrical age definitely has arrived on a 
great big scale, and much of the equipment, 
which, heretofore, has been regarded as 
reasonably adequate, now must be promptly 
superseded by equipment embodying up-to- 
date conceptions and constructions; and in 
which notable advances will be employed as 
regards high periodicities, much higher serv- 
ice temperatures, very high speeds, lighter 
weights, and lower costs. These changes 
will be effected without involving any sacri- 
fices in the efficiencies or life expectancies. 
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A New Type of Adjustable- 


Speed Drive for A-C 
Systems—ll 


Discussion and authors’ closure of paper 43-83 
by A. G. Conrad, S. T. Smith, and P. F. 
Ordung, presented at the AIEE national 
technical meeting, Cleveland, Ohio, June 
21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, August section, 
pages 522-5. 


C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
The authors have recognized the practical 
difficulty of operating a shunt motor on 
alternating-current because of the approxi- 
mate quadrature displacement of the arma- 
ture current from the field flux. They solve 
this difficulty by the use of a polyphase 
supply circuit. This paper reminds the 
writer of his own intensive efforts to solve 
this problem 13 years ago using only a 
single-phase source of power. I attempted 
to get around the phase-displacement diffi- 
culty by using a capacitor in series with the 
field, making a series-resonant circuit in 
which the field current would be in phase 
with the impressed voltage. This arrange- 
ment did not work very well, because the 
short-circuit currents in the coils undergoing 
commutation, being inductively coupled 
with the main field circuit, interfered with 
the resonant circuit and gave rather erratic 
results. It is probable that the use of a 
polyphase power source would eliminate 
this difficulty. 


C. W. Drake (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa,): I have been very much interested in 
both parts I and II of these papers, but more 
so in part I presented at the AIEE national 
technical meeting, New York, N. Y., 
January 25-29, 1943 in which the diagram 
of connections and speed-torque curves 
was given. Adjustable-speed characteris- 
tics as shown, together with regenerative 
torques, are required by a large number of 
industrial applications, and such character- 
istics on a-c motors have been sought ever 
since the induction motor was first de- 
veloped. 

From year to year, variotis designs of a-c 
commutator motors have appeared in this 
country, but so far no one type has obtained 
what we would call general acceptance by 
the trade. This may be due in part to the 
relative price, performance, or electrical 
complications of the motor and control 
equipment; but, since many motors of 
similar design are used in Europe, we think 
that the lack of acceptance here is attribut- 
able chiefly to the difference in the tempera- 
tment of the American and European elec- 
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tricians or maintenance men. There is no 
question about the satisfactory operation 
of certain types of these motors abroad and 
in some plants in. this country, but, in gen- 
eral, maintenance men here are not trained 
to, or in most cases are not agreeable to, 
the frequent and careful inspection required 
by this class of apparatus in order to insure 
satisfactory operation. The tendency here 
seems to be toward equipment which will, 
require attention only at very infrequent 
intervals, and if the design described in this 
paper will measure up to these requirements 
it will undoubtedly overcome many of the 
limitations of previous types. 

In Mr. Veinott’s discussion he mentions 
work he did along these lines 13 years ago, 
but we also find that B. G. Lamme in 1911 
disclosed before the AIEE a design quite 
similar to the one described by the present 
authors and mentioned that two motors of 
20 and 380 horsepower were built.! The 
20-horsepower motor was installed in an 
industrial plant and operated satisfactorily 
for 18 months, after which it was taken out 
because of a change in manufacturing con- 
ditions. These particular motors operated 
on a 25-cycle system, so that commutation 
was much less of a problem than it is now 
for 60-cycle service. 
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A. G. Conrad, S. T. Smith, and P. F. 
Ordung: Mr. Veinott’s explanation of the 
shunt-a-c motor, with its field excited in 
series with a capacitor to establish resonance, 
checks precisely results obtained by other 
investigators using such circuits. He men- 
tions that the effect of the change in currents 
in the short-circuited coils with different 
values of load interferes with the desired 
resonant condition. Another factor that 
causes such inteference is the shift of the 
neutral axis of commutation with change in 
load. These two factors cause a phase shift 
of the field flux with respect to the armature 
voltage as load is changed. This results in 
large changes in power factor and poor com- 
mutation. With the polyphase supply de- 
scribed in the paper, these factors while 
present do not change the magnitude or 
direction of the field flux, and, consequently, 
better commutation is obtained. 5 
Mr. Drake’s discussion of reluctance on 
the part of American engineers and main- 
tenance men to accept commutator types of 
a-c motors is accurate. Judging from the 
number and the nature of the inquiries re- 
ceived on the subject, the authors assume 
that the commutator-type motor is still 
quite a mystery to many engineers. It is 
not accepted because it is not understood. 
The reference to Mr. Lamme’s work in 1911 
has been covered in the closing discussion of 
part I of this series of papers. 


/ 


AIEE TRANSACTIONS: 


The Cause and Control 


of Some Types of 
Switching Surges 


Discussion and author's closure of paper 43- 
102 by T. W. Schroeder, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, November 
section, pages 696-700. 


R. A. Hentz (Philadelphia Electric Company, 


Philadelphia, Pa.): It may be of interest _ 


to outline the part of the Philadelphia Elec- 
tric Company system which is similar to the 
system outlined in the author’s paper and 
to describe methods of operation followed 
in order to avoid high switching surges. 

Two generating stations, A and C, are 
tied together by means of 66-kv lines. One 
of these lines recently installed (see Figure 
1 of this discussion) passes through sub- 
station B and forms one of the two 66-kv 
“backbones” which extend practically 
throughout the-system. It is separated 
from the other 66-kv ‘“‘backbone,” though 
the two are paralleled through reactors on 
13.2-kv busses at various points. The new 
line consists of underground cable from sta- 
tion A to station B and aerial open wire from 
station B to station C. 

The addition of this underground-cable 


section, which has a charging kilovolt-~ 


ever, it would be of importance were there 
an operation on some other part of this 33- 
ky installation, as the ring bus would then be 
opened at a second point, thus creating two 
33-kv parts. It is planned, however, that 
as soon as these 33-kv breakers on the trans- 
former bank trip, the operator will open the 
66-ky breaker and a disconnecting switch 
in the 33-kv leads from the transformer bank 
and then again close the 33-kv ring by re- 
closure of these breakers. 

Where the switching may be done at the 
load dispatcher’s convenience, the cable is 
de-energized by first opening the 66-kv 
eircuit breakers at stations B and C, and 
circuit breaker D at station A. The low- 
voltage (13.2-kv) breakers on the three 
transformer banks at station A are succes- 
sively opened, the supply to the 66-kv cable 
being interrupted with the opening of the 
third low-voltage breaker, leaving the three 
20,000-kva transformer banks, which are 
wye-connected and neutral, solidly grounded 
on the 66-kv side, to absorb the surge as 
indicated in Figure 8B of the author’s pa- 
per. The characteristics of the transformer 
banks at station A and station B and of the 
66-kv underground cable between these two 
points are: 


Station A transformers Xm», = 11,300 ohms 
Station B transformer Xm = 9,920 ohms 
Cable Xe = 246 ohms 


It will be noted that with the preceding 
characteristics the ratio of X,./X is about 
0.025, which is an unfavorable location for 
it to be, as indicated in Figure 5 of the 
author’s paper. 


As an added precaution, 
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amperes of about 20,000, focused attention 
on methods of switching to insure minimum 
of switching surge. The problem was con- 
sidered: 

1. As to what would be done in the case of auto- 


matic switching for a failure on the 66-ky aerial 
line or cable constituting this tie. 


2. What would be done in the case of manual 
switching where the time selected for this could be 
chosen, 


In the case of automatic operation, 66-kv 
circuit breakers at stations A and C and the 
383-kv circuit breakers on the low-voltage 
side of the transformer bank at station B are 
tripped by pilot-wire relay scheme, thus 
keeping the station B transformer bank, 
which is delta-connected on the 66-kv side, 
in circuit to absorb the charge of the cable 
in the manner indicated in Figure 3A of the 
author’s paper. The only disadvantage of 
such a procedure is that it is slightly prefer- 
able to trip the 66-kv breaker on the station- 
B transformer bank, since the 33-kv installa- 
tion is a ring bus, and tripping the two 33-kv 
breakers opens this ring, If this is the only 
tripping, this in itself is of no great impor- 
tance, as all of the remaining lines and trans- 
former banks remain connected together 
and energized from the 33-kv system; how- 
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line-type lightning arresters were installed 
at each end of the cable. 

It is to be noted that all of the circuit 
breakers involved in either the automatic or 
manual operation of the 66-kv cable are of 
the oil type, though an air-blast breaker is 
to be installed to replace the oil breaker on 
the 66-kv side of the station-B transformer 
bank, which, as previously shown, does not 
enter into any operation while the cable is 
energized. Some thought was given to the 
effect of the air-blast breakers; but, if there 
was any advantage, which was doubtful, it 
did not seem enough to justify the expense 
of their installation. In fact, it may be that 
the rapid extinction of the arc, that is char- 
acteristic of the air-blast breaker, may 
create higher surges than those experienced 
in oil-circuit breakers where the extinction 
of the arc is slower. 

Since this 66-kv line has gone in service, 
there have been two automatic operations. 
One of these was due to a fault on the aerial 
wire section between stations B and C; the 
second was caused by an operating error 
whereby the live cable was accidentally 
grounded at substation B by closing an air- 
break switch connecting the cable to the 
aerial wire section which had been blocked 
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out for work and purposely grounded by 
tying the three phases together and to 
ground. Obviously, this ground connection 
offered a drain for the static charge of cable. 
Both of these faults were cleared satisfac- 
torily, and there was no apparent disturb- 
ance. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, Ill.): This paper is a 
valuable addition to the literature on switch- 
ing transients. These papers take the mys- 
tery out of switching transients and reduce 
their analysis to a well-defined basis. 

In Chicago our experience has shown the 
value of switching transformers with lines. 
A few severe cases of overvoltage have oc- 
curred when 66-kv underground cables were 
de-energized by opening the line breaker. 
The most severe cases occurred when the 
system supplying the line was ungrounded. 
As a result of this experience, present prac- 
tice requires that whenever possible these 
lines should be de-energized by connecting 
the line in series with a transformer and 
opening the low-voltage switch on the trans- 
former. 

In connection with Figure 3A of Mr. 
Schroeder’s paper, I wonder whether his 
studies on this setup would enable him to 
express an opinion on the following prob- 
lem: In Chicago we have a few situations 
where a 12-kv three-conductor cable, ap- 
proximately two miles in length, supplies 
directly a transformer bank of 7,500-kva 
in the manner shown by Figure 3A. A 
single-phase-to-ground fault on the cable 
will result in the line breaker being opened 
at the supply end of the system, but there is 
no provision for immediately disconnecting 
the transformer from the low-voltage bus 
for such a fault. This situation leads to a 
theoretical possibility of an arcing ground 
with resultant overvoltages on the cable and 
transformer, and I wonder whether Mr. 
Schroeder’s studies would shed any light 
on the possibility of such overvoltages being 
obtained. 


L. R. Gaty (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The author has 
prepared an excellent paper giving us 
another tool to determine the magnitude of 
switching transients. These become particu- 
larly important in switching having high- 
capacitance kilovolt-amperes. The in- 
formation in this paper was very helpful in 
studying the transient voltages which would 
result from switching a 66-kv cable, installed 
by Philadelphia Electric Company in 1942, 
having a capacitance charging kilovolt- 
amperes of 20,000. A  delta-connected 
transformer bank was connected to one end 
of this cable and was found to be helpful 
in minimizing the possibility of high tran- 
sients. Fortunately, switching could be 
done on either the high-voltage or the low- 
voltage side of this bank, and it is now ar- 
ranged for low-voltage switching. Referring 
to Figure 5 it is interesting that in this case 
the ratio of X, to X», is about 0.025 giving 
close to the worst condition. 


T. W. Schroeder: I wish to thank Michel- 
son, Hentz, and Gaty for their discussions 
covering the practical application of some 
of the thoughts advanced in my paper. 
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The Philadelphia Electric Company’s 
problem of switching some 20,000 kva of 
cable capacitance furthered the desirability 
of more definitely determining the effect of 
transformer windings on the capacitance- 
switching problem. Mr. Hentz indicates 
that the X,/Xm ratio of 0.025, applying to 
this system, is in an unfavorable region, re- 
ferring to Figure 5. While this is true from 
the standpoint of the ultimate maximum 
volts which would obtain across the switch, 
which would be about 2.5 times normal 
(against twice normal with no restriking in 
the absence of a transformer), it should be 
noted that the time required for the switch 
voltage to reach twice normal is about 1.3 
cycles as against 0.5 cycle in the absence of a 
transformer. This latter is probably the 
more important consideration for an inter- 
rupter capable of interrupting the three 
phases reasonably simultaneously. 

Mr. Michelson’s experience, that “high- 
side’ switching in an ungrounded circuit 
can result in more severe switching over- 
voltages than in a solidly grounded one, 
agrees with analyses and other experience. 

In connection with the question raised by 
Mr. Michelson, the circuit he describes is 
probably not uncommon where transmission 
is largely at generator voltage. It is now 
generally believed that an arcing ground in 
a dielectric of free air is not capable of 
building up very high overvoltages, because 
the dielectric strength of the medium in 
the vicinity of the are is decreasing rather 
than building up with time. 


Interim Report on Application 
and Operation of Auto- 
matic Reclosing Equipment 


on Stub Feeders 


Discussion of paper 43-84 by the subcommit- 
tee on a-c automatic reclosing equipment of 
the AIEE committee on automatic stations, 
presented at the AIEE national .technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, August section, pages 536-40. 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): It is appreciated that 
to keep the length of the questionnaire 
reasonably short, it was not considered 
feasible to ask for various additional useful 
items of information concerning these cir- 
cuits. 

Perhaps one of the most important of such 
missing items of data is what percentage of 
the poles were equipped with protective 
gaps or arresters, and of what type? If 
these gaps were plain rod gaps, as distinct 
. from expulsion-protector tubes, each time 
such a gap arcs over from lightning over- 
voltage, a circuit breaker, oil circuit recloser, 
or fuse operation will result, after which a 
successful initial reclosure should always be 
possible. 

It will be obvious that these circuits will 
necessarily show a higher percentage of 
successful reclosures than they would if 
not equipped with plain gaps. Therefore, 
if it had been known which circuits had such 
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protective gaps, it would have been logical 
to tabulate the data from such circuits 
separately, as the number of outages for 
such circuits will naturally be larger than, 
and bear no definite relationship to, the 
number of true line faults. 

It would be interesting to know whether 
enough of the circuit mileage, for which data 
were received, had protective gaps (other 
than expulsion protector tubes) to have con- 
tributed materially to raising the percent- 
ages of successful reclosures to the values 
reported in Figures 2 and 3 of the report. 

While advocating that consideration be 
given to wider application of immediate re- 
closing to motor circuits, and pointing out 
that to avoid losing the induction-motor 
load, reclosure must be completed within 
0.5 second to 2 seconds, it will be noted 
that the report does not state whether im- 
mediate reclosure of motor circuits, without 
any material time delay, is advisable. Al- 
though none of the proposed American 
Standard C37.7 circuit-breaker operating 
duties for reclosing service mention inten- 
tional time delays less than 15 seconds, re- 
closing relays are available that will permit 
total de-energization times within the 0.5- 
to 2-second range advocated. Nevertheless, 
in the interest of permitting the use of still 
simpler reclosing relays, it would be of 
interest to know whether the use of reclos- 
ing relays with no intentional time delay, 
that is, immediate reclosing, has met with 
widespread success in the case of circuits 
carrying an appreciable percentage of motor 
load. 


J. A. Elzi (The Commonwealth and South- 
ern Corporation, Jackson, Mich.): As Mr. 
Lunge has stated, information regarding 
the type of surge protection provided was 
not requested in the questionnaire, and 
data are, therefore, not available to show 
to what extent the use of open rod gaps 
would affect the reclosing performance. 
Moore and Watkins in their paper, ‘‘Ex- 
perience With Oil Circuit Reclosers on REA 
Systems,” did present such data, and the 
results of their survey would seem to indi- 
cate very little difference in the percentage 
of lockouts for the two types of protection. 

Mr. Lunge has pointed out that a Rural 
Electrification Administration system, 
though nation-wide in scope, would have 
transformers on a small percentage of the 
poles as compared with other distribution 
circuits. This could very well account for 
the fact that Moore and Watkins found very 
little difference in the performance of the 
two types of surge protection. A review of 
the REA data as given in Tables IV and 
VII shows that trees are the greatest single 
cause of lockouts on REA systems. This 
would further account for failure to show 
any decided difference caused by the pro- 
tective equipment. As Mr. Lunge has 
pointed out, it would seem reasonable to 
expect that on a distribution circuit on which 
plain rod gaps are used for surge protection 
a higher percentage of successful initial 
reclosure than the average values given in 
Figures 2 and 3 could be expected. The 
number of trip-outs per year probably also 
would be higher on these circuits than on 
circuits having transformers protected by 
lightning arresters or expulsion gaps. 

With reference to the question as to 
whether or not immediate reclosure of motor 
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circuits without material time delay is advis- 
able, it might be stated that the 0.5-second 
interval given by some of the users was 
based on the length of time that a circuit 
would be de-energized using immediate 
reclosure, the time interval being simply 
the time required for a normal-speed 
breaker to open and close. Some users very 
definitely apply immediate initial-reclosing 
equipment on circuits carrying an appreci-_ 
able percentage of motor load, and this 
practice has been very successful where used. 
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Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Moore and Mr. Watkins have 
gathered a large number of data on the 
operation of their rural systems. Un- 
doubtedly, there are a considerable num- 
ber of background data available which 
might be used to present an accurate and 
detailed discussion of the relative perform- 
ances of simple gaps and lightning arresters 
in relation to service continuity. Although 
the paper contains some data on the subject, 
we do not believe it is sufficiently complete 
or detailed to draw conclusions one way or 
the other. Since there has been some con- 
troversy about this subject, a report from 
the same source as this paper, covering so 
many miles of line in different parts of the 
country, would be of considerable interest. 

Tables II, III, and VI of the paper indi- 
cate that there are less breaker operations 
per mile of line with arrester-protected trans- 
formers than with gap-protected trans- 
formers. We understand that the outage 
following the initial breaker operation is 
several seconds before the breaker recloses, 
and that on this type of system such a long 
outage is not objectionable. It is thus pos- 
sible that ample service reliability is pro- 
duced by gaps, particularly since, according © 
to Tables IV and VII, the lockouts that the 
transformer protection can do something 
about (items 4 and 5) are comparatively 
few. Where the outages produced at the 
transformers are a large factor in the causes 
of lockouts or where temporary interrup- 
tions of several seconds are not permissible, 
the character of the transformer protection 
will be of considerable importance. Satis- 
factory system operation apparently will be 
obtained on arrester-equipped systems with 
less breakers per mile than for gaps. 

It is apparent that arresters or protector 
tubes reduce the breaker operations and 
that, therefore, more reliable service can 
be given with self-clearing protection, such 
as arresters or protector tubes. Probably 
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one of the factors that leads some operators 
to lean toward the simple open gaps is the 
fact that arresters or protector tubes of 
suitable quality are more expensive than 
gaps. On rural circuits, the requirements 
for successful arrester operation are some- 
what modified from those on high-capacity 
urban systems. The lightning duty is 
severe, and therefore the 65,000-ampere dis- 
charge capacity requirement considered 
standard should be maintained. However, 
the fault currents on rural systems are 
limited; therefore, the current-clearing 
ability of a protector tube may be less. Ad- 
vantage can be taken of this in the design. 
A maximum current rating of 500 amperes 
should be ample for the majority of applica- 
tions. Such a device can be made for lower 
costs than the standard tube with unlimited 
current rating. The company with which 
the discusser is associated has manufactured 
such protectors for use on 7,200-volt circuits. 
They are identified as the type B deion 
protectors. Some are in service. I would 
like to ask the authors of this paper whether 
it is likely that future service requirements 
will demand greater continuity of service, 
and whether the economics of such require- 
ments would be satisfied by a combination 
of reclosing breaker and lightning protectors 
costing perhaps 75 per cent of those now 
standard? 


H. L. Rawlins (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper marks a real contribution 
to our knowledge of the distribution field, 
and the authors are to be thanked for ob- 
taining and presenting the information in 
such a complete and yet concise form. It 
covers the operating experience over a wide 
area, and such a comprehensive survey of 
reclosing breakers and rural systems would 
have been difficult to obtain from any other 
source. 

To those who are interested in the design 
of rural reclosing breakers, the story is 
complete. The average operating duty on 
the breakers is revealed, and the detailed 
analysis of breaker troubles certainly would 
be of value to the designer. No exceptions 
can be taken to the proposed specifications 
covering an ideal small distribution circuit 
breaker, for the requirements seem both 
desirable and feasible. ; 

There is a wealth of information in the 
tables which, upon close inspection, reveal 
many interesting and puzzling features. 
All but one of the tables concerning system 
performance show comparisons between 
systems with gap-protected transformers 
and those with arrester-protected trans- 
formers. Was this to compare the per- 
formance of the different systems, or was it 
done merely because different operating 
duties were imposed on the breakers? It 
is noted that no comparison is drawn favor- 
ing one type of system over the other. In 
classifying the systems, were tube-protected 
or CSP (completely self-protected) trans- 

‘formers included with the gap-protected 
transformers or with the arrester-protected 
transformers? 

A study of Table II reveals a marked de- 
crease in the number of breaker operations 
per mile for arrester-protected systems dur- 
ing September arid October; yet there is 
only a very slight decrease in the number of 
operations per mile for gap-protected-trans- 
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former systems. There were over three 
times as many breaker operations on the 
systems with gap-protected transformers. 
To what do the authors attribute the large 
number of gap breakdowns during these 
comparatively lightning-free months? 


D. D. Clarke (Kansas City Power and Light 
Company, Kansas City, Mo.): The authors 
have presented a splendid résumé of experi- 
ence in the maintenance of service to an 
extensive territory of operation. In some 20 
years of experience with oil circuit reclosers 
of various types, it was found that as the art 
progresses the customer more frequently is 
not inconvenienced by a successful reclosure. 
There is evidently some short time of opened 
circuit for each customer’s usage that may 
be considered as no outage for that customer. 
In line with this, it would be of great interest 
to know whether the study of the system 
experience described by the authors has 
indicated that the immediate oil circuit 
recloser has caused the customer incon- 
venience or noticeable outage, where such 
reclosure is successfully accomplished. 


B. W. Wyman (General Electric Company, 
Philadelphia, Pa.): Mr. Moore and Mr. 
Watkins have presented a wealth of operat- 
ing data which should prove of inestimable 
value to system planning engineers the 
country over. This is the first time that 
actual operating experience with oil circuit 
reclosers has been made available on a 
scale large enough to overbalance any in- 
fluencing factors such as peculiarity of 
terrain, weather conditions, tree, or bird 
difficulties. 

Although the authors have pointed out 
that the improvement in service continuity 
obtained by these reclosing breakers is of 
far greater importance than the mere 
operating savings, it is interesting to note 
that, on over one half of the systems report- 
ing, the maintenance and operating savings 
alone amount to six dollars per month per 
breaker. This means that only about 16 
months are required to write off the invest- 
ment costs per recloser. 

Inasmuch as the recloser of design 2 has 
shown stich an outstanding performance 
record, and also because the percentage 
difficulties have been reduced to such a low 
value as compared with the older design 1, 
it may be of interest to note the design 
features of design 2 which are responsible for 
this marked improvement. 

To increase greatly the impulse insulation 
strength of the recloser and still to maintain 
moderate dimensions, the steel-tank con- 
struction was eliminated entirely and re- 
placed by a porcelain cylinder of very high 
insulation strength with the two terminals 
at opposite ends of the device. Figure 1 of 
the paper shows this device mounted on a 
crossarm. 

To prevent damage to the series coil 
from lightning impulses of steep wave 
front, a Thyrite disk is used to shunt the 
coil. This disk is small and mounts directly 
at the coil inside the recloser. This Thyrite 
disk enables the series trip coil to withstand 
impulse voltages far in excess of those which 
would flash over the outside of the por- 
celain housing. This construction makes 
possible a device with an impulse insulation 
strength many times higher than the original 
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steel-tank design 1. The considerable im- 
provement in operating performance ob- 
tained is evidenced by the small total per- 
centage of difficulties reported since the 
second design has been introduced. 

The Rural Electrification Administration 
is to be congratulated on its farsightedness 
in installing these devices in such large 
numbers and on the accuracy of their appli- 
cation, as any device owes its success or 
failure to the way in which it is applied. 


F. E. Andrews (Public Service Company 


of Northern Illinois, Chicago): There are 
included in the paper suggestions for a 
specification for a small distribution circuit 
breaker. These suggestions do not cover the 
question of time-current characteristics for 
fault clearing. 

On some systems it has been found im- 
practical to apply oil circuit reclosers be- 
cause of the need for co-ordination with 
branch-circuit fuses beyond the recloser. 
If reclosers are applied to a portion of the 
system sufficiently large in extent to load 
the recloser to a value approaching its rat- 
ing, the amount of line beyond the recloser 
usually will be sufficient to require branch 
sectionalizing fuses. It has been found 
impossible to co-ordinate these branch fuses 
with the circuit reclosers now available, 
and for that reason they have not been used 
in many situations for which such devices 
generally seem needed. Therefore, it would 
seem that an item to cover circuit-opening 
time-current characteristics suitable for 
co-ordination with branch-circuit fuses be- 
yond the recloser should be added to those 
items listed in the paper as desirable require- 
ments for a small distribution circuit 
breaker. 


Carl E. Mosley (W. N. Matthews Corpora- 
tion, St. Louis, Mo.): Moore and Watkins 
are to be commended highly on the fine 
paper that they have prepared on their 
“Experience With Oil Circuit Reclosers on 
REA Systems.” 

The comments that I have are on parts 
(c) and (d) of the possible specification for 
a small distribution circuit breaker which 
respectively suggest that the breaker ‘‘be 
entirely automatic,” and that the breaker 
“be equipped with two instantaneous open- 
ings and two subsequent time-delay open- 
ings to lockout. ....’’ 

Unquestionably, a breaker with an en- 
tirely automatic feature should reduce the 
number of service outages to a minimum 
and will require less attention from the 
operator. However, it is possible to get into 
trouble if breakers are too automatic and 
are not periodically inspected. A circuit 
breaker is like a transformer, with respect 
to the load current that it is designed to 
carry. A breaker should be replaced when 
the load current exceeds its safe current- 
carrying capacity; otherwise, the breaker 
will operate unnecessarily without lockout, 
while a higher-rated breaker will continue 
in service under the same load conditions. 
Breakers are likely to remain in service for 
months, subject to these overload condi- 
tions, without the operator knowing it. 

If the breaker is oil-filled, these unneces- 
sary operations will carbonize and lower 
the dielectric strength of the oil which 
would cause, the breaker eventually to fail. 
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If accurate records of increasing loads are 
kept by the REA co-operatives, such over- 
load conditions probably will not occur. It 
seems to me that if a breaker will operate a 
predetermined number of times and then 
lockout, either it will give the operator a 
clue that there is something wrong that 
should be corrected, or it will remind him to 
inspect the breaker. 

I am of the opinion that to include two 
instantaneous openings and two subsequent 
time-delay openings in a circuit breaker 
would complicate the mechanism and in- 
crease the Gost of the breaker. This would 
defeat the requirement (/) of the possible 
specification which states that the breaker 
should ‘“‘be inexpensive.” 


Hamilton Treadway (Rural Electrification 
Administration, St. Louis, Mo.): The ex- 
tensive construction of rural electric-dis- 
tribution systems, which began in the middle 
of the last decade, raised many new prob- 
lems for the distribution engineer. Not the 
least of these was the lack of suitable pro- 
tective and sectionalizing equipment. The 
adoption of 7.2-kv multigrounded neutral 
systems made possible the use of single-pole 
oil circuit reclosers as one approach to the 
solution of this problem. The authors’ 
paper discusses the operating experience of 
REA systems using this type of protective 
equipment. This experience has been ex- 
ceptionally good. 

The authors have indicated the direction 
which further development of this method of 
protection dictates. The advantages of 
combination instantaneous and time-delay 
openings have been apparent for a long 
time. It is obvious that continuity of 
service will be improved for consumers along 
the main feeders. Whether sectionalizing 
in this manner will improve service to all 
consumers is a problem which must be 
determined.on each individual system. If 
time-delay opening is to be provided in 
these breakers, it is desirable that it be made 
adjustable to provide great flexibility in 
co-ordination. 

The development of a single-pole breaker 
with time-delay opening will require more 
accurate determination of fault currents 
and a more thorough study of co-ordination 
problems. Also, it will require the manu- 
facturers of fuses to develop characteristics 
which will bring the time-current curves of 
the fuses and breakers closer together. 
While much has been done in this direction 
already, there is need for further improve- 
ment. 

One interesting feature of the data pre- 
sented: is the relation of lockouts to the 
number of operations. Since lockouts are 
equivalent to permanent faults, the data 
indicate the percentage of permanent faults 
to be much lower than was thought to be 
the case a few years ago. This low per- 
centage of permanent faults is explained 
partly by the time-current characteristics 
of these reclosers which increase the number 
of operations over those experienced with 
fuse sectionalizing. However, the earlier 
data may require some revision. This is a 
point demanding much study, because con- 
tinuity of service is of first importance in the 
rural area, It would be interesting to deter- 
mine what portion of this reduction in per- 
manent faults is due to tree trimming, im- 
proved line construction, and so forth. It 
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would prove interesting to break these data 
down according to the recognized thunder- 
storm-frequency areas throughout the coun- 
try to determine the effect of lightning on 
this factor. 

Much could be gained if more factors 
could be analyzed in the economic data pre- 
sented. The assembling of future data 
should be done in a manner to permit an 
evaluation of the effect of the miles of line 
and number of consumers per breaker, the 
distance which must be traveled to restore 
service to the area controlled by each 
breaker, number and length of outages per 
breaker, ratio of permanent to temporary 
faults, type of roads, weather conditions 
prevailing in the area, type of transformer 
protection, and many other factors. It is 
realized that considerable difficulty is ex- 
perienced in assembling these data in a 
form whereby they can be analyzed readily. 
This, however, is essential to permit the 
distribution engineer to select sectionalizing 
points with greater certainty as to over-all 
economy of operation. ; 

A further comparison between the relative 
economy of line sectionalizing and branch 
sectionalizing would.be desirable. This 
again requires data not now available. 

Another approach to the problem of pro- 
tecting rural electric-distribution systems 
has been made in the area of the Tennessee 
Valley Authority. Here station-type break- 
ers have been used with a single high-speed 
opening and reclosure, followed by a time- 
delay opening. This method has been em- 
ployed in conjunction with branch fusing. 
There are many advantages to this system 
of fault protection, and there are many 
limitations. It would be interesting to com- 
pare the economy of operation of this 
method of fault protection with the single- 
pole method described by the authors. 

As pointed out by the authors there are 
many problems yet to be solved in this field. 
It is hoped that the authors will continue 
their search for basic data, particularly in 
the direction of the economics of breaker 
design and operation. 


W. R. Bullard (Ebasco Services, Inc., New 
York, N. Y.): This paper provides a valu- 
able contribution to the available data con- 
cerning the performance of rural distribu- 
tion circuits equipped with reclosing break- 
ers. Of especial value is the comparison of 
performance of circuits with gap-protected 
transformers and that of circuits with ar- 
rester-protected transformers. Of course, 
the results of such a comparison must be 
used with caution, since there can be no 
assurance that factors other than the method 
of lightning protection, which might influence 
the performance, were sufficiently similar 
for the two groups of circuits to make the 
comparison valid. Nevertheless, the large 
amount of circuit mileage represented and 
the fact that the systems represented by 
both groups apparently were distributed 
among a number of different states encour- 
age the use of the results for drawing 
tentative conclusions. ; 

An outstanding point of interest is the 
very small difference between numbers of 
operations per month per mile for the two 
groups of circuits. But a more important 
point is that there is practically no difference 
between the numbers of lockouts per month 
per mile for the two groups. In Table III 


Discussions 


i“ 


/ 
of the paper the comparison is 0.0062 lockout 
per month per mile for the gap-protected 
circuits and 0.00598 for the arrester group. 
In Table VI it is 0.00548 for gaps and 0.00562 
for arresters. 

It is the lockouts that determine the 
quality of service, not the momentary inter- 
ruptions occasioned by opening operations 
followed by immediate successful reclosure. 
Therefore, insofar as this particular com- 
parison is indicative of relative performance 
of arresters and gaps, it is difficult to see 
how the use of arresters, with their higher 
first cost and added maintenance problems, 
can be justified on circuits equipped with 
reclosing breakers. Furthermore, referring 
to the data on miles of line per breaker in 
the various tables which show appreciably 
longer individual circuits or sections of cir- 
cuits for the arrester-protected systems, and 
also the data on lockouts per breaker which 
show appreciably lower numbers of lock- 
outs per breaker for gap-protected systems, 
it seems that, as presently constituted, the 
gap-protected circuits are giving consider- 
ably better service than the other group. 

If service equivalent to that provided by 
the arrester-protected group is satisfactory, 
service quality cannot be considered as 
justification for the larger number of 
breakers for a given amount of mileage 
actually used in the gap-protected group. 
In other words, the design can be the same 
for the two groups insofar as length of 
individual circuits, or sections of circuits, 
is concerned. Of course, there may have 
been some other reason for the difference in 
average mileage per breaker shown in the 
tables. ‘ . 

Near the end of the paper mention is 
made of the desirability of a particular 
sequence of operations, namely, fast opening 
on the first one or two openings and moder- 
ate time delay on succeeding openings. 
This is a sequence that has been in use for 
many years and has proved very success- — 
ful, not only in improving quality of serv-_ 
ice, but also in eliminating the need for large 
numbers of reclosers, such as those of which 
the performance is covered in the paper. 
Briefly described, the practice concerned 
consists of controlling a large amount of 
circuit mileage by a single reclosing breaker 
located at the substation. This large cir- | 
cuit is sectionalized by simple single-shot 
fuses. The first opening of the breaker is 
instantaneous, and, if there is no persistent 
fault, service is immediately restored to the 
entire circuit by reclosure. If the fault per- 
sists, a time delay is introduced in the second 
or third opening, causing a fuse to blow on 
the section in trouble, after which service is 
restored to the remainder of the circuit by 
another reclosure. Insofar as quality of 
service is concerned, this arrangement very 
nearly performs the duty of a number of cir- 
cuit reclosers at the cost of only an equiva- 
lent number of simple fuses plus that of one 
breaker at the source. The latter, of course, 
has a somewhat more elaborate control 
arrangement and may need to be heavier. 
However, in some situations there may be 
appreciable net savings in first cost, and 
the substitution of a single piece of auto- 
matic equipment with moving parts for a 
number of such devices may reduce greatly 
the problems of maintenance. The scheme 
has been applied successfully to circuits 
consisting individually of 100 miles of line 
or more, gap-protected. It is in use both in 
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urban and in rural areas. Its possibilities 
are well worth investigating for application 
in specific situations. 


Lee M. Moore and Max W. Rothpletz:* 
The authors are highly gratified to acknowl- 
edge the interest shown in this paper by 
rural power engineers and electrical-equip- 
ment design engineers, as evidenced by the 
interesting, competent, and constructive 
discussions. 

These discussions indicate that there are 
a number of side roads in the design and 
application of oil circuit reclosers which 
should prove interesting and valuable on 
being investigated further. However, such 
investigation must wait until personnel 
again is available for that purpose. 

In order to indicate avenues which further 
research might follow, the authors are 
happy to present their opinions respecting 
certain portions of the presented discussions. 

Inasmuch as the survey covers a relatively 
limited period of time, no definite conclu- 
sions should be reached regarding the 
estimated maintenance and operating sav- 
ings. These savings, however, as Mr. 

- Wyman indicates, appear to be very sub- 
stantial, and it is hoped that future main- 
tenance costs on the oil circuit reclosers 
will increase these savings. 

Regarding continuity of service on rural 
power-distribution circuits, it is believed 
that the quality of service to rural users 
ought to be equal to or better than the 
quality of service now rendered city and 
urban consumers. The reason is that 
lengthy interruption of service to some rural 
loads, for example, incubators and brooders, 
results in direct financial loss rather than 
mere inconvenience. 

In answer to Mr. Clarke’s question, the 
momentary interruption in service when a 
tecloser operates has not to our knowledge 
created any serious problems for rural 
consumers. In this connection, however, it 
is reasonable to assume that momentary 
interruptions to rural consumers are not of 
as much importance as they are to large 
power consumers commonly served by utility 
systems. The length of outage which would 
result in definite rural-consumer incon- 
venience has not been determined but 
would depend, of course, on the type of 
appliances or equipment being served. 

Mr. Rawlins points out that the suggested 
specifications for small oil circuit reclosers 
“seem both desirable and feasible.’ This 
statement is significant and of considerable 
importance in that it was our thought to 
present some definite objective for the de- 
signers to shoot at. 

Breaker operations on systems with ar- 
rester- and gap-protected transformers were 
tabulated in the paper separately to show 
the operation of these reclosers with differ- 
ent imposed operating duty. In these 
tabulations, CSP transformers were classi- 
fied as arrester-protected transformers. 
At present there are not enough data 
available to indicate the definite superiority 
of one type of system protection over the 
Other. Since there is no “typical” or 


* Max W. Rothpletz is associate engineer with 
technical standards division, Rural Electrification 
Administration. In view of the fact that coauthor 
of the paper, B. O. Watkins, is now a lieutenant, 
junior grade, United States Naval Reserve, Mr. 
Rothpletz kindly consented to act as an alternate 
in preparation of this discussion, 
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“average’’ REA-financed system because 
of the effects of such factors as terrain, 
weather conditions, geographic locations, 
and others, any study aimed toward proving 
the superiority of gaps or arresters for rural 
line protection should include systems which 
operate under every conceivable condition. 

The large number of breaker operations 
shown in Table II of our paper for the 
months of September and October should 
not be considered unusual in view of the 
fact that about 75 per cent of the REA- 
financed systems are located in Midwestern 
and eastern-seaboard states. By referring 
to the isokeraunic maps contained in the 
Monthly Weather Review, published in May 
1935, by the United States Department of 
Agriculture, Weather Bureau, Washington, 
D. C., it may be noted that lightning storms 
are quite prevalent in these areas during 
the months of September and October. 
This, of course, explains only the total 
number of recloser operations and not the 
unequal division of operations between 
gap- and arrester-protected systems. 

The subject of Mr. Beck’s question, 
though mentioned before, bears further 
emphasis, for it is reasonable to expect that 
the quality of service to rural consumers 
must be improved and approach uninter- 
rupted service insofar as is practicable. 
Rural power engineers should consider this 
specific item as the first order of business. 
We think that the suggested reduction of 
25 per cent in the cost of reclosers and 
lightning protection is a step in the right 
direction. However, we must not permit 
ourselves to become overly satisfied with 
available equipment, but should continue 
to strive for improved and more economical 
ways of doing the job. 

Mr. Andrews touches on possibly one of 
the most difficult and important problems 
involved in the design and application of 
these small reclosers; that is, their co- 
ordination with transformer-primary and 
short-tap sectionalizing devices. Although 
considerable thought has been given to 
this problem, and progress is being made 
toward its solution, there is much work 
left to be done in this direction. 

Bullard, Mosley, and Treadway have pre- 
sented valuable comments on the proposed 
instantaneous- and time-delay sequence of 
operations of oil circuit reclosers. While we 
have not had actual experience with small 
teclosers embodying this operating sequence, 
we believe that it would provide definite 
advantages where co-ordination with fuses 
on the load side of the reclosers is required. 

| 


A New High-Interrupting- 


Capacity Fuse for Voltages 
Through 138 Kv 


Discussion and author's closure of paper 
43-103 by H. H. Fahnoe, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, October 


_ section, pages 630-5. 


Jerome J. Taylor (Detroit Edison Company, 
Detroit, Mich.): This paper contains much 
valuable material, of both general and spe- 
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cific nature, in regard to fuse designs and 
applications. If information is available 
for publication it would be. of additional 
interest to know whether actual fuse-tube 
pressures and hinge-support reactions were 
measured, what the stroke of the arcing rod 
is for the voltage ratings mentioned, what 
clear space is required at the muzzle end of 
the device, and what actual fault currents 
are capable of causing destruction of these 
fuses. 

Competition between designers of fuses 
and designers of circuit breakers recently 
has taken the turn, recurrently true of engi- 
neering problems generally, that each group 
has been making use of design features pre- 
vious!y assumed to be characteristic of the 
other. Thus, the present trend in circuit- 
breaker design is toward the use of blasts 
of gases or liquids, while, at the same time, 
fuse designers have been employing shunted 
springs*as auxiliary separating devices, and 
now, as described in this paper, solid-re- 
tractable arcing rods. 

As compared to circuit breakers, fuses 
have been traditionally inadequate in re- 
gard to circuit reclosure and require careful 
manipulation in order to take part in co- 
ordinated relaying. On the other hand, their 
capital cost is relatively small; their 
interrupting range and reliability have been 
increased greatly; speed of interruption is 
unmatched; and peak fault current is often 
limited to values substantially less than 
those corresponding to circuit impedance. 
These tendencies have resulted recently in 
British proposals to use combinations of 
breakers and fuses in series, the breakers 
handling switching and medium faults with 
the fuses timed to clear heavy short circuits 
in advance of the breaker. There seems 
some basis for thinking that a fusible con- 
ductor has inherent advantages over sepa- 
rable contacts in clearing heavy faults, and 
it would be interesting in this connection to 
know whether the author thinks his design 
is adaptable to duty in circuits of short- 
circuit capacity in excess of 1,000,000 kva. 
It may be that in the future a hybrid design 
of interrupter will be developed, embodying 
the special abilities of several present types. 

Regarding fuse construction, there always 
has been a fairly definite grouping into en- 
closed and expulsion types. Another dif- 
ferentiation seems to be becoming more 
pronounced—one style employs fillers or 
liners containing hydrates; the other uses 
relatively inert materials, such as sand or 
granulated quartz. Fundamental research 
has shown that arc drop in steam is higher 
than in any other gas except hydrogen.! 
It is this fact that appears mainly responsible 
for the ability of fuses of the gypsum- and 
boric-acid type to interrupt relatively high 
voltages per inch of length, assuming a given 
wire size of fusible element. This ability is 
extended by pressure and turbulence, giving 
rise to a new difficulty encountered and 
solved by the author of the paper, that the 
effective dielectric strength of an arcing 
chamber may exceed that of the external 
air. - 

For heavy power applications, it seems 
possible that in special cases, liquid cooling 
of the main conductors by forced convection 
would be advantageous, both in fuses and 
in some types of breakers. It would entail 
additional costs and complications but 
offers potential profits in that load ratings 
up to ten times present figures might be ob- 


937 


tained in an interrupter of the same physical 
size and short-circuit capacity. 
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C. L. Schuck (General Electric Company, 
Philadelphia, Pa.): Mr. Fahnoe’s paper 
gives a very rational development of the 
economic and engineering aspects leading to 
the desired- features in fuses for the higher 
voltages. The new fuse described neces- 
sarily must be classed as a vented fuse, 
since an external expulsion of are products 
accompanies interruption. It should be 
noted that, in addition to the water vapor 
resulting from the breakdown of boric acid, 
fuses of this type also expel quantities of 
incandescent gas resulting from the ex- 
plosion of the metal forming the current 
responsive element together with air which 
has been heated to incandescence by the 
arc. The prevention of the expulsion of solid 
matter, such as the fuse cable in conven- 
tional expulsion fuses, is praiseworthy and 
may reduce the degree of violence of the 
disturbance accompanying interruption. 

The problem of installing and removing 
high-voltage fuse units by the operator is 
recognized in the paper, and, in this connec- 
tion, it should be noted that the average man 
is capable of handling about 150 foot-pounds 
of the kind of effort represented by a weight, 
such as a fuse, at the end of an arm, such as 
aswitch hook. It is estimated, from the con- 
struction of the 138-kv fuse unit described, 
that such a fuse unit would weigh in the 
neighborhood of 15 pounds. This would 
indicate a ten-foot switch hook as the 
maximum practical for handling a 138-ky 
fuse unit. Allowing four additional feet 
for the effective height of the operator, this 
places the maximum height of the upper 
insulator stack of the fuse disconnecting 
switch at 14 feet above the ground. The 
lower end of the fuse unit is, therefore, eight 
feet above ground, a height which is con- 
sidered inadequate for this voltage, and, 
obviously, an operating platform is re- 
quired. Even with the operating platform, 
is it considered good operating practice to 
allow personnel to come within eight feet 
of a live 1382-kv device? If not, a discon- 
necting switch is required to isolate the 
fuse before it can be handled. It also would 
be of interest to know whether the reduction 
in violence of interruption by the use of the 
fuse described permits mounting this close 
to ground. 


H. H. Fahnoe: In the new high-voltage 
fuse the interruption of heavy fault currents 
is initiated by the fusion of an extremely 
short calibrated-fusible element, and the 
resultant are is drawn out by separable con- 
tacts, as indicated by Mr. Taylor. On high 
short-circuit currents, where extremely fast 
clearing is desirable, the fuse element usually 
melts during the first half-cycle, and inter- 
ruption is completed quickly by the light- 
weight retractable arcing rod being drawn 
through the interrupting chamber. The 
length of this boric-acid-lined interrupting 
chamber is shown in Table I. The use of 
separable contacts, instead of a long fusible 
conductor, greatly reduces the are energy in 
the fuse. 
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It is probable that fuses of this type can 
be made having an interrupting capacity in 
excess of 1,000,000 kva. However, the 
field for such fuses is not yet clear. It is 
desirable to explore the possibilities of 
applying the present fuse before developing 
a fuse of increased interrupting capacity. 

The interrupting tests made on these 
fuses included tests to destruction. The 
fault currents required for failure vary with 
circuit conditions. Actual fuse-tube pres- 
sures and reactions were not measured be- 
cause of the difficulties of making such 
measurements at the potentials involved. 

The problems of installing and operating 
high-voltage fuses, as outlined by Mr. 
Schuck in his comments, deserve the con- 
sideration of all fuse designers. However, 
Mr. Schuck apparently has overlooked the 
fact, that, in placing the fuse unit in the 
mounting, one end of the fuse unit must 
engage the lower contact. This, according 
to Mr. Schuck’s figures, would place the 
lower end of the mounting at 14 feet above 
ground. It is relatively easy to rotate the 
fuse about the hinge point to the closed posi- 
tion. 

The cone of incandescent vapor ejected 
from the fuses when interrupting maximum 
fault current is approximately 72 inches 
long. Since these higher-voltage fuses often 
are mounted on greater pole spacing in an 
open structure, the expulsion of incandescent 
vapor is not so important as in the case 
of lower-voltage fuses. 

It would not be considered good operating 
practice to allow personnel to operate these 
high-voltage fuses without isolation from 
live lines, particularly as hook-stick-operated 
switches do not have the ability to interrupt 
any magnitude of load or magnetizing 
current. 


Safe Ratings for Overhead 


Line Conductors 


Discussion and author's closure of paper 43-85 
by Leonard M. Olmsted, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, pages 
845-53. 


L. F. Hickernell and A. A. Jones (Anaconda 
Wire and Cable Company, Hastings-on- 
Hudson, N. Y.): While the various data and 
formulas presented in this paper are not new, 
the particular combination of them to form 
the analytical method presented by the 
author appears to be novel. The methods 
and formulas used in the various steps of 
the analysis are well established and need 
no comment. However, some of the basic 
data dealing with annealing characteristics 
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of copper are not so well established, and 
specific comments may be warranted. 

Any analytical method based on funda- 
mental data derived from various sources 
involves the inherent danger that these 
data may not be compatible. If all details 
regarding test methods and test samples 
used to obtain these data are not thoroughly 
scrutinized, it is very possible that inac- 
curate conclusions may be drawn. This is. 
particularly true in the case of annealing 
characteristics of copper. 

The author states that the rate of an- 
nealing depends (among other things) upon 
the purity of the copper. This is quite true, 
but it also depends to an even greater ex- 
tent upon the nature and combination of 
impurities present, even in minute quanti- 
ties. Commercial electrolytic tough-pitch 
copper having approximately the same 
purity as determined by chemical analysis 
(that is, copper, 99.95+ per cent) will vary 
tremendously in annealing characteristics, 
depending upon the characteristic impurities 
of the ore source from which it was derived. 
As an example, medium hard-drawn copper 
wire annealed at 150 degrees centigrade so 
as to give a reduction of 10 per cent in ten- 
sile strength required only about two hours 
for one sample but 400 hours for another. 

Similarly, referring to Figure 3 in the 
paper, variations of tensile strength with per 
cent cold drawing are to be expected. Tests 
made by our company on a representative 
commercial tough-pitch copper indicate 
tensile strength of approximately 59,000 
pounds per square inch for 50 per cent re- 
duction, and 64,000 pounds per square inch 
for 75 per cent reduction. These represent 
an appreciable increase in the values pre- 
sented in Figure 3. 

Referring to Figure 4, the data presented 
are presumably derived from short-time 
high-temperature anneals such as used in 
the industry. They indicate 30 per cent 
annealing in one per cent of time for com- 
plete annealing. Tests made by our com- 
pany on a representative commercial tough- 
pitch copper annealed at 150 degrees centi- 
grade indicate a seven per cent reduction in 
tensile strength (or approximately 14 per 
cent annealing) in one ‘per cent of time for 
complete annealing in the case of hard-drawn 
wire and no measurable reduction in the 
case of medium hard-drawn wire. In order 
to obtain a seven per cent reduction in ten- 
sile strength on medium hard-drawn wire, 


approximately four per cent of time for 


complete annealing was required. 

The author expresses the hope that ‘‘care- 
fully controlled tests can be run to establish 
the time-temperature data for hard-drawn 


transmission conductors definitely in order — 


to make available their full capacity.” 
This investigation is now under way in our 
laboratories. Unfortunately, such tests re- 
quire a long period of time and, hence, have 
not progressed sufficiently to warrant the 
results being presented at this meeting. 
Until these data are available, we prefer to 
postpone any discussion of Figure 7. 


D. D. Clarke (Kansas City Power and Light 
Company, Kansas City, Mo.): The author 
emphasizes the limiting factor of clamps, 
connectors, and joints on the conductors, 
especially those caused by the oxidation of 
the contact surfaces with resulting overheat- 
ing; but he has given us very little discus- 
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sion on, or hope of, relief from this factor. 
Both Mr. Olmsted’s paper and the working 
group report given by Mr. Hansen are in 
line with the heavy loads we are asked nowa- 
days to put on overhead copper conductors, 
but there was very little said with regard to 
preserving the conductivity of the joints, 
which, because of oxidation, may really 
become the limiting factor in loading the 
line. 

The company with which I am associated 
has for many years made a practice of pro- 
tecting all conductor joints against oxida- 
tion. This practice started in 1911 and be- 
came more effective as experience was gained 
with the results. Our operators believe that 
this practice of protecting all conductor 
joints against oxidation has saved us an un- 
told amount of trouble, especially when our 
conductors are forced to carry heavy loads. 
The small cost of an oxidation-preventative 
coating in the joints is entirely incommensu- 
rate with the considerable cost of repair that 
we experience on joints that have not been 
so protected. 


L. R. Gaty (Philadelphia Electric Company, 
Philadelphia, Pa.): This paper is an excel- 
lent addition to a subject about which there 
are still some uncertainties. It is particu- 
larly important to obtain additional data 
on the relations of temperature, time, and 
annealing. If these relations can be estab- 
lished reasonably well, a major step forward 
will have been completed. 

There are two definite problems that 
should not be confused: 


1. Normal rating of the conductor. The limita- 
tions of present available information indicate a 
need for conservation in establishing normal ratings. 
Voltage regulation will be the principal limitation 
in many instances. 


2. Determining the conductor rating for emer- 
gency loads, the infrequent occurrence and short 
duration of which make it unnecessary to be quite 
so free with generous factors-of safety. 


There are several factors involved in any 
determination of conductor ratings, and the 
author has introduced some margin of safety 
at nearly every step. He uses an emis- 


sivity factor of 0.5, which is slightly low for 


well-oxidized copper. The author deter- 
mines equivalent ambient temperatures by a 
method which is conservative and then al- 
lows also for some increase in wire tempera- 
ture due to the effect of solar heating, which 
is present only on clear days. Convection is 
calculated at wind velocities which are dis- 
counted arbitrarily to recognize some pos- 
sible effects of shielding and axial air motion 
in the- conductor plane, but ignore the 
vertical components of air motion which are 
crosswise at all times, the cooling effects of 
which are predominant outdoors whenever 
the horizontal-crosswise component of wind 
velocity is small. Temperature ceilings are 
selected conservatively. When one con- 
siders these various factors and the improb- 
ability that the maximum possible emer- 
gency load will be coincident with critical 
atmospheric conditions, it appears that fac- 
tors of safety have been pyramided with ex- 
ceptional generosity. 

In attacking the problem faced in Phila- 
delphia, the Weather Bureau records of 
simultaneous wind and ambient observations 
were used as a basis for determining the 
approximate effect upon conductor heating 
for many years. The atmospheric conditions 
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which would produce the maximum possible 
conductor temperature have occurred on an 
average of six nonconsecutive hours per 
year, or so infrequently as to have been con- 
sidered unlikely to coincide with the hours 
when it might be necessary to operate the 
conductor at its emergency load limit. Few 
emergencies occur at the time of maximum 
load; hence, the load probably would not 
be nearly equal to the emergency load limit 
of its conductor, even if an emergency should 
occur at the time of a critical atmospheric 
condition. 

Operations at the emergency load limits 
in Philadelphia will produce a maximum 
hour conductor temperature of 85 degrees 
centigrade on the average summer day and 
less than 135 degrees centigrade in all but 
the six most critical hours when it is possible, 
but very improbable, that emergency opera- 
tion might carry the temperature up to a 
ceiling of 175 degrees centigrade. These 
conditions appear to be reasonably accept- 
able for emergency load ratings. Emphasis 
should be placed on checking sags and clear- 
ances for whatever ceiling temperature is 
decided. A 66-kv line recently checked 
showed that contact would occur at two 
locations if the conductor temperature 
should reach 135 degrees centigrade. The 
limitations of clamps, fittings, and terminal 
equipment are also important. 


E. Hansson (Pennsylvania Water and 
Power Company, Baltimore, Md.): The 
author is to be congratulated on his thorough 
analysis of the problem of rating overhead 
conductors. I am particularly pleased to 
see him ending his discussion with a word of 
caution. There is another reason, not men- 
tioned by the author, why such caution is 
necessary. It is mentioned in the interim 
report presented at this meeting and may be 
worth elaborating to some extent. 

In making the tests on the heating effect 
of clamps, as mentioned by the author, it 
was found that the core strand of a seven- 
strand 2/0 copper conductor reached a 
temperature 17.5 degrees centigrade above 
that of the surface of the conductor at a 
425-ampere current.’ In order to confirm 
this, further tests were made on 7- and 19- 
strand 4/0 conductors. In both cases the 
difference between center strand and sur- 
face was 16.9 degrees centigrade at a cur- 
rent of 490 amperes. Another check on a 
300,000-circular mil all-aluminum conductor 
gave a difference of 7.2 degrees centigrade at 
375 amperes. If these values are placed on 
the basis of identical temperature rise, 60 
degrees centigrade, the differences are sub- 
stantially the same, varying from 10 degrees 
for the 300,000-circular mil aluminum to 13 
degrees for the 2/0 copper. No such differ- 
ence was found in the original test on the 
795,000-circular mil steel-reinforced alumi- 
num cable, the measured difference between 
inside and outside layers being 3.2 degrees 
centigrade at 920 amperes. 

The rather meager data seem to indicate 
that the gradient in a homogeneous con- 
ductor is considerable, but that it is prac- 
tically absent in steel-reinforced aluminum 
cable. The gradient seems to be propor- 
tional to the temperature rise, and the values 
given are for rather high currents, but, even 
for such values of current as may well be 
used for the conductors in question, the dif- 
ference will be ten degrees centigrade or 
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more. Considerable more test data will be 
required before any definite values can be 
established for the various conductor sizes, 
but it is apparent that the effect must be con- 
sidered when establishing maximum ratings. 


Leonard M. Olmsted: The several objec- 
tives of the paper were to take the fullest 
possible advantage of the limited informa- 
tion already published in engineering litera- 
ture, to indicate those phases which most 
need investigation, and to provide a pro- 
cedure by which additional data may be ap- 
plied as they become available. It is fortu- 
nate that the subject may be divided into 
components to be investigated independ- 
ently, as that approach permits simultane- 
ous work by a number of investigators to: 
expedite the ultimate determination of the 
whole. The four discussions presented in- 
dicate, that such independent investigations 
are being made and lend encouragement to. 
the hope that standardized ampere ratings 
may be prepared for open-wire conductors 
comparable with tables now available for 
underground cables. 

Mr. Hickernell and Mr. Jones have em- 
phasized’ the marked variations in the be- 
havior of commercial hard-drawn and me- 
dium-hard-drawn copper wire. The data 
they give are typical of those from previous 
publications which were the only informa- 
tion available from which to develop con- 
ductor ratings. Nothing can be accom- 
plished by attempting to compare these few 
additional data with the paper until sufh- 
cient tests have been conducted and ana- 
lyzed to justify preparing entirely new curves 
to replace those of the paper. It is most 
encouraging to know that an extensive 
series of tests is now under way, as it is 
reasonable to hope that the resulting data 
will reduce materially the probable errors in 
one of the most important components in 
the derivation of safe conductor ratings. 

Mr. Hansson calls attention to the varia- 
tions in temperature measured at various 
points in a stranded conductor. It does not 
seem probable that higher temperature in 
the core strand of a stranded copper con- 
ductor is serious, however, as the tensile 
characteristics of the conductors depend 
principally upon the time-temperature ex- 
posure of the other strands. Steel-core con- 
ductors apparently are almost free from this 
temperature difference, and are inherently 


‘less affected because of the greater allowable 


temperature for the steel. The fact remains, 
however, that considerable care is necessary 
in testing the temperatures of conductors: 
and associated equipment if the results are 
to be dependable. 

Mr. Clarke’s discussion of connector and! 
joint heating is an important contribution 
to the subject. This phase was only men- 
tioned in the paper, however, because it ap- 
pears that the contact surfaces of the con- 
nectors should be cooler than the conductor 
alone, and the conductor temperature limits 
established by annealing of hard-drawn cop- 
per are so low that oxidation of the contact 
surfaces seems improbable. Other conduc- 
tors with higher temperature limits are more 
likely to be affected by joint oxidation. 

Mr. Gaty’s observation of the difference 
between normal and emergency ratings is 
appropriate, and the paper indicates a 
method for allocating the total allowable 
time-temperature exposure to these two: 
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types of service. The author agrees, also, 
that an effort was made to be conservative 
at certain points in the paper. The effect of 
solar heating was included only for the por- 
tion of time that sunshine actually exists 
according to Weather Bureau data. It is 
difficult to place any particular value upon 
the vertical components of air movement, 
but it seems improbable that any appreci- 
able margin of safety has been introduced by 
neglecting this factor. A correct measure 
of the degree of conservatism can be ascer- 
tained only by a detailed hour-by-hour 
analysis of coincident atmospheric and 
current loading conditions during a period 
of many years, such as has been reported by 
Mr. Kidder and Mr. Woodward. Such an 
extensive analysis has not been undertaken 
by this author, but an investigation of 
several typical months has shown no per- 
ceptible margin of safety other than the 20 
per cent mentioned in the final paragraph. 

Comparison between the conductor tem- 
peratures used by the author and those men- 
tioned by Mr. Gaty is misleading, as the 
former are intended for hard-drawn copper 
and the latter for medium-hard-drawn. 
This difference alone justifies a conductor 
temperature approximately 28 degrees centi- 
grade higher on medium-hard-drawn copper 
conductors, giving temperatures comparable 
with those allowed in Philadelphia. 

In conclusion, it is interesting to observe 
that the Duquesne Light Company has 
authorized ratings for certain of its lines 
derived in accordance with this paper. Sub- 
sequent experience with suspension clamps 
has indicated that the 20 per cent margin of 
safety is none too great until methods are 
developed to eliminate conductor burning 
and magnetic heating. Certain tests are 
being conducted to this end. It is highly 
desirable that the results of all such test 
programs be made available in order that 
this margin of safety may be reduced intelli- 
gently to permit the greatest possible use of 
overhead line facilities. 


Interim Report on Emergency 
Overloads on Overhead 


Conductors 


Discussion of paper 43-105 by the AIEE 
working group on towers, poles, and conduc- 
tors of the transmission subcommittee of the 
AIEE committee on power transmission and 
distribution, presented at the Cleveland na- 
tional technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, September sec- 
tion, pages 588-90. 


L. R. Gaty (Philadelphia Electric Company, 
Philadelphia, Pa.): A point of considerable 
interest is that illustrated in Figure 3 of 
the paper, where it is indicated that the 
center or core strand of a seven-strand 2/0 
copper cable may reach a temperature of 
15 degrees centigrade in excess of that at 
the surface. It is believed that a part of 
the apparent temperature difference be- 
tween thermocouples 2 and 3 in Figure 3 of 
the paper may be due to the difficulties in- 
herent in an attempt to measure surface 
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temperature accurately with a thermo- 
couple. Additional information regarding 
this temperature difference will be helpful 
in determining the conductor ratings which 
may be applied without destructive anneal- 
ing of the conductor. Possibly, the core 
temperature, which can be measured without 
difficulty, should be used to determine 
maximum ratings. 

The tests reported by Kidder and Wood- 
ward in their paper! stated that the copper 
temperatures were observed by a thermo- 
couple that was inserted between the core 
strand and the outside layer of seven-strand 
2/0 copper. 

Tests of magnetic heating in the stand- 
ard-suspension and dead-end clamps, used 
by Philadelphia Electric Company with 
2/0 copper, have shown that the maxi- 
mum temperature in the clamp is somewhat 
lower than the temperature of the conductor 
at all loads up to 560 amperes. The original 
tests were made in 1933 and were confirmed 
by recheck in 1943. Variations occur as a 
result of the type of clamp used, the con- 
dition of the conductor, and ‘the size of con- 
ductor in relation to the size of the clamp. 
Care must be used in applying the results 
of any test to conditions different from those 
tested. 
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The Effect of Corona on 
Coupling Factors Between 


Ground Wires and 
Phase Conductors 


Discussion and author's closure of paper 43-77 
by G. D. McCann, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, pages 818-26. 


E. D. Sunde (Bell Telephone Laboratories, 
Inc., New York, N. Y.): In this paper it is 
implied that the coupling between the 
ground wires and the phase conductors is 
due entirely to electric induction. This is 
no doubt true when the ground wire carries 
a negligible current, as in the measurements 
on short wires described in the paper. How- 
ever, in the case of a lightning stroke to a 
transmission-line tower or to a ground wire, 
the current carried by the latter will cause 
magnetic induction in the phase conductors. 
To obtain the voltage of the phase conduc- 
tors, it is then necessary to consider mag- 
netic, as well as electric, induction. 

Consider a ground wire and a phase wire 
of such length that reflections need not be 
considered, at least in calculating the crest 
voltage. The coupling factor, or the ratio 
of the voltage of the phase conductor 2, to 
that of the ground wire 1, is then 


K=Si2/Su=(Lv/Cy)'/?/(Eu/Cu)'” 
=(K,Km)'/? (1) 


where S}; and Siz are the self- and mutual 
surge impedances and K, and Km the elec- 
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tric and magnetic coupling factors, respec- 
tively. 


Ke=Ar2/Au=(1/Ci2)/A/Cun) 
Ky =Lp/Lu (2) 


A, and Aj. being the self and mutual po- 
tential coefficients, Li; and Ly, the self- and 
mutual inductances. 

Since the crest voltage is obtained after a 
few microseconds, the effective frequency is 
so high that the equivalent ground plane 
for the magnetic coupling may be taken at 
the surface of the earth, as in the case of the 
electric coupling, so that 


Km a K, 
and 
K=(K,Km)'?=K, (3) 


This relationship is true only when K, 
is the electric coupling factor without co- 
rona. The magnetic coupling factor is not 
affected by corona, because the conduc- 
tivity of the corona is not large enough to af- 
fect the inductances L;,; or Ly. If K, is the- 
coupling factor with corona, as determined 
in the paper, and K, = K, the electric 
coupling factor without corona, then the 
coupling factor for an actual line is 


K=(K,K,)'” (4) 


That is, the coupling factor to be used on 
an actual line is the geometric mean of the 
coupling factor K, with corona which is 
obtained from the measurements in the 
paper, and the coupling factor K, without 
corona, which may also be obtained from 
the results of the measurements, or may be 
calculated by the usual formulas. 

As a first approximation, it is usually per- 
missible to take the arithmetic mean K = 
(K,. + K,)/2 instead of the geometric mean 
as in equation 4. If using the formulas for 
K, and K,, it then follows that the effective 
radius to be used in calculating the coupling 
factor for an actual line is the geometric 
mean of the actual radius and the equivalent 
corona radius of the ground wire, the latter 
being given in the paper for various condi- 
tions. 

In the preceding discussion, reflections 
in the ground wire caused by the presence 
of tower grounds along the ground wire were 
not considered. Such grounds will reduce 
the voltage and increase the current in the 
ground wire, so that magnetic coupling 
will tend: to predominate. The coupling 
factor will then be smaller than that ob- 
tained from equation 4 and will approach 
the magnetic coupling factor, or the elec- 
tric-coupling factor without corona. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): As usual, Doctor 
McCann has made a very thorough inves- 
tigation of this problem. The question is 
whether these results are applicable to ac- 
tual transmission practice. The question 
of insulator string flashover on towers with 
low tower-footing resistance has“long been © 
a puzzling one. There are numerous in- 
stances recorded in the literature where the 
tower potential is of the order of 80 per cent 
to as low as 10 per cent of the spark-over 
voltage based on a 1.5x40 wave, and the 
IR drop across the tower ground resistance. 
Now, Doctor McCann’s tests show that the 
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coupling factors should be from 30 per cent 
to 100 per cent greater than the purely elec- 
trostatic coupling factors. While there are 
many other explanations for such flashovers 
at apparently low tower voltages, such as 
direct strokes to the wire, the principal ones 
responsible probably are higher short- 
time impulse resistance of grounds, the in- 
ductive drop in the tower proper and in the 

und connections, such as counterpoise 
and ground rods. The effect of these fac- 
tors, as well as the repeated reflections from 
nearby towers, is to produce highly peaked 
voltage waves at the tower, and, therefore, 
the ground wire would require a still higher 
voltage across the insulation than that 
caused by a 1.5x40 wave. From this point 
of view, it is very difficult to believe that 
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Figure 1. Typical ground-wire voltage for 
lightning-stroke currents of steep fronts 


the coupling factors during an actual stroke 
to a tower are really as high as obtained 
during Doctor McCann’s tests. 

A considerable difference for wave shapes 
of the type shown in Figure 1 of this discus- 
sion, where the crest is reached in one to 
two microseconds, and the wave decreases 
to half value in two to three microseconds, 
should be due to two factors: 


1. The starting voltage of visible corona, and, con- 
sequently, the corona radius on a wire, have a time 
lag similar to that of the breakdown voltage. The 
corona shown in Figure 13 and Figure 14 of the 
paper is due to 1.5x40 waves, where a time interval 


-of from four to ten microseconds is available for 


formation and expansion of the streamers. 


2. Onalong line, the surge-impedance effect of the 
line enters into discussion as soon as a traveling wave 
is formed on the ground and line conductors with 
currents of thousands of amperes. In the tests, 
the line conductor acts as a kind of capacitance- 
divider pickup device. - 


There seems to be a question of a race be- 
tween the time to form the corona on the 
wire and the speed of travel of the induced 
wave on the line conductor. For slow fronts 
this is not important; however, for fronts 
of the order of one to two microseconds, 
the increase in coupling factor caused by 
corona should be considerably less than that 
obtained in the tests described. Direct- 
stroke measurements on the Empire State 
Building have shown that 50 per cent of the 
current fronts are one microsecond or less. 
Similar steep fronts are to be expected on 
transmission lines. It would appear neces- 
sary to make further tests to represent more 
nearly actual stroke conditions. 

It might be well to insert in the paper a 
word of caution to what extent the curves 
of Figure 18, in conjunction with Figure 16 
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and Figure 17, can be used. For instance, 
for the 30-foot ground wire, potentials on the 
line wire can be obtained which are greater 
than the ground-wire potential. Further- 
more, the line-conductor potential attains a 
maximum at around 1,000,000—2,000,000- 
volt ground-wire potential. 

Doctor McCann does not state to what 
extent the line conductor produces corona 
and what effect such corona would have on 


-the corona formation on the ground wire. 


In particular, on the tests with the ten-foot- 
high ground wire, where coupling factors 
have been obtained of the order of 0.8, it 
would seem that considerable corona should 
have been observed on the line conductor. 
With two wires under corona conditions, 
the capacitive coupling would become more 
nearly that of two cylinders of considerable 
diameter. Perhaps this accounts partly for 
the fact that the equivalent corona radius 
is about one half of the observed streamer 
length. 


Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.): In his discus- 
sion of coupling between ground and coun- 
terpoise wires and phase wires, Doctor Mc- 
Cann has mentioned the installation de- 
scribed in a previous publication by E. R. 
Whitehead of the Duquesne Light Com- 
pany. It is interesting to note that the 
66-kv double-circuit steel-tower line with 
single overhead ground wire, to which the 
counterpoise wire has been added, is show- 
ing an improvement in reliability, even be- 
yond our expectations. 


G. D. McCann: Mr. Sunde has raised a 
very fundamental point regarding the rela- 
tionship between the measured coupling 
factors, given in this paper, and the total 
coupling as produced by both electrostatic 
and magnetic effects. The measured cou- 
pling factors represent only electrostatic 
coupling. However, it does not appear that 
the equations given by Mr. Sunde are 
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rigorously correct, even for the assumptions 
he made. These were that all distortion 
and losses such as those caused by corona 
are neglected. It is assumed that the capaci- 
tances can be determined from the effective 
ground-wire corona radii, while the induct- 
ances are determined from the true radius 
of the ground wire. It is not known to 
what extent these assumptions are justified. 
Also, the author has, as yet, been unable to 
obtain a solution based upon these assump- 
tions which, for the case of aerial conduct- 
ors, gives the relation between the induced- 
conductor potential and ground-wire voltage 
in the form of a purely numeric factor. 
Such a solution can, however, be obtained 
readily for the simpler case of concentric 
cylinders for which the coupling-factor 
equations of Mr. Sunde should also apply. 
Consider the case illustrated in Figure 2 
of this discussion in which the ground wire is 
represented by the inner conductor of radius 
r;, the phase conductor by the floating cylin- 
der of radius 72, and the ground plane by the 
large cylinder of radius R. Let it be as- 
sumed that the system of cylinders is semi- 
infinite in length, and that a voltage is ap- 
plied between the inner conductor and the 
ground cylinder at the one end. For this 
case the voltage induced on the floating 
cylinder in terms of the inner conductor 
potential is given by the coupling equation: 
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where Z, is the surge impedance for the 
system consisting of the inner conductor 
and floating cylinder. Z» is the surge im- 
pedance for the floating and outer cylinders. 
Three cases will be considered: 
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Case 1. No Corona, DireLtectric Con- 
STANT EQUAL TO 1 


For this case 
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From equation 1 of Sunde’s discussion 
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The equations for these constants are the 
following: 
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These give the following equations for 
the coupling: 
R R R 
log —Xlog — log — 
Oe Y tay Yo (3) 
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For this assumption, Sunde’s equation 
checks that derived from the surge imped- 
ances. 


94.1 


Case 2. Meprum BETWEEN INNER CON- 
DUCTOR AND FLOATING CYLINDER HAVING 
DIELECTRIC CONSTANT k 


For this condition Z,; is changed to the 
following: 
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For Sunde’s equation 
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The equation given by Sunde does not 
check for this condition. The difference is 
greater the higher the dielectric constant. 
However, for values of k no greater than 4 
or 5, the difference between the two solu- 
tions is usually not very great. 


CASE 38. DIELECTRIC CONSTANT ONE; 
EFFECT OF CORONA ON INNER CONDUCTOR 
REPRESENTED BY CORONA RADIUS 7, 


For this case Sunde’s assumptions, that 
capacities are given by the effective corona 
radius 7, and inductances by 7”, will be used. 

This gives for the surge impedance Z, 
the following: 
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Then from Equation 1 
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The electrostatic coupling for this case is 
given by the equation 
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To illustrate the difference in equations 
6, 7, and 8, calculations were made for the 
conditions illustrated in Figure 2 of this 
discussion. As shown by the three curves 
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of this figure, all three equations (as they 
should) give the same result when r, equals 
r,. When 7, equals 10 or 72, the coupling 
factor should be 1, as correctly given by 
equations 6 and 8. However, the curve 
derived from Sunde’s equation lies some- 
what below the curve which should be cor- 
rect for the given assumptions (equation 6) 
and never reaches one. It starts to diverge 
rapidly at 7, equals about 6. 

Over the principal range of ground-wire 
potentials, the measured effective corona 
radii as shown by Figure 15 of the paper 
do not exceed about five feet. Thus, for 
most transmission lines, the effective corona 
sheath does not bridge more than about half 
the spacing between the ground wire and 
phase conductors. The curve of Figure 1 
indicates a fairly close agreement between 
Sunde’s equation and equation 6 over this 
corresponding range (up to 7, equals 5). 
It thus appears probable that the use of 
Sunde’s equation, as given in his discussion, 
together with the measured electrostatic 
coupling factors in the paper will give values 
of the initial induced voltages that are only 
about 10 or 20 per cent low. 

Further consideration is being given to 
this problem. It is recognized that there 
are other factors determining the surge 
voltages produced on phase conductors 
which have not been given consideration 
in the past. Most important of these are 
the effects of the electrical conditions of the 
stroke channel itself. It was for this reason 
that no attempt was made in the paper to 
determine directly transmission-line flash- 
over conditions. 


Guide for Wartime Con- 


ductor Temperatures tor 
Power Cables in Service 


Discussion and closure of paper 43-104 by 
the Association of Edison Illuminating Com- 
panies subcommittee on wartime temoera- 
tures for cable circuits, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, September section, 
pages 606-10. 


H. L. Davis, Jr. (Philadelphia Electric 
Company, Philadelphia, Pa.) : Past operating 
experiences of the utilities have been a major 
contribution in paving the way for the in- 
creased operating temperatures which have 
been outlined so thoroughly in this guide. 
While the new temperature ceilings given 
are feasible, the guide points out very 
clearly what the operating effects might 
be and the conditions under which they may 
be justified. Experience in Philadelphia 
with cable operating at temperatures above 
the normally recognized peacetime limits, 
confirms the discussion in section 2.4 of the 
guide, ‘‘Assumed Influence on Cable Life.” 

For example, operation of 22 miles of 
three-conductor 13-kv belted cable at full 
peacetime rating resulted in a failure rate 
which was three times the system failure 
rate. When the copper temperature on this 
small group of cables was increased from 
77 degrees centigrade to approximately 100 
degrees centigrade, the failure rate in- 
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creased to 11 times the original system rate 
(six per 100 miles). However, the system 
failure rate only increased 50 per cent. It is 
obvious that no system is exposed to general 
load increases, but only limited parts of a 
system will be effected by the war demands. 
Consequently, while 400 per cent increase 
in failure rate, referred to in the guide, may 
seem to be exorbitant, it will involve an 
over-all failure rate that should be well | 
within the ability of the maintenance per- 
sonnel to handle without an undue influence 
on continuity of service. 

The cable temperatures of about 100 de- 
grees centigrade experienced in Philadelphia 
did not produce an appreciable number of 
dielectric failures. The trouble has been 
mostly that of openings in the lead sheath, 
which caused about 83 per cent of the fail- 
ures on the heavily loaded lines. At the 
higher temperatures the lead sheath is very 
much weaker and therefore scoring, minor 
electrolysis attacks, and mechanical injuries 
to the sheath are hastened to failure by the 
higher loading. 

In connection with the statement in the 
guide that increases in failure rate will not 
become apparent in less than six months or a 
year, it is to be noted that the presence of 
the sheath cracks, which may have required 
six months or a year to produce, will be 
brought quickly to failure only if the cable 
continually is submerged. Where the ducts 
are dry, experience has shown that cables 
with open sheaths may operate for several 
years before failure. 


> 


Robert J. Wiseman (The Okonite Company, 
Passaic, N. J.): The recommendations of 
the Association of Edison Illuminating 
Companies subcommittee on wartime tem- 
peratures for cable circuits, as reported 
to Mr. Halperin, are of interest to us 
in that the committee has set up not 
only tables indicating temperatures at 
which it believes a cable may operate, but 
also warning signals, or “‘red flags,’’ indi- 
cating what one can expect if a cable load 
is increased to a value that results in these 
temperatures: namely, a reduction in the 
over-all life of the cable, whether insulation 
or sheath, and increased cable movement 
(therefore mechanical effects on the lead, 
and possible effects on accessories such as 
joints, reservoirs, and terminals)—all re- 
sulting in an increase in failure rate. I 
would like to recommend that the utility 
engineer who is contemplating taking ad-— 
vantage of this emergency loading of cables 
read the nine papers given at the AIEE na- 
tional technical meeting in January 1943, 
in New York.* These papers tell in detail © 
the views of the utility engineer and the 
manufacturer about overloading of cables. 
I understand that the authors took into 
consideration the views expressed in these 
nine papers when preparing the guide. 

The emergency temperatures set up are 
presumably based on the experiences of 
some companies. I believe that under 
closely observed control it may be safe to 
reach these temperatures for impregnated- 
paper cables. I am not so sure about the 
values for varnished-cambric cables. I 
think they are high, particularly for volt- 
ages over 7.5 kv when dielectric losses are 


* All nine papers are available in a single pamphlet _ 
(Special publication 6), in limited quantities, from 
AIJEE headquarters at 75 cents per copy. — 
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of importance. The emergency temperatures 
for code insulation are too high, unless it is 
expected and accepted that a very short 
life will result. The values for ozone-re- 
sistant compounds of the oil-base type can 
be raised to 90 degrees centigrade, provided 
they are not subject to a high compression, 
such as a clamp, during the emergency tem- 
perature period. 

if believe that, before emergency loadings 
are applied to a cable system, a careful sur- 
vey should be made of the operating record. 
How does the rated load of the cable com- 
pare to the actual load or contemplated 
load? In the past we have been consérva- 
tive in many cases in the rating of a cable. 
Perhaps the new load is still within the al- 
lowable rating of the cable; therefore, there 
is no emergency loading. If the new load is 
definitely an overload and the expected 
temperature is higher than given in this war 
guide, then means must be taken to reduce 
this temperature as suggested in the guide, 
or the load must be reduced. 

Although this guide is intended to be 
used for the duration of the war, it easily 
can be a guide for future peacetime emer- 
gency operation. At that time it will be 
necessary to review the experiences of those 
companies that have operated under the 
guide. I am hoping that all who do so will 
keep a very complete record of the loadings 
on their cable circuits, the amount and total 
time of each emergency loading, and the 
record of cable failures or cable replace- 
ments. Unless this information is available, 
it will be hard to convince some of us that 
emergency loads have been carried and that 
the cables have given no trouble. The 
cable manufacturer is just as anxious as the 
operator to know what is the limit on tem- 
perature operation of a cable. This infor- 
mation can come only from the experience 
of the operating companies, and they will 
be asked to present the record as a future 
guide. - 

This guide and the nine papers given at 
the January meeting refer to allowable 
emergency temperatures, and practically 
nothing is said about what this means in 
current loading. The latter is what the 
operator wants to know when he is called 
upon to carry extra loads. The permissible 
load current will depend upon the time the 
emergency exists, the conditions of installa- 
tion, cable size, number of cables in duct 
bank, what load current is being carried at 
the time the emergency starts, and how 
many are to carry the emergency load. 
Some of the large utilities have engineering 
staffs who have set up their own methods 
for determining what emergency load cur- 
rent can be carried on a cable. Technical 
papers have been published recently which 
give methods for estimating these currents. 
One by N. B. Walsh of the Duquesne Light 
Company was presented before the trans- 
mission and distribution committee of 
Edison Electric Institute in Pittsburgh last 
February; another by A. R..Eaches of the 
Philadelphia Electric Company, was pre- 
sented to the AIEE Philadelphia Section; 
and a third one I gave before the joint meet- 
ing of the AIEE Southwest District and the 
Missouri Valley Electrical Association. In 


_ it, I show how it is possible to determine the 


emergency current under the conditions 
stated previously from the Insulated Power 
Cable Engineers Association current ratings, 
the thermal time constant of a cable, and 
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the time of the emergency. Naturally, a 
short time such as one hour will permit a 
higher current than a two-hour or four- 
hour overloading, and a cable carrying less 
than its rated load at the time the emergency 
load starts can carry a larger current than 
if it were carrying full load. 

I believe this war guide, along with the 
conference papers, is going to be very help- 
ful in guiding the utility engineer as-to how 
far he can go to meet emergency conditions 
with the knowledge that he is shortening the 
life of a cable and must accept an increase 
in the cable-failure rate. A large utility 
with several cables supplying power be- 
tween two points and an installation crew 
available can take advantage of this guide 
better than one not so well placed. In the 
latter case the risk may be too costly to 
take. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. 
Y.): As a member of the AEIC subcom- 
mittee which prepared the guide, I wish to 
bring out that we recognize the fact that 
we do not know definitely what will occur 
to systems when the proposed loads are 
applied. However, we believe that we have 
taken into consideration all available data 
and factors and that the proposed loadings 
are reasonably satisfactory for the conditions 
under which they are to be applied. 

In order to obtain the full value of the 
use of the proposed loadings, the subcom- 
mittee requests that all companies using the 
proposed loadings maintain accurate records 
of the operating results, so that they will be 
readily available for further study. Data 
obtained in this manner will be of great 
help in future consideration of allowable 
operating copper temperatures. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Mr. Halperin’s committee has taken a use- 
ful step in preparing this guide to indicate 
allowable cable temperatures under war 
conditions. It is unfortunate, however, 
that the guide expresses its recommenda- 
tions in terms of temperatures without giv- 
ing any indication of how such temperatures 
are to be used. 

The temperatures referred to in the tables 
are defined as “‘those at the hottest portion 
of the cable in a given line or circuit.” 

In the case of cables in ducts, this hot 
spot will be at the conductor surface and 
at some considerable distance from the duct 
mouth. It is evident that the operating 
engineer has no way to ascertain what is the 
hottest portion of the cable, and, even if he 
did, he would be unable to measure its 
temperature. 

This condition is complicated by the fact 
that the great majority of cables must be 
laid under such a variety of conditions with 
respect to thermal dissipation and vintage 
that they cannot be engineered individually, 
but must be treated in groups corresponding 
usually to types only, and sometimes to 
general installation conditions with uniform 
rules applying to all members of a group. 

The temperatures recommended in the 
guide have been derived either from prac- 
tice or from laboratory data. In the former 
case there must have been some formula 
whereby hottest-spot temperatures were 
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derived from something that was measured. 
In that case the authors of the guide would 
do well to reveal this rule, so that those who 
want to use it may work the rule backward 
and derive something measurable from the 
tabulated unmeasurable temperatures. 

However, I suspect that no such rule has 
been formulated and that the tabulated tem- 
peratures have been derived mainly from 
laboratory work, in which case the hottest 
spots were obtained by substantially direct 
measurement. If that is the case, the 
method of using the guide is anyone’s guess. 

If I might hazard a guess, the average 
user of the guide will, in all probability, 
take the IPCEA tables and increase the 
current ratings by a factor based on the 
greater temperature rise and higher final 
temperature allowed by the guide. For 
example, 750,000-circular-mil three-con- 
ductor-shielded 22,000- or 23,000-volt cable 
alone im a duct bank, operating at 100 per 
cent load factor and earth ambient of 20 
degrees centigrade has a carrying capacity 
of 495 amperes according to the IPCEA 
table, which allows a final temperature of 
77 degrees centigrade. Corrected for .the 
guide’s hottest-spot temperature of 82 de- 
grees centigrade for normal operation, the 
current will be 


495X ioe x 
(77 —20) 


1+ (0.00393 x 57) 


1+ (0.00393 x 62) 
= 512 amperes 


The same method applied to the 100 
degrees centigrade temperature for emer- 
gency operation gives a current of 


ve ee ¢ 
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1+ (0.00393 X 57) 


1+ (0.00393 X 80) 
= 566 amperes 


If the IPCKEA carrying-capacity tables 
had been based upon the most optimistic 
assumptions of thermal and electrical prop- 
erties rather than upon the conservative 
values actually used, a current of 587 am- 
peres would be required to bring the conduc- 
tor temperature even to the normal 77 
degrees centigrade, allowed by IPCEA. 

We may, therefore, conclude that new 
paper cables, installed under favorable 
conditions subjected to currents calculated 
from the guide temperatures, by this pro- 
cedure, will not be harmed, because they 
will not exceed normal operating tempera- 
tures. On the other hand, old paper cables 
and those not favorably situated will attain 
temperatures which will cause an increase 
of failure rate and an ultimate lowering of 
useful life. 

The recommendations for varnished cam- 
bric are, however, in another category. 
This material is a very capricious one, and 
capricious materials are not very reliable 
when pushed to their limits. That is, how- 
ever, precisely what the guide proposes to 
do. 

One reason for the capricious nature of 
varnished cambric is its extremely hy- 
groscopic nature which causes the dielectric 
loss to vary over a range which is dangerous 
when considered in connection with accumu- 
lative heating. This action may be ini- 
tiated by high hottest-spot temperatures 
such as are listed in Table II of the guide. 
Numerous failures of high-voltage var- 
nished-cambric cable are on record where 
accumulative heating has been caused 
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either by high ambient temperatures or by 
heavy loads combined with poor conditions 
of heat dissipation, neither of which would 
have affected paper-insulated cables. While 
the IPCEA tables are conservative enough 
for low voltages, they leave very little 
margin of safety for cables rated at over 
7,500 volts. I, therefore, consider the 
recommendations of Table II to be dis- 
tinctly dangerous. 

The recommendations for rubber, in 
Table III of the guide, are also question- 
able, particularly for code- and ozone-re- 
sistant rubber. The former will not stand 
60 degrees centigrade for very long, es- 
pecially if not protected by a lead sheath. 

With regard to ozone-resistant rubber, a 
series of oven tests on several of the best- 
known makes shows that they deteriorate 
quite appreciably even at 70 degrees centi- 
grade and have very short life at 80 or 85 
degrees centigrade. 


T. H. Haines (Boston Edison Company, 
Boston, Mass.): The AIEE paper entitled 
“Guide for Wartime Conductor Tempera- 
tures for Power Cables in Service”’ covers the 
field quite thoroughly and is particularly 
valuable for showing the many factors that 
affect the operating temperature of cables. 

In paragraph 2.41 of the guide it is 
stated that the wartime ‘‘normal’’ tempera- 
tures are assumed at least to double the 
rate of deterioration of the cable as com- 
pared with previous practices. It would be 
of interest at this point, if possible, to state 
approximately what these rates might be. 

In paragraph 3.22 of the guide the effect 
of racking length and offset of cable on 
sheath cracking are mentioned, and it is 
stated that when these values are below the 
limits of good practice the allowable tem- 
peratures should be reduced. Although 
the limits of good practice must be more or 
less arbitrary, an approximate table of 
values would be a helpful addition to the 
paper. The Boston Edison Company uses 
the following table: 


Minimum 
Racking Minimum 
Distance Offset 
Cable Size (Feet) (Inches) 
3x1/0to3x4/0... ’ 9. chlé 
3x300,000 and 850,000 cir- 
Galar milei nen Moore ater 10.5. eaG} 
3x400,000 and 500,000 circu- 
Lariat sis days cane coe Deena teie 18 
8x700,000, 2x1,000,000 and | 12 90 


2x1,500,000 circular mils 


Section 8.382 of the guide is valuable in 
emphasizing the importance of temperature 
surveys in the field. It might be well to 
mention here the value of soldering ther- 
mocouple wires to the sheaths of cable sec- 
tions during installation in known ‘hot 
spots.”’ This permits accurate determina- 
tion of sheath temperatures, and, hence, 
conductor temperatures, to be made when- 
ever desired. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): With regard to 
allusions by Del Mar and Wiseman, to 
some of the temperatures being excessive, I 
should like to re-emphasize the points in the 
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last two sentences of the preface of the 
guide: 
(a). The use of the temperatures will cause large 


increases in troubles. 


(b). The temperatures are proposed only as a war- 
time measure, because their continued use may make 
the total annual charges for a cable system 20 or 
25 per cent, instead of the approximate normal 
figure of 12 per cent. 


Mr. Davis brings out the point, which has 
been demonstrated elsewhere, too, that day- 
in—day-out operation at full peacetime tem- 
peratures will cause great increases in fail- 
ure rates. A large majority of the under- 
ground circuits in peacetime seldom oper- 
ates up to peacetime temperature limits, 
and the country’s average rate of cable 
failures in service of five per 100 miles of 
cable per year is really based on lower 
temperatures. 

In answer to Mr. Haines’ question, con- 
tinued daily operation at the “normal” 
temperatures given in the guide might cause 
a failure rate of 15, 20, or 25 per 100 miles 
per year for three-conductor 13-kv cable. 
Usually, more is to be feared from the ef- 
fects of daily operation at proposed ‘‘nor- 
mal’’ temperatures than from operation at 
the proposed temperatures for rare emer- 
gencies. 

Determination of maximum temperatures 
to use in wartime is no easy task. Differ- 
ences of opinion exist as indicated, for ex- 
ample, in the difference of 10 or 15 degrees 
centigrade for ozone-resistant rubber im- 
plied in the remarks of Del Mar and Wise- 
man. Experience substantiates their im- 
plication that the resistance of varnished- 
cambric cables to temperature varies con- 
siderably. However, it may be noted that 
such insulation, when in apparatus other 
than cable, is usually given higher tempera- 
ture limits than in the guide. 

It is difficult to frame a short answer to 
Mr. Del Mar’s apparent confusion as to how 
the temperatures will be used. The pro- 
ceedings of the American Institute of Elec- 
trical Engineers, National Electric Light 
Association and Edison Electric Institute, 
as well as foreign publications, contain con- 
siderable information as to the determina- 
tion of the maximum temperatures of a 
cable circuit. Temperatures found in field 
experience as well as laboratory data were 
used in setting the guide temperatures. 
Of course, the actual ‘“‘hot-spot’’ tempera- 
tures of a circuit most likely will be a few 
degrees different from the value as ascer- 
tained by the methods available. Likewise, 
the literature, including present publica- 
tions, is full of information and argument 
on methods of determining accurately the 
“hot-spot”? temperature for transformers, 
motors, and so on. 

As recently as this summer, I find, to my 
surprise, that the temperature limits for 
wartime conditions in England are still 
even less than the peacetime limits of this 
country. Surely eopper, lead, rubber, and 
so forth are not more plentiful there than 
here. These facts and others demonstrate 
that the utilities that started this guide are 
willing to make, as necessary, unusual sacri- 
fices to save critical materials as a wartime 
measure, 

The discussions at, and prior to, this 
meeting regarding the guide have been in- 
teresting and worth while. However, as 
indicated in the discussions, the mainte- 
nance of accurate and complete records of 
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operating experiences is very desirable 
from several angles for those cases where 
cables are operated at, or near, the tempera- 
ture limits given in the guide. 


A Capacitance Bridge for 
Determining the Ratio and- 
Phase Angle of Potential 
Transformers 


Discussion and author's closure of paper 43-81 
by H. W. Bousman and R. L. Ten Broeck, pre- 
sented at the AIEE national technical meet- 
ing, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, August section, pages 541-5. 


F. B. Silsbee (National Bureau of Stand- 
ards, Washington, D. C.): This paper con- 
stitutes a very noticeable milestone in the 
progress of precise measurements in the 
field of high-alternating voltages. Capaci- 
tance potential dividers have been used 
hitherto with good success in determining 
the ratio and phase angle of voltage trans- 
formers, but in these earlier methods it has 
been necessary to know with high precision 
the capacitance as well as the phase angle 
of the capacitor. The present authors have 
made the very great contribution in that 
they have divided the responsibility of the 
measurement in such a way that the pre- 
cise determination of ratio depends only 
upon the values of.resistors, which can be 
measured readily, and which are very con- 
stant in time, while the values of phase angle 
are determined by the air capacitors which 
are eminently suited for this purpose. 
Their use of the bridge connection, which is 
usually called Schering, but which should 
more properly be called Thomas (as will be 
seen by the authors’ reference 11), has 
proved to be the key which brings about 
this much-desired situation. ; 
A number of questions of detail naturall 

arise in the mind of the reader, and I hope 
that the authors can supply the answers 
to these in their closure: 2 


1. What type of detector do they use, and what is 
its sensitivity? 


2. How are the conductances of the many resis- 
tors intercompared, and what is the construction of 
the conductance dials? 


3. What voltage is used on the bridge circuit when 
they obtain their calibrated balance? Presumably, 
if the voltage were the geometric mean between the 
primary and secondary voltages of the transformer 
under test, the current through the resistance 
arms would be the same as it is when the balance 
against the transformer, is made. Is it necessary 
to take this precaution? 


If, as the authors state, the reference list | 


is to show the present state of the art, it 
should perhaps include, in addition to refer- 
ences 1, 5, and 10, which give the methods 
used at Pittsfield, Manchester, and Berlin, 
those listed at the conclusion “of this dis- 
cussion which describe in similar fashion the 
methods now in current use at Teddington 
and Washington. : 
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Institution of Electrical Engineers Journal (Lon- 
don, England), volume 67, September 1929, page 
1148. 


2. DESIGN AND CONSTRUCTION OF A SHIELDED 
ResIsTOR FoR Hicu Vortacss, R. Davis. Insti- 
tution of Electrical Engineers Journal (London, 
England), volume 69, August 1931, page 1029. 


8. A SwHre_pED RESISTOR FOR VOLTAGE-TRANS- 
FORMER TESTING, F. B. Silsbee. Scientific papers 
of the National Bureau of Standards, volume 20, 
1926, page 489 (S516). 


4. A TRANSFORMER METHOD FOR MEASURING 
HicH ALTERNATING VOLTAGES AND ITs COMPARI- 
son WitH An ABSOLUTE ELECTROMETER, F. B. 
Silsbee, F. M. Defandorf. _ Journal of Research 
of the National Bureau of Standards, volume 20, 
March 1938, page 317 (RP1079). 


H. W. Bousman:- Doctor Silsbee’s remarks 
are very helpful, and we appreciate them 
very much, He has asked several questions 
and we are glad to answer them as follows: 


1. The detector is a battery-operated electronic- 
tube amplifier, housed complete with batteries in 
the small case within the bridge shown in Figure 8 
of the paper. Sensitivity is such that one microvolt 
may be detected. 


2. The chart listing the successive steps in com- 
paring resistors is rather lengthy. It will suffice to 
say that it takes account of residual conductance of 
the dielectric supporting the switches. 


3. The calibrating balance is done at about 700 
volts rms. The maximum power dissipation in a 
resistance coil is only 11 milliwatts; therefore, the 
authors have not been concerned with maintaining 


‘equal power in the coils. 


A Method for Correlating 
Duty-Cycle Tests on 


Solenoids 


Discussion of paper 43-108 by J. E. Ryan, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, September section, pages 579-81. 


L. T. Rader (General Electric Company, 
Schenectady, N. Y.): A-c solenoids per- 
form many more useful functions in indus- 
try than are generally realized. They are 
used primarily for applications where a 
high force must be exerted through a one- 
or two-inch stroke in a very short time, and 
such applications are very numerous. The 
problem of calculating the permissible 
duty cycle for such a device is practically 
impossible because of the large number of 
variables involved. Some of these will be 
discussed briefly. 

An a-c solenoid is normally designed to 
ive a certain pull at a certain stroke. The 
allowable rating is determined from a heat 
tun in the closed position. The total watts 
in the device are divided among the coil, 
pole shader, and iron. The rating, however, 
also depends upon the type of mounting: 
for example, whether it be on a wood base 
or a steel base. Although the stated pull of 
a solenoid is given as a definite figure, that 
figure is usually the minimum point on a 
pull curve, such as shown by Figure 1 in 
the paper. The pull, therefore, may vary 
considerably from point to point, making 
an analytical expression for it impossible. 

When a solenoid in the open position is 
energized, a current flows, the magnitude 
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of which may be as much as ten times the 
magnetizing current of the device; in addi- 
tion, there will be a transient depending 
upon the point of closure. In the open posi- 
tion, the watts are divided primarily be- 
tween coil and iron, but the percentage 
varies with the stroke. The loss in the pole 


shader is negligible when the solenoid is in 


other than the seated position. 

Mr. Ryan’s analysis, depending, as it 
does, on only a few test runs, is extremely 
useful and successfully eliminates inaccu- 
racies which might occur simply by extra- 
polating test data, as well as by eliminating 
the necessity for taking so much data. 
This method of analysis can also be used 
to compare two solenoids which have the 
same rated pull but are radically different 
in physical dimensions. By taking a small 
amount of data on each, the duty-cycle 
ability of the two solenoids can be evaluated 
and an accurate comparison made. This 
latter point is often overlooked by those who 
compare solenoids on a basis of rated pull 
and stroke and use size as the only criterion. 

Mr. Ryan’s method of analysis, of course, 
is a perfectly general one which can be ap- 
plied to any electromagnetic device oper- 
ated under conditions which make the cal- 
culation of performance difficult, and for 
which usually large numbers of experimen- 
tal data must be taken. 

A very interesting conclusion may be 
drawn from Figure 5, curve B. If the stroke 
is reduced from 100 per cent to 50 per cent, 
the degrees rise per operation per second 
falls from 155 to 45, a ratio of 3.4 to one. 
The solenoid, therefore, is often capable of 
doing more useful work when operating at a 
short stroke than at a long stroke. When 
there is a lever arrangement to the load, 
as there so often is, this type of data allows 
the optimum stroke to be chosen for maxi- 
mum output. This same conclusion agrees 
with those made by D. K. Frost.! 


REFERENCE 


1. SoLenoips SPEED SEQUENCE ConrTROL, D. K. 
Frost. Machine Design, volume 12, September 
1940, pages 41-4, 92. 


Adequate Electrical 
Maintenance Essential 
to Transportation 


Discussion of paper 43-78 by W. J. Clardy, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and. published in AIEE TRANSACTIONS, 
1943, August section, pages 517-21. 


E. E. Kearns (General Electric Company, 
Erie, Pa.): Present-day maintenance em- 
phasis is concentrated on practical schedul- 
ing for a particular equipment and a par- 
ticular service. Greater care is given to at- 
tain a practical median between excessive 
tinkering on the one hand, and, as they fail, 
repairs on the other, and to schedule this 
median program insofar as possible into 
three gradations of inspection and a major 
overhaul, usually on a mileage basis. 

Close engineering study is given particu- 
lar equipment items so as to schedule each 
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adjustment, renewal, or rehabilitation at 
its proper time in the graded programs. 

For rotating generators and motors, the 
four most important items of maintenance 
can be classed as follows: 


1. Keep equipment clean and as free as possible 
from dust, dirt, and grease. This includes non- 
visible locations, particularly armature core ducts. 
Life of modern rotating machines depends on their 
thorough ventilation; consequently, it is of utmost 
importance that armature core ducts be kept open. 


2. Watch commutators closely, and dress at first 
signs of any distress, until commutators take on 
their proper polish. If eccentricity or high or low 
bars develop, commutators should be stoned in 
their bearings or turned, as close limits and con- 
centricity are prerequisites to good commutator 
performance, especially on modern high-speed 
machines, 


3. Lubricate properly and in this connection do 
not overgrease antifriction bearings. 


4. Dip and bake armatures and fields at regular 
intervals. 


The four most important items of con- 
trol-equipment maintenance can be classed 
as follows: 


1. Keep the equipment clean, and free from dust, 
dirt, and grease. 


2. Keep apparatus properly adjusted, including 
contacts and contact pressures. 


3. Maintain tight connections of terminals, con- 
tacts, tips, and so forth. 


4. Inspect and replace items which would court 
trouble before next inspection, 


Application of Carrier 
to Power Lines 


Discussion and author's closure of paper 
43-80 by F. M. Rives, presented at the na- 
tional technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, pages 835-44. 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): When carrier started 
as a youngster some 20 years ago, it under- 
took the hardest job first, that is, the trans- 
mission of intelligible speech. This had 
both good and bad consequences. It was 
good because it showed the need for further 
development work to surmount the diffi- 
culties encountered and instigated the pro- 
gram of development which has been con- 
tinuous. It was good because it commenced 
the acquisition of experience with about all 
of the application obstacles instead of adding 
them one by one, as more complex applica- 
tions were attempted. This has given a 
great many more years’ experience from 
which to analyze and predict the probable 
behavior of proposed applications. On the 
bad side is the fact that failure to secure 
wholly successful operation implanted in 
the minds of certain individuals a dis- 
trust of anything bearing the name ‘“‘car- 
rier,’ and this has been most difficult to 
eradicate. This probably is the major fac- 
tor in the relatively slow growth of carrier 
installations over as long a period as 20 
years. 

Carrier has now come of age, being some- 
thing over 21 years old, and its possibilities 
are just beginning to be realized by those 
who can gain the most from its use. During 
these years it went through the usual de- 
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velopment era of a new product as experi- 
ence and development in associated equip- 
ment showed the way toward improvement. 
Like most products, this development era 
explored many possibilities that showed 
promise and eventually settled down with 
component designs, utilizing those construc- 
tions which give the most for the money. 
While carrier equipment scarcely falls in 
the category of mass-produced apparatus, 
the designs have become standardized suffi- 
ciently so that it is repetitively produced. 
As always, this means still more for the 
money since engineering can be concentrated 
on improving a small number of standard 
items rather than scattered over custom 
design of a wide variety of items. There is 
also the usual factory saving in the skill 
acquired by workmen and the possibility 
of using tools and production methods that 
either cut the costs of a given article or per- 
mit a better article to be made at the same 
cost. It is evident from this paper that 
many of the components of carrier have 
reached this standardized stage, in which 
the user gets an ever better product at a 
constant or decreasing price. 

Once a product has become standardized 
and has been in service long enough to ac- 
quire a background of experience, it becomes 
possible to analyze and predict with fair 
accuracy its application in service. This 
leads toward standardized applications 
where the application engineer is provided 
with necessary information to analyze the 
behavior and properly apply equipment. 
Wide dissemination of the application data 
acquired by experience is necessary for the 
lowest-cost successful application. Users 
must know what the capabilities and limita- 
tions of the entire channel are, so that they 
may make successful applications and under- 
stand what lies behind the manufacturer’s 
recommendation. Users sometimes intimate 
that they think manufacturers are loading 
up a proposition with unnecessary equip- 
ment just to sell more, but this is seldom 
true. Information such as that contained 
in Mr. Rives’ paper should form a funda- 
mental basis for an intelligent approach by 
any user to the investigation of a proposed 
carrier installation. It ought to be in the 
file of every one who has any contact with 
carrier. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): This paper presents excellent 
material long needed by power system 
operating and design engineers. It takes 
much of the mystery out of carrier-current 
application and it should result in more ex- 
tensive use of carrier-current equipment as 
well as more economical use of the various 
types and sizes available. 

It is hoped that other manufacturers as 
well as users will contribute to the discussion 
of this paper. It fillsa gap in present power- 
engineering literature and deserves wide 
distribution and study. 


J. D. Booth (Westinghouse Electric and 
Manufacturing Company, Baltimore, Md.): 
The data in this paper agree very closely 
with similar data collected independently 
by the Westinghouse Electric and Manufac- 
turing Company. However, in a paper 
“Power-Line Carrier Communication” by 
the writer and A. P. Bock, presented in 
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1941 (AIEE miscellaneous paper 41-63), 
an average figure of four decibels was given 
for coupling losses including the coaxial 
cable. This average figure also included 
losses due to unavoidable impedance mis- 
matches and stray coupling to power con- 
ductors not a part of the carrier circuit. 
Since these effects are usually associated 
with the terminal and coupling equipment 
they were also included by me as coupling 
losses rather than by a multiplying factor 
as shown by Mr. Rives in Table VI. While 
the recommended figure of four decibels is 
somewhat pessimistic, Mr. Rives gives a 
figure of one decibel which may be mislead- 
ing since it does not include several impor- 
tant factors. 


A. H. Burkhalter and D. M. MacGregor 
(Ebasco Services, Inc., New York, N. Y.): 
The growth of system interconnections has 
increased the importance of both frequency 
selection and carrier attenuation beyond 
anything suggested by previous experience 
with inherently isolated channels. Many of 
the interconnection channels must operate 
on a broadcast basis, and the approach to 
the problems of application are totally dif- 
ferent from those encountered in the past. 
One such application problem with which 
we have been connected involves frequency 
allocations for some 35 new channels in an 
area in which a number of carrier channels 
are already in operation. Using the data 
given in Table IV of Mr. Rives’ paper it 
has been calculated that many of these new 
channels will be subject to greater attenua- 
tion due to branches and loops than that 
caused by straight away line losses. 

In discussing the reflection losses due to 
relatively short taps or loops, Mr. Rives 
omits mention of the fact that it is relatively 
simple to calculate the critical lengths of any 
given frequency. One of the smaller manu- 
facturers dealing extensively in carrier-cur- 
rent equipment has prepared this informa- 
tion in the form of curves showing critical 
lengths as a function of frequency. These 
curves have been most useful in determining 
appropriate frequencies in advance, and 
also as an aid in locating troublesome taps 
or loops when high attenuations are encoun- 
tered in the field. 

Advance field determinations of carrier 
attenuation may also be used to advantage 
although it is sometimes found that varia- 
tions in switching setups make it appear 
that there is no suitable frequency. This is 
particularly true when a number of channels 
are to operate in a single closely spaced 
frequency group from several remote points 
to one common receiving point. Probably 
the results of such an attenuation study are 
chiefly useful in avoiding particularly poor 
frequencies. 

The arrangement for a line-tuning as- 
sembly for three independent and widely 
spaced carrier channels, shown in Figure 5, 
can be simplified by the elimination of one 
low-voltage trap without increasing diffi- 
culty of adjustment and with some reduc- 
tion in both losses and cost. 

The use of band-pass elements for multi- 
channel by-pass circuits, mentioned briefly 
in Mr. Rives’.paper, should receive very 
serious consideration because of the flexi- 
bility, low loss, and relatively low cost of 
such elements compared with the more con- 
ventional by-pass assemblies. A recent 
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problem involving a by-pass for three phase—” 


ground channels and one phase—phase chan- 
nel and including a shift of phase use has 
been solved very nicely by the use of a 
band-pass system for the phase—ground 
channels combined with a conventional by- 
pass for the phase—phase channel. Adop- 
tion of this arrangement reduced the num- 
ber of capacitors and the quantity of con- 
centric cable very materially without any 
increase in losses. 

Mr. Rives is to be complimented, not 
only because his paper is clear and concise, 
but more particularly because it represents a 
long needed step toward advancing carrier- 
current application. Information in the 
paper is of immediate interest to all who have 
occasion to apply or operate carrier equip- 
ment, and its presentation should go far to 
remove from the minds of operating engi- 
neers the feeling that carrier is both mysteri- 
ous and unpredictable. 


S. L. Goldsborough (Westinghouse Electric 
and Manufacturing Company, Newark, 
N.J.): This paper is a compilation of infor- 
mation concerning the factors to be con- 
sidered in the superposition of carrier-cur- 
rent channels on power lines. It is believed 
that the paper is a beneficial contribution 
in that it brings together in one place most 
of the facts which must be known by those 
engineers who have to deal with carrier- 
current channels on power lines. 

I believe the part pertaining to the ap- 
plication of line traps is liable to give a 
somewhat false impression. As far as carrier 
relaying is concerned, the only absolutely 
compelling reason for using line traps is to 
prevent interference by external ground 
faults. Independence of these external faults 
can be attained by the use of one line trap. 
The other ‘beneficial results from the use of 
line traps, such as, ‘‘To reduce transmission 
losses in irrelevant branch lines, to minimize 
the effect of low-impedance shunts, and to 
isolate effectively the carrier channel’ 
cannot be realized to the fullest extent by 
the use of a line trap in one phase. The 
paper gives the impression that the carrier 
channel can be isolated effectively by the 
use of single-phase trapping. This is defi- 
nitely not true sirice a number of cases have 
come to my attention where apparently the 
effect of one trap in isolating the carrier 
frequency from the rest of the system was 
practically negligible. It should be remem- 
bered that there is comparatively large 
coupling between the phases of the transmis- 
sion line and also to a closely spaced parallel 
line. The application of traps to only one 
phase does not affect the coupling of the 
other two phases, and thus the carrier energy 
can permeate the rest of the system with the 
possibility of encountering severe reflections. 
Accordingly, the statement in the paper that 
with line traps the carrier can be isolated in 
a particular section and, therefore, its fre- 
quency can be predetermined is not true, 
but becomes partially correct if all three 
phases are trapped. 

A statement is made in the paper that the 
main disadvantage of the line-to-ground 
coupling*is in its somewhat higher attenua- 
tion and higher noise level as compared 
with the interphase circuit. I would like to 
ask the author if he has any definite figures 
regarding this increase in attenuation and 
noise level. . 
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With reference to Table IV, I would like 
to ask if the decibel losses were calculated 
or were they a result of laboratory or field 
tests? Some of them looked quite opti- 
mistic. The'loss figures in item Band par- 
ticularly item £ are too low. For example, 
item B with the assumption that all lines 
are long so that reflections are negligible, 
the power entering the junction goes three 
ways. It goes forward on two lines and 
backward on the incoming line. The voltage 
at the junction is the same on all lines, and, 
therefore, the power on each line is one- 
third the incoming power, or 4.7 decibels 
loss. Item E would be 7 decibels on the 
same basis. Item E may give very large 
losses if the loop differs from the line by an 
odd number of half wave lengths. In other 
words, on a loop circuit the carrier waves 
reaching the junction point adjacent to the 
receivcr may be out of phase by any degree, 
and therefore, the loss may be practically 
anything. 


F. M. Rives: Mr. Booth appears to think 
that aloss of only one decibel for the line-tun- 
ing and coupling equipment, as indicated by 
item A of Table IV, is somewhat on the 
optimistic side. As a matter of actual 
measurement, the losses in this portion of 
the circuit usually fall well under this figure 
except for the most complex tuning arrange- 
ments. The figure of one decibel, therefore, 
is considered to be a fairly safe average. 
Since the losses in the lead-in cable are 
directly dependent on the length and fre- 
quency used, it is frequently advantageous 
to compute this loss item separately. The 
mutliplying factor, as indicated in Table VI, 
is not intended so much to cover miscel- 
Janeous losses as it is to provide for varia- 
tions in the transmission-line loss and to dif- 
ferentiate between the signal-noise require- 
ments of different services. 

In the discussion by Mr. Burkhalter and 
Mr. MacGregor it was indicated that in 
dealing with reflection losses due to short 
taps or loops the critical line length for any 
frequency could be readily calculated. 
While it is true that the frequency in- 
terval between nodes or peaks in the 
transmission characteristic may be de- 
termined fairly closely from the line length, 
the actual frequency or frequencies at 
which a tap line will appear as a very low 
impedance or a very high impedance de- 
pends also on the terminating impedance as 
well as the electrical length. Since most 
branch or tap lines terminate in a trans- 
former bank, for which the carrier-frequency 
impedance is not readily determined, it is 
not usually possible to calculate the fre- 
quencies at which a particular tap will 
cause trouble. 

In his discussion, Mr. Goldsborough indi- 
cates that a carrier-relay channel may be 
made independent of external faults by the 
use of one line trap. It is assumed that he 
means one line trap associated with each 
terminal; that is, for a two-terminal channel 
a line trap would be used in one phase at 
each of the two terminals. He is quite cor- 
rect in pointing out that the other benefits 
provided by line traps cannot be realized 
to the fullest extent by single-phase trapping. 
However, the increase in efficiency gained 
by trapping all three phases of a line for a 
single channel is usually not sufficient to 
justify this additional expense and com- 
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plexity. In speaking of isolating a channel 
by the use of traps, it is not intended to 
imply that the use of traps in a single phase 
will p-event the transmission of the channel 
frequency into other phases and into other 
parts of the system beyond the traps. Even 
with traps in all three phases some carrier- 
frequency energy will get through the traps 
and certainly will be transmitted around the 
traps where parallel circuits are present. 
However, single-phase trapping will isolate 
a circuit effectively as far as the influence 
of portions of the line outside of the trapped 
section on the carrier-frequency character- 
istics of the trapped section itself. This 
definitely provides freedom in the choice of 
the channel frequency as far as its transmis- 
sion characteristics are concerned; it also 
provides independence of line switching. 
Both of these advantages are quite impor- 
tant for certain types of service. 

In answer to Mr. Goldsborough’s request 
for definite figures on the increase in attenua- 
tion and noise level encountered on phase- 
to-ground circuits as compared with phase- 
to-phase circuits it may be stated that data 
from actual field measurements indicate an 
increase in attenuation of from 10 to 50 
per cent for the phase-to-ground circuit, 
depending on a number of factors, including 
ground conditions, presence of other pos- 
sible return paths, and others. No definite 
figures on comparative noise levels are avail- 
able; however, observations on many instal- 
lations have indicated a general increase 
in noise level for the phase-to-ground which 
has been estimated to be in the range of 
from one to six decibels. 

The circuit configuration losses indicated 
in Table IV are largely empirical, based on 
accumulated experience. However, they 
are not too far from calculated values for 
similar conditions. 


Carrier-Current Differential 
Protection for Trans- 
former Banks 


Discussion and author's closure of paper 43-91 
by T. A. Cramer, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, August section, 
pages 545-8. 
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W. R.'Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Probably the most worth-while contribu- 
tions by relay engineers to the supplying of 
electric power are those which make pos- 
sible the rendering of adequate service with 
less system investment in major equipment. 
Particularly in wartime, when materials are 
precious, we are justified in expanding the 
range of special schemes for this purpose. 
Therefore, the proposed method of utilizing 
a carrier-current channel to trip a remote 
oil-circuit breaker when the local differential 
relays indicate a transformer fault is most 
timely. 

Widely different degrees of reliability of 
a pilot-wire or carrier-current channel may 
be required, depending on the method of 
relay protection used. A-c_pilot-wire 
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schemes which inherently may experience 
false operations if the pilot-wire circuit is 
momentarily short-circuited or open-cir- 
cuited may be used on short privately owned 
pilot-wire channels with excellent relia- 
bility.! When leased circuits of greater 
exposure (and which are exposed to person- 
nel interferences at exchanges) are used, it 
is the more usual practice to provide relay 
schemes such as the d-c directional compari- 
son type (or a-c pilot-wire systems inter- 
locked with basic fault-detector elements of 
the d-c type) so that the relay scheme is 
immune to pilot-wire disturbances which 
occur when there is no fault on the protected 
power line. Transferred tripping has been 
used satisfactorily with d-c pilot-wire 
schemes, particularly if the impulse is 
maintained at a level above the usual tele- 
phone-exchange battery circuits. 

Carrier-current protection is inherently of 
the type on which a momentary disturbance 
to the channel does not cause false opera- 
tions in the presence of load current. Ac- 
cordingly, some trepidation is experienced 
in viewing the extension of carrier-current 
channels to the transfer-tripping field, which 
by its nature cannot be interlocked with 
fault detectors. The fact that the author 
indicates an allowable maximum time-delay 
margin of 30 cycles shows that he perhaps 
shares these misgivings. 

Satisfactory experience is reported with a 
three-tone (audio) carrier-current trans- 
ferred-tripping scheme.? However, in some 
cases a local high-voltage grounding switch 
has been employed to be operated by dif- 
ferential relays rather than to use carrier- 
current transferred tripping, although the 
channel was available for relay protection.® 

I would like to ask the following questions: 


1. Inthe author’s opinion, can a three-tone (audio) 
system such as described in January of 1942? with 
no intentional time delay, provide approximately 
the same reliability as the single-tone system with a 
30-cycle delay? 


2. Since lightning surges or their effects are 
ordinarily thought of as lasting less than one cycle, 
it would be interesting to know what specific reasons 
led to the adoption of the 30-cycle maximum time. 


3. Can the scheme described be readily adapted 
to be used with a conventional two-frequency car- 
rier telephone system? 
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E. H. Bancker (General Electric Company 
Schenectady, N. Y.): Mr. Cramer’s paper 
should be interesting to those who are faced 
with extensions to their system under both 
the war restrictions as to the equipment 
which may be purchased, and under the eco- 
nomic restrictions of making the extensions 
at the least-possible cost compatible with 
successful operation. There have been 
many lines constructed in the past few 
years that terminate in transformers with- 
out high-voltage breakers, and there will 
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undoubtedly be more. This type of instal- 
lation always raises the problem of how to 
give adequate protection against damage 
within the transformer from a fault within 
the transformer. Differential relays may 
readily be applied between the low-voltage 
current transformers and bushing-type cur- 
rent transformers in the transformer bush- 
ings, but tripping of the low-voltage breaker 
by such relays does not remove the fault. 
Unless the fault is of sufficient severity to 
be recognized by the protective relays at 
the far end. of the transmission line, it will 
continue to wreak destruction within the 
transformer until it does become bad enough 
to operate the line relays at the far end. 
This may result in a very expensive repair. 

As an alternative to the high-voltage 
breaker, a carrier channel using much less 
critical material and at lower cost, perhaps 
even available for other relay purposes, can 
extend the tripping circuit of the differential 
relays to include the breaker or breakers at 
the other ends of the transmission line. If 
carrier is already used for the line protective 
relays, a relatively small amount of addi- 
tional equipment will permit its use as an 
extension of the trip circuits of the differ- 
ential relays. 

Again, the results of experience enter the 
picture and after experimenting with the 
several possibilities that Mr. Cramer points 
out, a standardized method of sending a 
tripping signal has been developed. It 
should be emphasized that this is a much 
more difficult task than sending the blocking 
signal ‘used in the customary carrier- 
pilot relaying, because a transient block 
generated by lightning, switching, or other 
causes does no particular harm, but transient 
tripping signal cannot be tolerated since it 
results in an unnecessary trip that should 
not be followed with a reclosure until the 
cause for the trip has been investigated 
and determined as external to the trans- 
former. 


Ben C. Hicks (Shawinigan Water and 
Power Company, Montreal, Can.): In his 
excellent paper, Mr. Cramer refers to the 
scheme he is describing as a remote-tripping 
scheme. The Shawinigan Water and Power 
Company has, on one of its 220-kv lines, a 
similar scheme which it refers to as a 
transfer-trip scheme. This scheme oper- 
ates on the heterodyne principle which Mr. 
Cramer has included as number 3 in his list 
of possible methods of conveying remote- 
tripping information over a carrier-current 
channel. Experience with this installa- 
tion has confirmed amply the need of special 
care being taken to avoid faulty operation 
due to various kinds of interference. It 
may be of interest to mention one instance 
of such faulty operation that was experi- 
enced. 

In the case referred to, all three ends of a 
three-ended 220-ky transmission line were 
terminated in transformer banks. A fault 
occurred on the low-voltage side at one 
terminal, outside of the zone of the trans- 
former-differential protection and, contrary 
to expectation, caused the operation of the 
transfer-trip feature. This fault was 
studied by the manufacturer of the carrier- 
current equipment and it was found that a 
prominent 2,000-cycle frequency was pres- 
ent which passed the 1,000-cycle high-pass 
filter provided as part of the heterodyne 
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receiver, A slight modification was subse- 
quently made in the heterodyne receiver to 
prevent a recurrence of the faulty action 
from this cause. 

There are two questions I would like 
Mr. Cramer to comment on. The foregoing 
incident suggests the first one. In the 
scheme described by Mr. Cramer a 3,000- 
cycle, audio tone is utilized to convey the 
tripping information. Is it not possible 
that faulty operation would result should 
a system fault generate a strong 3,000-cycle 
frequency? The second question concerns 
the hand-reset multicontact auxiliary relay. 
It would appear to be an advantage if this 
relay did not require the attention of the 
operating staff to reset it. Would it be 
possible, with minor modifications, to use 
a self-resetting relay, or is it essential that 
a hand-reset relay be used? 


T. A. Cramer: In reply to Mr. Hicks’ dis- 
cussion, the possible occurrence of a strong 
3,000-cycle voltage on the high-voltage line 
has been considered in the design of this 
equipment. By using two inductively 
coupled tuned circuits in the receiver in- 
put, the sensitivity of the receiver at 3,000 
cycles is very low. The rece¢iver input cir- 
cuit is tuned to the carrier frequency, and 
frequencies in the pass band of these cir- 
cuits are accepted by the receiver. When 
the incoming carrier signal is modulated 
at 3,000 cycles, the output from the receiver 
operates the relay tuned to this frequency. 
This double selection gives ample selectivity 
to prevent operation by switching surges 
and faults. 

In reply to Mr. Hicks’ second question, 
it is possible to use a self-resetting auxiliary 
relay, but there is some advantage in using 
a relay which requires the recognition of 
this operation by the station attendant. 
When a remote transformer fault is tripped 
by the carrier equipment the operator should 
not reclose the line to the faulted trans- 
former, and the hand-reset tripping relay 
warns him of this fact. If automatic re- 
closing is used, the hand-reset relay is 
used to block the recloser until the trans- 
former fault is cleared from the circuit. 

The discussion on this paper by Mr. 
Brownlee brings out some points not covered 
in the paper. Regarding his first question, 
I believe that the three-audio-tone system 
would have approximately the same relia- 
bility as the single-audio-tone system with 
30 cycles delay. 

In reply to his second question regarding 
the reasons for using a 30-cycle maximum 
time, this is determined largely by the char- 
acteristics of the time-delay auxiliary relay 
itself. A time-delay relay of the copper- 
slug type was selected and could be ad- 
justed over a range of 6 to 30 cycles. Field 
tests have been made on various installa- 
tions of this type of equipment, and the 
relay current in the 3,000-cycle relay was 
observed during staged short circuits, ener- 
gizing and de-energizing transmission-line 
sections and transformer banks, and in no 
case was any interference observed. Until 
further operating experience has been ob- 
tained it has been the practice to adjust 
these auxiliary relays for an operating time 
of approximately 15 cycles. 

The conventional two-frequency carrier 
telephone system lends itself readily to the 
addition of this type of remote tripping. A 
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cut-off filter would be used in the telephone 
circuit to limit the speech band to 2,500 or 
3,000 cycles, and the tripping tone would be 
sent at some higher frequency guch as 3,500 
or 4,000 cycles. 

It is hoped that a paper will be presented 
at some later date, giving information on 
the operating experience obtained by various 
users of this type of equipment. 


A Simple Method for the 


Determination of Bushing- 
Current-Transtormer 
Characteristics 


Discussion and author's closure of paper 
43-110 by S. D. Moreton, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, flea = 
section, pages 581-5. 


C. A. Woods, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): It is indeed encouraging to 
find additional support for the use of open- 
circuit excitation data in the application of 
bushing-type current transformers in re- 
laying service, as proposed by Mr. Botton- 
ari and the writer in 1940.1 At that time we 
proposed the use of scalar addition of exci- 
tation and burden currents to obtain the 
total primary current, as evidenced by part 
b of Appendix III and Figure 8 of that 
paper. 
fact that the burden power-factor angles 
and excitation current angles were usually 
of the same order of magnitude when the 
transformer core was not saturated. When 
the core was saturated, the excitation cur- 
rent increased so rapidly with any increase 
in primary current that the error introduced 
by this method was negligible. Mr. More- 
ton’s paper provides further justification 
for the scalar method by showing that the 


Its justification was based upon the ~ 


errors introduced. by the scalar method, as — 


compared with the vector method, are less 
than the probable difference in the per- 
formance between commercial units of the 
same design. 

There has been considerable discussion of 
the best method of calculating ratio- and 
phase-angle curves from the excitation data, 
This has been very natural since such caleu- 
lations provided ihe best means of compar- 
ing results of transformer performance de- 
termined from excitation data with that 
obtained from ratio- and phase-angle tests. 
However, as the real meanings and ‘uses of 
the excitation curves become more widely 
known, there should be a diminishing need 
for calculating ratio- and phase-atgle 
curves. 

The graphical methods of curve drawing 
and chart construction, as covered by this 
paper, are of particular interest to trans- 
former designers and those who must pre- 
pare curves of transformer performance. 
However, the relay engineer will be con- 
cerned primarily with the importance of 
the ratio of Je/Is, as covered by equations 5 
and 6, and Figure 5 of the paper. This 
term, Je/Js, when multiplied by 100 has 
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been defined previously? as “‘per cent ratio 
error,’’ and the equation for the curves of 
Figure 5 has been published previously.’ 
Thus, both the ratio correction factor and 
phase angle of the transformer are a func- 
tion of the term Je/Js, which can be deter- 
mined readily from the excitation data. 
From the standpoint of simplicity and 
economy, it would seem to be to the ad- 
va tage of the relay engineer to have the 
maximum of transformer data in as com- 
pact a manner as possible, requiring a mini- 
mum of calculaiing equations and charts. 
Based on the apparently justifiable assump- 
tion that the majority of relay applications 
are made with current transformers operat- 
ing within a range of Je/Js, equal to or less 
than 0.1, there should be little need for 
supplying any data, other than an excita- 
tion curve of secondary volts versus second- 
ary-excitation amperes similar to the curves 
of Figure 4. Under these conditions, the 
per cent ratio error is less than ten per cent, 
and, as shown by Figure 5, the phase angle 
is less than six degrees, irrespective of the 
burden power-factor- and excitation angles. 
In a few problems, more detailed calcula- 
tions might require the use of the excitation 
angle as shown in Figure 6. It is obvious 
that the curves of Figure 6 give all the data 
that are required, as the curves of Figure 4 
can be calculated readily from Figure 6. 
However, since those of Figure 4 do not re- 
quire conversion to the turns base of the 


- current transformer, they provide a means 


of checking the majority of applications 
with a minimum of effort. 

Since ratio correction factor and phase- 
angle curves are often inadequate or awk- 
ward in the investigation of certain relay- 
ing problems, such as those involving tran- 


' sient performance, parallel operation, current 


leakage paths through other transformer 
secondary windings in ground relay circuits, 
and similar problems, it would appear that 
only the excitation data need be furnished 
for bushing-type current transformers. It 
should be provided in such a manner that 
the type and method of calculation could be 
any one of the many proposed, which is best 
suited to the specific problem at hand. The 
curves of the form shown in Figure 4 and 
those in Figure 6, with the magnetizing and 
loss components added, will fulfill ade- 
quately the foregoing requirements, This 
would result in a material reduction in time 
spent on making ratio and phase-angle 
curves, which are often inadequate in range 
of current or burden, and the relay engineer 
would not have his files burdened with a 
large volume of unnecessary data. 

If a method of determining secondary 
leakage reactance of current transformers, 
such as proposed by Mr. Wentz,‘ comes into 
general use, then the need for overcurrent 
ratio and phase-angle curves is entirely re- 
moved, and the meihods used to portray the 
Overcurrent performance of bushing current 
transformers could become equally appli- 
cable to all types of current transformers. 
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A. C. Schwager (Pacific Electric Manufac- 
turing Corporation, San Francisco, Calif.) 
Previously known methods for the calcula- 
tion of the ratio error of current transform- 
ers were based upon vector addition of the 
secondary and the exciting currents. In 
his paper, the author shows that, for prac- 
tical purposes, inphase addition produces 
sufficiently accurate results. 

The author is to be congratulated for this 
discovery and for having postulated so 
clearly its usefulness, the result of which 
appears to be the simplest ratio-error 
calculation method proposed to this date. 
Although transformers today are using 
steel having exciting current phase angles 
as shown in Figure 6 (25 degrees at 
maximum permeability), it must be realized 
that the method becomes inaccurate when 
lower-power-factor steel is used. An ex- 
planation of this limitation seems indicated 
in order to prevent misapplications of the 
method, possibly on old transformers in 
service. 

On page 583! the author states: ‘‘When 
the ratio errors are desired for a range of pri- 
mary current values of a multiratio trans- 
former, the labor of calculation becomes 
tremendous, even with the simplification of 
inphase addition.’’ He then develops an 
interesting graphical method and proposes 
the use of a template. 

The writer assumes that, as complete 
information on a particular transformer, the 
author intends to furnish a chart similar to 
Figure 1 or Figure 12 of his paper for a two- 
ohm burden and supplement this chart by 
an exciting current chart and a template 
for use when user’s burden differs from two 
ohms, which is likely to be the case in 99 
per cent of all applications. In Figure 4 of 
the closure to the discussion on a paper on 
current transformers? the writer has shown, 
that by using a slightly different scale, the 
author’s Figure 1 can be made to apply to 
any burden value. Combined with the 
author’s findings, this chart seems to offer 
a complete solution to the ratio-error-data 
problem, since from it the ratio error, or 
RCF, can be read directly for: 


1 Any primary current value. 

2 | eaten value. 

3. Any practical burden power factor. 
4. Any secondary turn number. 


Such a chart eliminates a good portion of 
the calculations necessary in the author’s 


- method and avoids the necessity of the use 


of a template. It is suggested that it be 
given further study, particularly on the 
part of the relay engineer who is vitally 
interested in obtaining performance data as 
directly as possible. 
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W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Many simple methods have been proposed 
within the last year or two for the deter- 
mination of bushing-current-transformer 
characteristics, but most of these have 
recommended taking into account both the 
inphase and quadrature components of 
magnetizing current and relay impedance. 
While the vector calculations involved are, 
in themselves, quite simple, the volume of 
work required, even with such useful tools 
as a vector slide rule, is generally all out of 
proportion to the value of the accuracy 
thus obtained. This is particularly true in 
view of the uncontrollable variations in the 
iron characteristics and in saturation of the 
relay burdens described by the author. It 
is, therefore, believed that he has done a dis- 
tinct service in demonstrating so clearly, 
that for the situations most commonly en- 
countéted, the direct arithmetical addition 
of bushing-current-transformer exciting cur- 
rent to the relay current to give the equiva- 
lent primary current (and thus, the ratio) 
will involve errors within usual slide-rule 
accuracy. The curves, which illustrate at a 
glance the approximate error to be expected 
by this method under various conditions, 
provide an excellent timesaver. 

Unfortunately, saturation curves are 
seldom available for any except the newer 
bushing current transformers. Use has been 
made of the inphase method to secure syn- 
thetic saturation curves from available ratio 
curves. These in turn are then used to se- 
cure ratio curves for burdens higher than 
those covered by the manufacturer’s infor- 
mation (particularly for ground relays), for 
ratios on taps for which curves are not avail- 
able, or to extend the range of certain curves. 
For assumed values of primary current, the 
secondary currents are calculated by means 
of available ratio curves, and the difference 
between these currents and values secured 
by dividing primary currents by the turn 
ratio is plotted as the difference, or excit- 
ing current. Corresponding voltage values 
are obtained by multiplying the secondary- 
current values by the assumed burden im- 
pedance. 

Accurate determination of ratio is fre- 
quently required for inverse characteristic 
ground relays, since the burden is usually 
high, and since magnetizing current must be 
supplied to three current transformers in- 
stead of to one. Even when using the in- 
phase method, the calculation of residual- 
current-transformer performance may be- 
come involved. If all of the current is con- 
sidered to flow through one conductor, then 
the voltage across one current transformer 
will be that caused by the impedance of the 
ground-relay plus the phase-relay burden, 
whereas the voltage across the idle current 
transformers will be the result of the imped- 
ance of the ground relay alone. Separate 
magnetizing currents may be computed and 
added to give the over-all equivalent ratio. 
A simpler method, which is entirely ade- 
quate unless high saturation is involved, is 
to consider that the entire circuit current is 
of zero sequence, so that currents equal and 
in phase occur in all three conductors. In 
this case, the same voltage is impressed 
across all three current transformers and is 
equal to the total or ground current multi- 
plied by the ground-relay burden plus one 
third of the ground current multiplied by the 
phase-relay burden. Since actual ground 
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faults will involve conditions between these 
two, the method recommended is to add one 
third of the phase burden to the ground 
burden and use this impedance to secure 
magnetizing-current values from the satura- 
tion curve, multiplying such values by three 
before adding them to the ground-relay 
current values to secure over-all ratio. 

A “super-short-cut’? method of securing 
residual ratio is to read from standard ratio 
curves the value corresponding to the pri- 
mary current (total ground current) with 
a burden equal to the ground-relay imped- 
ance plus one third of the phase-relay im- 
pedance and multiply the indicated turn- 
ratio difference by three. For example, if 
the standard curve indicates a ratio of 
62:1, whereas the turn ratio is 60:1; then 
the proper residual ratio is 66:1. 


Theodore Specht (Westinghouse Llectric 
and Manufacturing Company, Sharon, 
Pa.): Mr. Moreton’s method is quite 
ingenuous, but the making of the template 
would be no small task, one of which would 
be required for each size core. Also, the 
customer still would not be able to deter- 
mine performance for any burden he de- 
sired. 

Another approach to this problem can be 
made by a method that has two advantages. 
With one curve the customer can determine 
the ratio of a multiratio bushing-type cur- 
tent transformer for any burden or ratio, 
and it is a simple curve for the manufacturer 
to make. The curve is a modified excitation 
curve, not for the secondary winding of 
the transformer as in the usual case, but 
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for the primary winding. In magnitude, 


the primary current is 
In =IsNs+Ter cos (a—$) 
where 


I,N, is secondary ampere turns. 
I,, is the core exciting current from the 
primary of the transformer. 
is the burden phase angle. 
a is the core-exciting-current phase angle. 


Figure 1 is a curve of primary voltage as 
a function of J,, cos (a — #), or amperes, as 
it is called, for two values of burden power 
factor. To use the curve, the secondary 
voltage is calculated and divided by the 
secondary turns to secure the primary 
voltage. The value of amperes is read from 
the curve and added to the secondary am- 
pere turns to secure the magnitude of the 
primary current. 

From the manufacturer's standpoint, 
these curves are simple to make. For a 
particular grade of steel, a master curve, 


Figure 2 of this discussion, was drawn for a. 


transformer with a net core area of 2!/, 
square inches and a mean core diameter of 
ten inches. These core dimensions, with the 
current scale one ampere per inch and the 
voltage scale 0.01 volt per inch, then gave 
a curve that fit the sheet well. On the mas- 
ter curve, though, no scales are actually 
drawn in, 

For any particular transformer the volt- 
age will be proportional to the core area. 
Hence, at one inch on the voltage scale on 
the master curve 


E,= 004) 


and, if at y inches the voltage is 0.01 volt 
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Figure 1. Curve for particular transformer in- 


structions for using curve: 
Instructions for using curve: 
Given: 


Secondary amperes 
Secondary burden, ohms 


Procedure: 


1. Find total burden; add winding resistance 
to actual burden 


2. Find volts per turn from 


secondary amperes X ohms 


V/T= 


turns in winding 


3. Read ‘‘amperes’’ from curve and add to 
this the secondary ampere turns to secure true 
primary current 


950 


i an y y inches 

A curve for a particular transformer is 
prepared by drawing in the voltage scale 
on a reproduction (photolitho) of the mas- 
ter curve with 0.01 volt at 2.5/A inches, 
where A is the cross-sectional area of the 
core. 

By a similar reasoning, the exciting cur- 
rent is proportional to the mean diameter 
of the core. Hence, at one inch on the cur- 
rent scale of the master curve 


(2) (10) 


and, if at x inches, the amperes are 1 am- 
pere 


ID+0D 
ae 20 
i i. 2. ee eo 


Therefore, on the reproduction of the master 
curve for a particular transformer, the cur- 
rent seale is drawn in with 1 ampere at 
20/(ID + OD) inches from the origin. 
These instructions are given in Figure 3 
of this discussion, which shows where to 
draw in the one-ampere line and the 0.01- 
volt line. Figure 1 is a curve drawn in this 
manner for a core with an inside diameter of 
six inches, an outside diameter of 7'/, 
inches, and a net core area of 4.28 square 
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Figure 2. Master curve, reproductions of 
which are used by manufacturer in preparing 
curves for particular design 
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neers 


A reproduction of the master curve is ordered, 
ascale put on according to above formulas, and 
a curve number assigned to the reproduction 


inches. On the curve is shown a develop- 
ment of winding and the winding resistance, 
along with instructions on how to use it. 

Another possible use of these curves is to 
predict the inphase component of current 
drawn by “dead” current transformers in 
various relaying schemes. This current 
can be referred to the secondary by dividing 
the amperes from the curve by the second- 
ary turns. ° 

This system of making curves then has 
the advantages of simplicity in making, and 
greater flexibility and range in use. A 
similar scheme can be used to determine 
phase angle. 


W. E. Marter (Duquesne Light Company; 
Pittsburgh, Pa.): Mr. Moreton’s paper is 
a valuable contribution to the information 
on current-transformer characteristics, and, 
because of the simplification introduced, 
the methods described in the paper should be 
accepted widely by operating engineers. 

Since the method depends on data taken 


‘from excitation curves, it is thought that 


some additional comment by the author on 


the method of obtaining the excitation — 


characteristic would be helpful, and that 
possibly a standard method of obtaining ex 
citation characteristics should be considered. 
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It has been found in making test-excita- 
tion curves on the secondary winding of a 
bushing transformer that considerable vari- 
ation in the curve, above the knee of the ex- 
citation curve, is obtained, depending on 
whether sine-wave current or sine-wave 
voltage is maintained by the test source, 
and additional variation exists, depending 
on the type of instruments used to measure 
the current and voltage. 

Mr. Moreton, in the summary of his 
paper, has pointed out the necessity for 
more complete information on relay burdens 
at overcurrents. It was suggested to the 
relay subcommittee, when revision of the 
manufacturer’s catalogue sections was being 
discussed, that a curve be included in cata- 
logue data on relays showing the burden at 
various currents. No results of this sugges- 
tion are apparent at the present time. 


S. D. Moreton: The fundamental purpose 
of this paper was based on the desire to of- 
fer a satisfactory and conclusive answer to 
the questions raised by American Standard 
C 57.1, section 4.033, “Application Data 
for Current Transformers” paragraph C and 
D which state: 

C “Standard Ordinates and Type of Scales for 
Curves. Not yet established. 


D “Standard Method of Calculations. 
established.”’ 


Not yet 


The use of log-log paper for giving excita- 
tion characteristics seems advisable in order 
to cover a sufficient range of flux density for 
all relaying applications. The use of the 
special log—log paper with its triscales seems 
to present an ideal way of giving all ratio 
characteristics without calculation. The 
results obtained by inphase addition have 
been proved to be within acceptable limits 
based on available data for relaying appli- 
cations and accepted without reservation 
by the discussers. The advantages of in- 
phase addition are manifold: 

1. The necessary data are kept to a minimum, 


since inphase addition does not require a knowledge 
of excitation and burden phase angles. 


2. The required data may be measured easily with 
available instruments. 


3. The calculated results give values on the pessi- 
mistic side, thus automatically compensating for 
the phase-angle characteristics of the transformer 
in regard to the relay application. 


4. The calculation procedure is straightforward 
and thus easily remembered by the infrequent user. 


5. Problems involving ground relaying with many 
transformers effectively in parallel are easily 
handled. 


PHASE ANGLE 
20° 30°50° 90° 


Mr. Schwager questions the accuracy of 
this method when used to calculate the 
characteristics of transformers having low- 
power-factor steel. Figure 4 of this closure 
shows the excitation characteristics of such 
a low-power-factor steel having a minimum 
phase angle of 50 degrees and is based on the 
same size core as the characteristics given in 
Figure 6 of the paper, which represents a 
high-power-factor steel having a minimum 
phase angle of 25 degrees. The errors in- 
troduced by inphase addition for this 
low-power-factor steel are best shown 
graphically, as in Figure 5 of this closure, 
which is comparable with Figure 1 of the 
original paper. As Mr. Schwager pointed 
out, the errors are somewhat greater for a 
high-power-factor burden, but they are 
also correspondingly smaller for a low- 
power-factor burden. If these calculated 
results are compared with Figure 6 of this 
closure, which represents the band ratio 
characteristics based on +50 per cent vari- 
ation in exciting current, the errors intro- 
duced by inphase addition are found to bea 
relatively small part of the total possible 
variation. A band curve of +50 per cent 
is chosen as typical of the variation obtained 
on this old-type hot-rolled steel, as men- 
tioned in the original paper under ‘‘Accuracy 
Factors.’”’ Mr. Schwager also mentions 
that by the use of Figure 4 of the closure to 
the discussion of his paper a good part of 
the calculations necessary for the template 
method could be avoided. Mr. Schwager’s 
calculations give points on the ratio-cor- 
rection-factor curves, many of which are 
necessary to determine the curve. The 
major advantage of the template method is 
that by solving only two equations: Per 
cent J; = CN/Z and RCF — 1 = D/N 
(per cent J,) which is only a single point, 
the complete ratio characteristic is obtained, 
and thus Mr. Schwager’s point-by-point 
method is eliminated. 

Mr. Marter mentions that in making tests 
on bushing current transformers consider- 
able variation in the curve above the knee is 
obtained, depending upon the source and 
the type of instruments used (see Figure 7 
of this closure). This variation is, of course, 
brought about by the presence of harmonics 
caused by the saturable characteristic of the 
iron core. If a sine-wave voltage is used 
any type voltmeter will give the same re- 
sults, since the harmonics then must appear 
in the current circuit; but, because of the 
wave shape and the flatness of the curve 
above the knee, there is very little change in 


Figure 4 (left). Exci- 
tation characteristic 
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1000 10,000 


of low-power-factor 
steel 


the current. If sine-wave current is used 
an iron-vane-type voltmeter will indicate 
an rms value of the wave that is appreciably 
greater than the results obtained with a rec- 
tifier-type voltmeter, which indicates the 
fundamental component very closely on this 
type of peaked wave. The majority of the 
data available, including the curves in this 
paper, are based on fundamental magnitude 
only, whether they are measured with a sine- 
wave voltage and any voltmeter, or a sine- 
wave current and a rectifier-type volt- 
meter. Thus, this type of excitation curve 
shows very clearly that there is relatively 
little increase in the fundamental compo- 
nent of the secondary current from a bushing 
current transformer once the knee of the 
curve has been passed. The core can be 
considered as a generator of odd-harmonic 
voltages for current in excess of that which 
saturates the core, and thus harmonics are 
fed into a parallel path consisting of the 
primary line circuit and the secondary bur- 
den circuit. Usually the impedance of the 
primary line circuit is relatively high com- 
pared with the generated back voltage, and 
the harmonics tend to flow entirely in the 
secondary burden circuit, distorting both 
the secondary voltage and the secondary 
current. These harmonics affect the relay 
response in different fashions, depending 
upon their sensitivity to the harmonics. 
Fortunately relay burdens, being primarily 
inductive, have burdens proportional to the 
order of the harmonic, and, even though 
the harmonic voltage is high, the actual 
current flowing through the relay is pro- 
portionately small. Finally, once the knee 
of the curve is passed, the ratio error in- 
creases abruptly, as evidenced by the ratio- 
correction-factor curves on log-log paper, 
and thus the application engineer would 
avoid operation beyond this point; there- 
fore, it makes little difference what happens 
once the knee of the curve has been passed, 
since it is of academic interest only. Thus 
the conclusion is reached that the excitation 
curve could be taken in any manner de- 
sired; it is not necessary to use either a 
sine-wave voltage or a sine-wave current, 
and the source of excitation may be sup- 
plied, either from the primary or from the 
secondary. But it would be advisable to 
use a rectifier type of voltmeter in order to 
avoid the misleading results obtained by the 
generation of harmonics. 

Mr. Specht, in his first paragraph, evi- 
dently misunderstood one of the main fea- 
tures of the template method. The ratio- 


Figure 5 (right). 
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correction-factor template, as given in 
Figure 11 of the paper, is good for all sizes 
of cores and all burden magnitudes. Since 
it is based on inphase addition, it is inde- 
pendent of burden and excitation phase 
angle. In addition, it is good for all com- 
mercial frequencies since the shape of the 
curves is unaffected by frequency; thus, 
one template will give any or all ratio char- 
acteristics. 

The method of calculation described by 
Mr. Specht is based on the arithmetical 
addition of the primary component of the 
exciting current, which is in phase, with the 
secondary current to the secondary ampere 
turns to obtain the primary current. It is 
the same method suggested by Mr. Agnew.! 
This same fundamental method was also 
used by Mr. Wentz in his paper? on current 
transformers. Vectorially speaking, this 
type of addition gives J, cos 8 which is in 
error to J, by the magnitude of cos 8. 
Thus, the results so obtained are on the 
optimistic side, since they indicate ratio 
errors smaller than those obtained from the 
actual. transformer. The application en- 
gineer, therefore, would have to allow a 
“factor of safety’? to ensure correct opera- 
tion of the relay scheme. This error intro- 
duces limitations on the use of the method, 
particularly as the difference angle (a — 
¢) approaches 90 degrees, which is entirely 
possible with a unity-power-factor burden 
and core excitation just a little above the 
knee of the curve. Here the expression 


Tez Cos (a — $) approaches zero as (a — ¢) 
approaches 90 degrees, thus making J, equal 
Even though this is an extreme 


to I;Ns. 


500 700 1000 


example, it typifies the trend of cos (a — 
¢), thus hiding the fact that the trans- 
former is very badly off ratio. Conversely, 
the inphase addition method gives values 
on the pessimistic side, since it indicates 
ratio errors in excess of those obtained from 
the actual transformer, and thus a ‘‘factor 
of safety”’ is not necessary. 

Mr. Specht’s explanation of the master 
curves could be summed up more easily by 
stating that the voltage scale is proportional 
to the cross-sectional area of the core, and 
the current scale is inversely proportional 
to the mean length of magnetic path. Manu- 
facturers could supply easily both an exci- 
tation curve based on unit area and unit 
length of path and one based on the actual 
area and length of path for the particular 
transformer; hut this still represents a 
point-by-point method, whereas the tem- 
plate method gives complete curves at one 
calculation, 

Mr. Woods brings out the point that, in 
the majority of calculations involving cur- 
rent transformers for relaying service, there 
is very little need for phase-angle data. 
This point might be emphasized more 
strongly by an analysis of relay operation. 
Only those relays that involve the compari- 
son of two currents, or a current and a volt- 
age, are affected by both ratio- and phase- 
angle errors. Most relays that compare 
two currents have restraint coils that permit 
a discrepancy between the two currents. 
In the case of a differential relay having a 
25 per cent slope characteristic, operation 
will be successful from two current trans- 
formers that have a maximum RCF differ- 
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Figure 7. Saturation character- 


1) 


ence of 0.25. These relays purposely are 
made insensitive to phase-angle differences 
between the two currents. True impedance 
relays are, of course, independent of phase 
angle. Reactance relays will develop an 
error in terms of the line phase angle, which 
for a fault is usually around 75 degrees. 
This results in an error, for example, of sin 
75 compared with sin 69 (six degrees dif- 


ference as Mr. Woods pointed out as maxi- 


mum) or 3.2 per cent error under the worst 
condition. The ratio error for such a con- 
dition, as pointed out by Mr. Woods, would 
be in the neighborhood of ten per cent. 
This 3.2 per cent error, introduced by ignor- 
ing the phase angle, would be compensated 
for by the pessimistic results of inphase addi- 
tion, which would be in the neighborhood of 
3.5 to 4 per cent. The conclusion is reached 
that, of the two inherent errors, the ratio 
error is by far the determining factor in 
those relay applications that involve both. 
It seems possible that, as this becomes more 
widely known, there will be little or no 


need for phase-angle data for any relaying 


application. 
Mr. Brownlee’s excellent analysis of the 
ground-relaying problem leaves little more 


to be said on the subject with the exception _ 


that the method chosen depends secondarily 
upon the location of the fault with respect 
to the transformer, the source, and the 
grounding point, and primarily upon the 
magnitude of the ground burden with re- 
spect to the phase burden. If this ratio is 
large (10 or more), which is usually the case, 
it does not matter which method is used, 
since all three transformers are effectively 
in parallel across the ground burden, and 
the phase burden is then negligible compared 
with the ground burden. 
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Report on Application 
of Lightning Protective 
Devices in Wartime 


Discussion and closure of paper 43-111 by 
the lightning arrester subcommittee of the AIEE 
committee on protective devices, presented at 
the AIEE national technical meeting, Cleve- 
land, Ohio, June 21-25, 1943, and published 
in AIEE TRANSACTIONS, 1943, Septem- 
ber section, pages 586-8. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The scope of the report, it seems to 
me, is broader than stated. It*embraces 
more than the material involved in different 
types of arresters, or the maintenance of 
arresters, or lowering the rating of arresters 
already installed. The purpose of protection 
is to assure that there will be no interference 
by lightning with the delivery of power, and. 
that this object be accomplished with the 
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minimum expenditure of material and man- 
hours of maintenance or repair on the 
system. This is the scope of the report. 

Under “Rebuilding and Revamping Old 
Arresters’”’ it is apparently the purpose of 
the report as written to recommend merely 
the reducing of ratings of arresters by remov- 
ing sections. Where this is safe, it is an 
improvement that involves no critical ma- 
terial. If, however, by revamping and re- 
building is meant the substitution of modern 
up-to-date elements in obsolete arresters, it 
will generally be found that less critical 
material will be involved in replacing such 
obsolete arresters by complete new ones. 

In connection with mention of protective 
devices other than arresters, we believe it 
should be pointed out that devices that do 
not incorporate circuit-clearing features, 
such as rod gaps, are not, strictly speaking, 
lightning arresters because they will not 
prevent system outage unless they are as- 
sisted by other equipment such as fuses and 
circuit breakers. 

There is a subject that has not been 
covered in the report which we believe 
should not be omittéd, especially since the 
report puts particular stress on the conserva- 
tion of material. It has to do with the 
lightningproofing of transmission lines. 
This is accomplished successfully by one of 
two means: overhead ground wires or 
protector tubes. In the past it has been 
logical to make the choice of one or the 
other on the basis of cost. Frequently, 
especially in new construction, the over- 
head ground wire has the advantage from 
this standpoint. However, it should be 
borne in mind that the amount of critical 
material involved in protector-tube installa- 
tions will generally be less than the amount 
of critical material involved in an adequate 
overhead ground-wire installation. Con- 
sideration should be given to this in the 
design of new lines or in the rebuilding of 
existing ones, and I believe that a report on 
conservation of critical material in light- 
ning-protective devices in wartime should 
call attention to this matter. 


I. W. Gross (chairman, lightning arrester 
subcommittee 1942-43): Since the pur- 
pose of the committee report was to bring 
to the attention of the industry some fea- 
tures worth while in conserving materials 
and man-hours in the war effort, it is quite 
gratifying to find that Mr. Beck’s discussion 
has amplified to some extent a few of the 
points mentioned in the paper, but not 
discussed fully therein. 

The scope of the report necessarily had to 
be brief and concise, but as pointed out by 
Mr. Beck, application of one or more of the 
suggestions mentioned may have a much 
broader aspect than the mere saving of 
critical material; for example, maintenance 
of electrical service to a standard acceptable 
under war conditions. 

On the subject of “Rebuilding and Re- 
vamping of Old Arresters,”’ of the oxide- 
film type at least, there is involved a con- 
siderable increase in protection of equip- 
ment as well as a saving or salvaging of 
usable material, such as the oxide-film cell 
units. While it may not be possible in most 
cases to rebuild these salvaged units into 
new arresters, they are available for replace- 
ment when and if the cells in service become 
defective, as found on periodic inspection, 
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thus not requiring new material in such 
servicing. 

It is rather difficult to visualize how there 
is any saving in critical material by sub- 
stituting new arresters for old ones, unless 
it is maintained that the salvage from the old 
arresters will more than compensate for the 
material used in the new ones. This, how- 
ever, does not seem to be a very plausible 
basis for analysis. 

The point made by Mr. Beck that light- 
ning arresters, strictly speaking, are devices 
which on functioning will not cause inter- 
ruption of power flow on the system, while 
other devices such as rod gaps may result 
in outages, is well taken. As mentioned in 
the report, however, the preference in the 
choice of an arrester as against a similar 
device which may result in a momentary 
power interruption is outside the scope of 
the report. 4 

While the subject of protecting transmis- 
sion lines from lightning by such means as 
shielding with ground wires or the use of 
protector tubes is of importance in any 
system layout, just how far to go in any 
particular case is one of individual judgment 
and local conditions. 

This report limited its scope to protective 
devices as such and to their general applica- 
tion in the protection of various types of 
devices and equipment, and not to the pro- 
tection of the electric system as a whole. 
There are many other ways of dealing with 
lightning on a transmission line; for ex- 
ample, by high speed reclosing breakers, use 
of ground wires, counterpoises, high insula- 
tion, and so forth. Just which of these de- 
vices or methods to use, if any, is again a 
matter involving a study of local condi- 
tions and individual judgment in each case. 


Frequency Modulation for 
Power-Line Carrier Current 


Discussion of paper 43-112 by E. W. Kene- 
fake, presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, October section, pages 616-20. 


E. H. Bancker (General Electric Company, 
Philadelphia, Pa.): Although carrier-cur- 
rent equipment has become fairly well stand- 
ardized, this does not mean that develop- 
ment has ceased. It does mean that the 
talent of the engineering force that pre- 
viously was devoted to engineering each 
application has been released for investiga- 
tion of ways to improve the standard prod- 
uct. Mr. Kenefake’s paper gives some of 
the early results of such an investigation 
and points the way to what may be in store 
in the future. To those of us who have been 
impressed with the performance of fre- 
quency-modulated radiobroadcasts in com- 
parison with amplitude modulation, Mr. 
Kenefake’s paper answers our question as 
to whether, and how, the same good results 
could not be secured in the carrier field. 
You will undoubtedly agree that the results 
of the experiment indicate that reduction in 
power requirement or increase in range of 
successful operation are not very remote 
possibilities in the carrier field. 
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Aircraft Electric Power- 
Supply System 


Discussion and author's closure of paper 
43-123 by J. E. Yarmack, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, October 
section, pages 655-8. 


E. C. Wentz (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
To those who have been associated closely 
with the aircraft industry, the accomplish- 
ments set forth by Mr. Yarmack may not 
seem remarkable, but a comparison of Mr. 
Yarmack’s transformer with the ordinary 
dry-type transformer will emphasize the 
magnitude of his accomplishment. For in- 
stance, we recently redesigned our standard 
dry-type transformers and reduced the 
weight of active material in the 25-kva 60- 
cycle design to 218 pounds, which we still 
think is very good by ordinary standards, 
but Mr. Yarmack gets 33.7 kva in 80 pounds 
total weight. 

The interesting conclusion is that the 
transformer engineer must forget nearly all 
he knows about transformer design before 
he begins to design an aircraft transformer. 
It is still one of the almost unexplored fields 
of engineering. Not nearly as much has 
been done as will be accomplished in the 
future. 

As an illustration, a design for the same 
service which we made, after Mr. Yarmack 
had made his, put out 36 kva and weighed 
only 25 pounds. Its iron loss was 230 com- 
pared with Mr. Yarmack’s 320, and our full- 
load copper loss was 1,420 (at 75 degrees 
centigrade) compared with 1,230. This is 
not by way of disparagement of Mr. Yar- 
mack’s accomplishment; it merely illus- 
trates the rapid progress in the industry and 
the opportunities still open to the designer. 
Mr. Yarmack can undoubtedly produce 
figures on a newer design, even lighter and 
more efficient than ours. 

It is interesting to note the relatively 
high efficiencies of these new transformers. 
The losses in a conventional 25-kva 60- 
cycle design are 140 iron and 410 copper 
compared with 230 and 1,420. The increase 
in loss does not go in inverse proportion to 
the decrease in weight. 

The greatest reduction in size comes from 
the higher frequency of 400 cycles. Hipersil, 
in the thickness of 0.007 inch, can be worked 
at nearly saturation density at 400 cycles 
without excessive loss. As far as the trans- 
former industry is concerned, the introduc- 
tion of Hipersil means that 60 cycles is now 
a most uneconomical frequency. For air- 
craft transformers it now appears that 600 
or 800 cycles would be more economical. 

These transformers are air-blast cooled 
and operated at about 80 degrees centigrade 
temperature rise, which is convenient be- 
cause the rectifier needs the air blast any- 
way. Nearly as good results can be at- 
tained in self-cooled designs if the newer 
insulating materials, allowing temperatures 
up to 250 degrees centigrade, are used. It 
is doubtful that air-blast transformers will 
be worked normally at 250 degrees centi- 
grade because of even lower efficiencies and 
because of the hazards of working copper 
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so hard that a few seconds of interruption 
of the air blast will melt the windings. 

Mr. Yarmack has done a notable job in 
organizing and successfully completing a 
development which presented so many new 
problems. 


H. J. Braun and C. G. Veinott (Westing- 
house Electricand Manufacturing Company, 
Lima, Ohio): Rectified alternating current, 
as a source of d-c power for aircraft use, 
has long beén an intriguing possibility. Mr. 
Yarmack’s paper summarizes some of the 
more recent attempts to use selenium recti- 
fiers for this purpose and represents a worth- 
while contribution to the art. It may be 


well to point out, however, that there are 


Figure 1. A\jircraft transformer-rectifier unit 


Built in 1930. Output 1,000 volts, 400 
milliamperes 


Figure 2. Avircraft rectifier 


Rated at 200 amperes, 30 volts. Weight 13 


pounds. Built in 1942 


Figure 3. Engine-mounted aircraft alternator 
made to supply power for rectifier shown in 
Figure 2 
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Figure 4. Fan- 

cooled transformer— 

rectifier unit for air- 
craft service 


Rated 12 kw 


other types of rectifiers which also have pos- 
sibilities for this application. 

In 1930 operating experience of the United 
States Navy demonstrated that a-c genera- 
tors were far more reliable for aircraft use 
than the 1,000-volt d-c generators it was 
then using. At their request we developed 
a rectified a-c system deliveriag 1,000-volts 
direct current. For this system a mercury- 
vapor rectifier, shown in Figure 1 of this 
discussion, was used. 

More recently, because of the low d-c 
voltages required, we have devoted our at- 
tention to the use of dry-plate rectifiers. 
While both selenium and copper-oxide rec- 
tifiers have been considered, most of our 
activity has been with the copper-oxide type. 

During the winter of 1941-42, a 200- 
ampere 30-volt rectified a-c system was de- 
veloped. The rectifier built for this system 
used copper-oxide plates and was cooled by 
a blast tube. It weighed only 13 pounds. 
Figure 2 of this discussion shows this recti- 
fier. The a-c power for this system was 
furnished by an alternator which weighed 
24.6 pounds and which operated at a speed 
of 5,000 to 10,000 rpm. Figure 3 of the 
discussion shows this alternator. The 
weight of the total system was 37.6 pounds 
which compares quite favorably with the 36- 
pound weight of the equivalent d-c machine. 

Later in 1942 a 400-ampere rectified a-c 
system was developed. The rectifier in this 
system was part of a packaged unit con- 
taining a transformer and a motor-driven 
cooling fan. This unit was probably the 
first of its kind ever built for aircraft use. 
Figure 4 of this discussion shows this com- 
plete unit with the cover removed. The 
component parts are clearly visible It has 
been tested to a pressure altitude of 39,000 
feet. 

Since both copper-oxide and selenium 


rectifiers offer promising possibilities for use ~ 


in aircraft, some comparisons may be in 
order. Recently we have built rectifying 
elements for a 200-ampere copper-oxide 
rectifier. A comparison with the data in 
Mr. Yarmack’s Figures 3, 4, and 5 shows 
practically identical efficiency and weight, 
but the copper-oxide elements occupy a 
space of 0.14 cubic foot compared with Mr. 
Yarmack’s “‘less than 0.25 cubic foot.” 
One of the original reasons for giving 
serious consideration to the use of rectified 
alternating current as a possible alternate 
to a d-c generator was the extreme difficul- 
ties then being encountered with excessive 
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brush wear at high altitudes. So much prog- 
ress has now been made in the solution of 
the high-altitude brush problem that recti- 
fied alternating current is not now so likely 
to replace d-c generators as a main source of 
electric power as it might have been had 
progress not been made in the brush 
problem. 


C. C. Horstman (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): Mr. 
Yarmack has presented a very interesting 
solution to the problem of obtaining large 
power-plant capacity in aircraft. His solu- 
tion for obtaining a very light transformer 
has been especially interesting to us. 

As stated by Mr. Yarmack, he achieved 
this result by using a very unique design 
with the latest kind of material. The ad- 
vent of the new low-loss high-permeability 
oriented type. of electrical steels has been 
timed most fortunately to coincide with the 
demands for lighter transformers. Mr. Yar- 


mack has pointed out that in a transformer ~ 


for aircraft it is most important to have 
minimum weight, but it is also important 
to have high efficiency and satisfactory serv- 
ice, 

For some years we have had Hipersil core 
material in standard 29-gauge thickness for 
use in power transformers. This material is 
characterized by very low losses and high 
permeability in the rolling or grain direction. 
These results are obtained by a carefully 
controlled rolling and heat-treating cycle, 
such that the crystals of silicon steel are 
oriented preferably with an easy direction 
of magnetization in the rolling direction. 


Hipersil type-C three-phase core 


Figure 5. 
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Figure 6. Comparative core loss of Hipersil 
conventional cores 


In order to make efficient use of these good 
magnetic properties in the grain direction, 
it is necessary that the material be made into 
a core so that all the flux coincides with the 
grain direction. 

This construction is illustrated in Figure 5 
of this discussion. The core is made by 
winding two loop sections with a third sec- 
tion wound on the outside of the two, the 
whole core annealed at high temperature, 
impregnated, bonded solidly together, and 
then cut in two to form two pieces for ease 
of assembly. In this type of construction 
all the core material is active, resulting in a 
minimum weight for the core. Mr. Yar- 
mack has shown the complete simple fram- 
ing construction possible in his paper. 

For use in this type of transformer operat- 
ing at 350 cycles and upwards, Hipersil 
steel has been developed to have preferred 
orientation down to a thickness of seven 
mils. It is only by using a core material of 
this thickness with the very low hysteresis 
losses and high permeability of Hipersil 
that the unique features of the design can 
be achieved. Figure 6 of this discussion is a 
comparison of the core losses of this type of 
core compared with standard cores; it 
illustrates the large increases in working 
inductions that are possible with this core 
material, 

It might be well to mention that the butt 
joint used in this type core is very beneficial 
at the high frequencies and high flux densi- 
_ ties involved. Figure 7 of this discussion 
will illustrate this point showing how the 
butt joint of the Hipersil core eliminates 
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ALTERNATE BUTT AND LAP JOINT 


HIPERSIL CORE BUTT JOINT 


Figure 7. Comparison of Hipersil core butt 
joint with the conventional alternate butt and 
lap joint 


reduced section of irom has enabled him to 
develop a very clever design for the copper 
coil and by careful design of all features 
has produced a transformer that will fit 
very well with the lightweight rectifier into 
an a-c—d-c aircraft system. 


J. E. Yarmack: The comments expressed 
by Mr. Horstman and Mr. Wentz are grati- 
fying, since they amplify the transformer- 
core data. They are also welcome because 
they represent additional valuable remarks 
on the properties of Hipersil. This type of 
transformer core will play an important 
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Figure 8. Relation of weights of aircraft 
electric-power generating equipment to the 
d-c output current 


ever, to make emphatic engineering state- 
ments until after the completion of exten- 
sive tests and experiments. 

Advocation of the a-c-d-c system as a 
substitute for the straight P-2 system may 
be viewed in the light of characteristics 
shown in Figure 8 of this discussion. The 
weights shown on this plot may deviate 
somewhat and are being cited with due re- 
spect for the skill of individual designers and 


Approximate Weight Comparison of Component Parts in Three Aircraft Power 


Schemes 


3-Kw Direct Current 
and 1.5-Kva Alternating 
Current—D-C System 


6-Kw Direct Current and 1.5-Kva 
Alternating Current—A-C-D-C System 


6-Kw Direct Current and 
1,2-Kw Alternating Current 
—NEA-5, U. S. Navy 


(P-2) (400 Cycles) (800 Cycles) 

Equipment Pounds Equipment Pounds Equipment Pounds 
D-c generator....... 35 AT PERMAtOnue en eae) dey eertecycta wri ene iO. A-c-d-c gemerator..... 45 
RVERUIACOM Lat oes 3 Rectiterinc se auitelereruccletevpie oa ea nr aorta ba 10 A-c regulator......... 3 
Current relay....... 2 A-cregulator and transformer...... 10 D-c regulator......... 3 
1.5-kva inverter... ...34 Dre regulator, sok euis acer e cele ee 3 Current relay........, 2 
Cue Aine othr oA ad 75 SE Otel Sresrwy stor eases Wy wiertbhaitn rer sea lalshe;s 53 SROCA re tesisterein ephct. ta: 53 
role in the electrical industry and, in even a manufacturers. Thesteepness of the curve 


greater degree, among the electrical engi- 
neers participating in the aviation industry. 

The discussion by Braun and Veinott 
should be taken only with full cognizance 
of the fact that the author’s paper repre- 
sents a report as of the end of 1942. A 
selenium rectifier of much smaller size and 
weight than the one illustrated in the paper 
was already available during the first half 
of this year. It did not seem desirable, how- 


illustrating the weights of d-c generators in- 
dicates that the weights of d-c machines of 
higher than 200-ampere rating are prohibit- 
ingly greater if they are flange-mounted, 
that is, according to present practice. 
One of the possible and very feasible 
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crowding of flux in every other lamination RECTIFIER ie vOur 
. 30 VOLTS D-C 

of a conventional alternate butt and lap 300 AMPERES 

joint. At high frequencies or high densities D-¢ 

this flux crowding will cause early satura- ENGINE Corer 

tion, high losses, and high magnetizing 30 VOLT 


Figure 9. Schematic diagram 
of aircraft electric-power plant 
utilizing alternator, rectifier, 
and also a-c and d-c regulators. 
The system gives dual output 


current, 

Mr. Yarmack has very ingeniously in- 
corporated this new thin-oriented-Hipersil 
three-phase core into a transformer having 
high efficiency and minimum weight. The 


8.5-KVA 
ALTERNATOR 
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solutions could be an a-c—d-c system utiliz- 
ing alternators, rectifiers, transformers, 
and both a-c and d-c regulators (Figure 9 
of this discussion). Such a system could be 
useful in an aircraft employing a-c-operated 
apparatus. As far as weights are concerned, 
the system offers considerable advantages 
(Table I of this discussion) and, at the same 
time, gives a marked increase in the total 
amount of electric power. It is of interest, 
however, to point out the similar weight 
analysis of the 800 cycles per second system 
employing an a-c-d-c generator that weighs 
45 pounds. ‘The latter plant, on the other 
hand, being of 800 cycles, adapts itself 
more readily to a smaller-size aircraft 
where radio equipment, rather than power 
equipment such as electric motors, is pre- 
vailing. 


Characteristics and Applica- 
tions of Selenium- 


Rectifier Cells 


Discussion and author's closure of paper 
43-124 by Edgar A. Harty, presented at the 
AIEE national technical meeting, Cleveland 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, October 
section, pages 624-9. 


C. A. Kotterman (consulting engineer, New 
York, N. Y.): The author of this interesting 
paper states in his introduction that a 
manufacturing plant has been set up which 
permits producing cells in large quantities 
within close electrical tolerances. Yet, in 
his introduction to ‘Electrical Character- 
istics of the Elements,” he states that ‘‘ it is 
impossible to make all cells exactly alike 
as to characteristics... .”’ ‘‘A slight devia- 
tion should be expected between individual 
cells.” It would be very helpful to users of 
rectifiers if they could be given something 
more concrete about this deviation instead 
of the rather indefinite statements in the 
paper. 


AGING 


The increase in forward resistance with 
time of operation of metal-plate rectifiers 
is known as aging and is common to all such 
types of rectifiers, although different types 
age at different rates. 

Mr. Harty refers to this phenomenon of 
aging at least five times in his paper, but, 
unfortunately, he does not give us any 
quantitative information on this point. 
Another manufacturer of selenium rectifiers 
in the United States asserts that the forward 
resistance of his elements increases approxi- 
mately 50 per cent during the first 10,000 
hours of operation. I am sure some further 
statement from the speaker regarding this 
important matter of aging would be of 
general interest and very helpful to those 
of us who are daily designing equipment 
using the selenium rectifier. 


RELATION OF RECTIFIER RESISTANCE TO 
ToraL RESISTANCE OF THE ASSOCIATED 
Circuir 


It has been stated that, to minimize the 
effect of rectifier resistance on the rectifier 
circuit, the recommended ratings of the 
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General Electric selenium rectifier have been 
chosen so as to make the rectifier resistance 
about 10 per cent to 15 per cent of the cir- 
cuit resistance. How does this hold for 
battery charging? 


RECTIFIER DESIGN 


In the example cited by the author on 
page 629, he states that, for a 30-volt one- 
ampere rectifier, three is the minimum 
number of bridges to be selected. Should 
that not be the minimum number of cells 
in series? If ‘“‘bridge’’ is really meant, in 
light of the author’s definition of unit recti- 
fier, then I believe that the rectifier nomen- 
clature will be confused rather than clarified 
by the use of “bridge.’”’ In my experience 
bridge has always referred to a single-phase 
full-wave rectifier consisting of one or more 
rectifier elements in series per arm. 


Lire TESTS 


The published life-test data look very 
good. However, the data are not of very 
much practical value to the users of recti- 
fiers, because they do not give the ambient 
temperature in which the tests were run, 
nor the current density. Were the test 
stacks derated in any way? As the data 
represent constant load, what sort of curves 
would be expected for constant current? 
What percentage of increase in reverse 
resistance would be expected along with the 
increase in forward resistance? What sort 
of curves could be anticipated where the 
current density per unit area is above 
normal, say up to 2.5 times the normal cur- 
rent rating? 

In view of the interest shown in the heavy- 
current metal-plate rectifier application to 
d-c power supplies for aircraft, would Mr. 
Harty care to discuss the probable trend of 
these life-test curves where the current 
density is between two and three times 
normal and the frequency varying between 
200 and 800 cycles? 


H. J. Braun and C. G. Veinott (Westinghouse 
Electric and Manufacturing Company, 
Lima, Ohio): E. A. Harty has presented 
many useful technical data on the charac- 
teristics of selenium cells. These data 
should prove of value to engineers in apply- 
ing these cells. 

Mr. Harty has used a symbolic notation 
for the various rectifier circuits different 
from the one with which we are familiar. 
In the interests of standardization, a com- 
mon language in speaking of the various 
metallic-rectifier circuits would be highly 
desirable. We have been using a notation 
based upon the mnemonic word ASP, where 
A stands for the number of arms in the 
rectifier, S stands for the number of cells 
in series in each arm, and P stands for the 
number of cells in parallel in each arm, 
Thus a three-phase bridge circuit would be 
represented by the notation 6-1-1, or 6-3-5, 
or 6—S—P, depending, of course, upon the 
necessary combination of plates to handle 
the voltage and current requirements of 
the completed rectifier. 

For further use of this system by other 
people see reference 1. 


REFERENCE 
1. SeLentuM RECTIFIERS AND THEIR DESIGN, 


John E, Yarmack. AIEE TRANSACTIONS, volume 
61, 1942, July section, pages 488-95. 


Discussions 


Edgar A. Harty: The author expresses 
thanks to H. J. Braun, C. G. Veinott, and 
C. A. Kotterman for their comments. 

The symbolic notation used by the manu- 
facturers of copper-oxide rectifier cells was 
based on the formula ‘‘arms-series-parallel”’ 
where a figure showed the number of arms 
in the circuit, another one the series cells, 
and finally a third one the cells in parallel. 
For example, 4-1-1 represented a single- 
phase full-wave bridge circuit using one 
cell per arm. A _ three-phase full-wave 
bridge circuit was indicated by 6-1-1. 
However, a two-phase center-tap circuit 
also used 4-1-1, and all three-phase cir- 
cuits shown in Figure 19, except the half- 
wave one, used 6-1-1. 

The symbolic notation used in this paper 
avoids this duplication and also attempts to 
offer a notation which not only describes 
the circuit but also shows how the cells are 
functioning. 

In connection with the variation between 
cells, our one-square-inch cells are held 
between plus or minus one milliampere at 
15 volts for leakage values, as shown in 
Figure 2, and plus or minus 0.05 volt at 
0.5 ampere in the forward direction. 


he 


All aging curves are based on tests run- - 


ning at full-rated load and at ambients 
around: 27 degrees centigrade. For the 
duration of these tests the forward resist- 
ance of each cell measured at 0.5 ampere 
changed only 18 per cent. 

In applying cells to battery-charging cir- 
cuits, a certain amount of ballast must be 
used in the form of reactance to minimize 
aging. 

When overloading cells, for the same 
change in resistance, aging will be greater 
at the overload point. It is, therefore, very 
important to rerate the cells to a lower volt- 
age to obtain a reasonable life. 

Finally, an article by A. E. Richards! 
should have been included in the list of 
references. This article is highly recom- 
mended, although describing a different 
make of selenium rectifier. 


REFERENCE 


1, THE CHARACTERISTICS AND APPLICATIONS OF 
THE SELENIUM Rectirrer, A. E. Richards, Journal 
of the Institution of Electrical Engineers (London, 
England), volume 88, October 1941. 


Fundamental Principles of 
-Amplidyne Applications 


Discussion and author's closure of paper 43- 
125 by F. E. Crever, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, September sec- 
tion, pages 603-06. 


W. H. Formhals (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The word “Amplidyne”’ is the 
trade name given a form of the Rosenberg 
generator or Pestarini metadyne when oper- 
ated as aregulator or control device and is so 
used in this paper. In view of this, it is be- 
lieved that the subjects of terminal mark- 
ings, polarity, and so forth, must be con- 
sidered primarily from the aspect of its use 
as a rotating regulator, 
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On this basis it would appear that the 
tabulation of Figure 5 would be of value toa 
design engineer as a standard sheet for use 
in his own organization, but it has no place 
in the technical literature where it might be 
misunderstood as setting up standards for 
terminal markings for all rotating machines 
used as regulators and control devices. 

The Rototrol which was the pioneer 
among rotating regulators has always fol- 
lowed the National Electrical Manufactur- 
ers Association and AIEE Standards for 
terminal markings for both clockwise and 
counterclockwise rotation. In contrast to 
these standards the armature polarity of 
the Amplidyne does not reverse with change 
of rotation as in d-c machines, and there 
are numerous rules to observe concerning 
the necessity for reversal of field leads. 

Since the rotating regulator is a control 
element and since each is designed for an 
individual job, it is believed that it would be 
better for the users to rely entirely upon the 
control diagram for the connections and use 
of each of the many fields rather than to feel 
that fields with a given marking have a 
specific function in all cases. 

We therefore believe that this paper 
should not be construed as setting up a set 
of standard markings for rotating regula- 
tors. 


F. E. Crever: A chief purpose of my paper 
was to point out how a rotating machine is 
used as an amplifier in regulating systems. 
The paper clearly shows that the machine 
itself is not a complete regulator, but rather 
a new form of power amplifier. Hence, the 
name “rotating regulator’’ applied to the 
Amplidyne by Mr. Formhals seems in- 
appropriate, @ 

The terminal markings shown in Figure 
5 of the paper apply to the use of the Am- 
plidyne generator as it has developed up to 
the present time. They were included in 
the paper so as to give as clear as possible an 
understanding of the Amplidyne circuits 
and avoid confusion in describing their ap- 
plications to a great variety of industrial 
and other uses. 


esign Relationships for D-C 
Generators for Use in 


Aircraft 


Discussion and author's closure of paper 
43-126 by S. R. Bergman, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, October 
section, pages 613-16. 


A. Fisher and F. M. Potter (General Elec- 
trie Company, Lynn, Mass.): The design 
relationships for aircraft-type generators 
follow the fundamental principles of d-c 
machine design, in that the performance 
improves in the following order: 


1. Noncommutating-pole generator. 
2. Commutating-pole generator. 


3. Compensating (and commutating-pole) genera- 
tor. 
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Normally, for small conventional con- 
stant-speed generators, the costs increase 
in the same order with the commutating- 
pole type, the most economical from the 
standpoint of material. However, for the 
same performance, the compensated ma- 
chine proves to be the most economical 
from both the weight and cost standpoint. 
For equal performance, it is our experience 
that the other types must be larger and 
never, within practical limitations, quite 
approaching the same performance. 

The design described in this paper lends 
itself to quantity production so that the type 
of winding affects the over-all costs to a 
relatively small degree, the time, labor, and 
materials required for manufacture being 
determined mostly by necessary mechanical 
considerations. Although the compen- 
sating winding would seemingly increase the 
copper weight somewhat, it does perform 
a double function in that it surrounds the 
commutating poles, the net effect being a 
somewhat greater mean length of turn for 
the commutating-pole winding. Inasmuch 
as the overcompensation required by a com- 
pensated machine is considerably reduced, 
and also since it is possible to use small air 
gaps and reduced weight of shunt-field 
copper, the total net weight of copper and 
watts copper loss are actually reduced. 

The many problems connected with air- 
craft-generator design are simplified greatly 
by the following machine advantages: 


1. Ability to carry heavy overloads with good com- 
mutation over the entire speed range. 


2. Good stability when operated with a voltage 
regulator with wide and sudden changes in load and 
speed. 

3. Lower temperature rises resulting from 

(a). Good distribution of windings. 

(b). Lower load losses. 

(c). Lower commutator and brush losses. 

(d). Improved methods of ventilation. 


The progress made in aircraft-generator 
design will be of considerable use in future 
industrial-machine design. We have built 
a number of compensated-type machines 
which have shown up to advantage, particu- 
larly in regard to low time constants and 
linear relationship of torque and current. 
The greatest contribution will be from the 
standpoint of improved insulations and 
lightweight design. 


N. R. Schultz (General Electric Company, 
Schenectady, N. Y.): In general, the load- 
voltage drop of a self-excited shunt genera- 
tor is caused by 


} 
(a). Armature resistance drop. 
(6). Demagnetizing effect of armature reaction. 


(c). Decrease in excitation because of a and b; 
that is, with a given value of shunt-field circuit re- 
sistance. 


In the case of a compensated generator, 
the function of the compensating windings 
is to neutralize wholly or partially the ef- 
fects of armature reaction. Since the de- 
magnetizing effect of armature reaction in- 
creases directly (neglecting saturation) 
with armature current, better overload 
characteristics are obtained with the com- 
pensated generator than with the uncom- 
pensated generator. 

Laboratory tests were made on com- 
pensated and uncompensated air-corps-type 
P-1 generators rated 200 amperes, 2,500/ 
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4,500 rpm to determine the relative char- 
acteristics of compensated and uncompen- 
sated machines. The following summarizes 
the general results obtained: 


1. Acomparison of the volt-ampere characteristics 
of the compensated and uncompensated generators, 
as obtained by test, indicates that at a given speed 
the compensated generator is able to produce more 
overload power than the uncompensated generator. 
This may be important during emergency condi- 
tions when one or more generators of a multiengined 
aircraft are out of service. Typical volt-ampere 
characteristics of the compensated and uncompen- 
sated generators are shown in Figure 1 of this dis- 
cussion. These curves are representative of genera- 
tor operation at a speed approximately. midway 
in the rated speed range. 


2. Oscillographic records of laboratory tests show 
that the compensated generator is capable of supply- 
ing more current at higher voltages to heavy shock 
loads than is the uncompensated generator under 
the same conditions. On actual aircraft electric 
systems, this characteristic of compensated genera- 
tors has the following advantages: 


(a). Smaller system voltage dips due to sudden 
applications ofload. 


(b). More rapid acceleration of motor loads. 
(c). Lesser dependence upon batteries for assist- 
ance in supplying heavy shock loads. 


3. Commutation characteristics of the compen- 
sated and uncompensated generators were observed 
while the machines were operated in an altitude 
chamber which simulated atmospheric pressure and 
temperature conditions found at 35,000 feet. It was 
observed that sudden application of approximately 
full load upon the uncompensated generator re- 
sulted in severe sparking at the brushes. Moderate 
sparking persisted as long as full load was held on 
the generator. When this test was repeated at sea- 
level conditions, the results obtained were quite 
similar except that the intensity of the sparking 
was somewhat reduced. 


The high-altitude and sea-level tests were 
also made upon the compensated generator. 
Perfect “‘black’’ commutation was observed 
under all conditions, no sparking being per- 
ceptible upon sudden application or re- 
moval of full load. 

It may be of interest to point out that in 
the course of our laboratory studies of the 
interrupting ability of reverse current con- 
tactors and small circuit breakers, we have 
applied several hundred severe short cir- 
cuits to several compensated-type P-1 gen- 
erators. These short circuits have been 
varied over the whole range of current and 
voltage conditions by varying the fault re- 
sistance. The generators have withstood 
these faults without any perceptible diffi- 
culty or resultant damage, and we have yet 
failed to flash over a compensated machine. 


C. B. Mirick (Naval Research Laboratory, 
Washington, D. C.): The writer of this 
discussion has had opportunity to examine 
and test most of the machines described in 
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this paper and is in general accord with the 
views expressed therein. The paragraph 
on weights seems particularly significant. 
A sudden weight reduction of approximately 
90 per cent for a type of mechanism which 
has been in general use for many years is a 
startling achievement. One might expect 
that it would have a profound effect on 
future design of rotating electric machinery. 


C. J. Fechheimer (Louis Allis Company, 
Milwaukee, Wis.): There is a danger of 
operating machines at very high tempera- 
tures, entirely aside from the possibility of 
insulation failure. The reader is referred 
to my discussion of Henry M. Hobart’s 
paper.! 


REFERENCE 


1. CriricaL-MATERIAL CONSERVATION IN INDUC- 
TION-Moror MANuracture, Henry M. Hobart. 
AIEE TRANSACTIONS, volume 62, 1943, August 
section, pages 549-52. 


J. D. Miner (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Doctor Bergman is to be commended for 
the excellent job he has done in demon- 
strating that armature compensation can be 
provided in compact high-capacity ma- 
chines. It is obvious that the variable- 
speed weak-field requirements for aircraft 
generators indicate the use of armature 
compensation if it can possibly be provided. 
The writer designed compensated high- 
capacity generators when the first tentative 
specifications for 100-ampere and 200- 
ampere 30-volt generators were issued in 
1940. It was considerably later that we 
built any compensated generators, because 
the calculations were unfavorable from 
weight considerations, since two factors in 
these early designs were insufficiently ap- 
preciated: 


1, The amount of benefit which could be obtained 
from pole-face windings concentrated in a single coil 
per pole. 


2. The amount of compounding effect which could 
be obtained by overcompensation. 


Generators without commutating wind- 
ings usually require advancing of the 
brushes so that commutation takes place 
under the main field. Advancement of the 
brushes results in a demagnetizing com- 
ponent of the armature magnetomotive 
force, in other words, a differential com- 
pounding effect. In addition, the resultant 
field in which the coils are commutated is 
usually insufficient to prevent circulating 
currents which also cause a differential com- 
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Figure 2. Effect of compensation with one 
coil (two coil sides) per pole 
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pounding effect. It is common practice 
to attempt to balance demagnetizing effects 
by a weak cumulative series field, but the 
amount of series field that can be used is 
limited by the requirements for stability 
at high speeds. Moreover, in case of acci- 
dental closure of the reverse-current relay 
with the generator at standstill, the reverse 
current through a strong series field might 
well reverse the polarization of the machine. 

Generators with commutating poles may 
be designed so that an excess of commu- 
tating flux is obtained at normal load, and it 
will then be found that circulating currents 
will be produced which have the effect of a 
cumulative series field. Usually a satis- 
factory amount of compounding can be 
obtained without much difficulty with com- 
mutation, and it is well recognized that 
overcompensation gives good commutation 
at excessive loads by reducing the effect of 
saturation of the commutating poles. The 
compounding effect must be limited to a 
small amount, or instability will result at 
high speeds. 

It has been found that an uncompensated 


Figure 3. Brazing commutators 


machine requiring about six pounds of 
copper for excitation would require only 
21/, pounds of field copper if compensated, 
because of the saving in ampere turns re- 
quired to overcome distortion and demag- 
netizing effects. However, such a machine 
will require poles which are about one pound 
heavier, interpoles and interpole windings 
weighing a total of about two pounds, pole- 
face windings weighing about one pound, 
and additional connections probably weigh- 
ing one-fourth pound so that the net result 


-is an increase in weight of nearly one pound. 


This additional pound must be balanced 
against the improvement in performance 
and overload capacity. If no improvement 
in output is desired, the armature can be 
reduced in size because of the lower losses, 
and a saving in weight can be realized in 
machines of high rating. 

It must not be assumed that all aircraft 
generators should be compensated because, 
in the smaller sizes, the weight of a com- 
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pensated machine will be greater than that’ 
of a satisfactory uncompensated machine. 
Military loads are of brief duration, and the 
average load with the turrets and similar 
equipment out of action may be but 15 or 
20 per cent of the load when the aircraft is in 
battle. Very satisfactory performance has 
been obtained without compensating wind- 
ings in generators as large as 200 amperes 
at 28.5 volts. Service records are avail- 
able showing less than !/i.-inch brush wear 
in well over 1,000 hours of flying with loads 
encountered under training conditions. 
Mechanical considerations are important 
as well as is electrical design. Much of the 
success of any generator lies in the construc- 
tion and design of the brush rigging and 


Figure 4. Fatigue-test setup 


commutator. This is particularly true at 
the higher speeds, and the so-called high- 
speed (4,000/10,000-rpm) generators can- 
not possibly give satisfactory commutation 
and brush life unless the commutator re- 
mains mechanically stable at all operating 
speeds and temperatures. Rigid control of 
dimensions, materials, pressures, and proc- 
essing are essential, as is, of course, an ade- 
quate mechanical design with which to 
start. 

Doctor Bergman recommends brush tem- 
peratures below those corresponding to a 
100-degree centigrade rise, and brush densi- 
ties below 120 amperes per square inch. We 
believe that these values must be exceeded 
to obtain acceptable weight. Ventilation 
conditions are rarely as good as indicated 
by the specifications, and conditions have 
been encountered where the total - head 
from the blast-tube cooling system was only 
one fifth the specification figure. Under 
these conditions we have obtained reason- 
ably good brush life at 33,000 feet with 
brush temperatures in excess of 200 degrees 
centigrade. At these temperatures it is 
necessary ‘to braze the commutator leads 
to the bars. A process was developed for 
doing this without damage to the hard 
copper bars when we started quantity pro- 
duction of high-capacity generators. 

It is also believed that the quill-shaft and 
resilient-spindle construction is umnmneces- 
sarily complicated. Two simpler types of 


resilient couplings have been developed. — 


One of these uses bonded synthetic rubber. 
Although it will withstand operation for 30 
minutes under this extreme condition, this 
coupling is not employed when operation 
at its critical speed is essential. In all practi- 
cal cases it has been possible to cover the 
operation ‘range without encountering criti- 
cal speeds. A nonlinear spring coupling is 
also available; this does not have any 
critical speed but is somewhat heavier than 
the bonded synthetic coupling. 

We also have developed apparatus for 
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fatigue testing of generator flange and flange 
screws. The development of a failureproof 
flange was relatively simple, but the elimi- 
nation of flange screw failures was more 
difficult. The solution was found by means 
of the laboratory fatigue tests to lie in con- 
trol of the yielding of the flange and not in 
the screws themselves. An endurance limit 
of not less than 10,000,000 cycles at 60g 
(where g is the acceleration due to gravity) 
has\been found sufficient for mounting on 
any engine yet encountered. 

Doctor Bergman failed to mention one 
feature of the compensated generator which 
is of considerable importance. This is that 
a generator of the compensated type is a 
very satisfactory motor and may be used for 
starting purposes when the generator is 
mounted on an auxiliary engine for ground 
power. A generator with brush shift or 
with a series field is not nearly so satisfactory 
when operated as a motor, since the brush 
shift is in the wrong direction, and the series 
field is differential. 


S.R. Bergman: J. D. Miner points out that 
the compensated generator also may serve 
as a very good motor. That seemed so self- 
evident that it did not occur to me to dis- 
cuss it. We are building compensated 
motors quite successfully for aircraft in 
sizes from one horsepower up to and includ- 
ing 15 horsepower. 

One very important consideration lies in 
the fact that in compensated motors the 
starting current may be reduced consider- 
ably. The explanation is as follows: 

Because of the neutralization of the arma- 
ture reaction, we are able to design com- 
pensated motors with less number of poles 
The fre- 
quency and, therefore, the core loss are re- 
duced. In addition, since there is no field 
distortion, the core loss is further reduced 
and runs usually less than one half of the 
core loss in uncompensated machines. 
Furthermore, because of the smaller num- 
ber of poles, the excitation losses are re- 
duced. Finally, the extra commutation 
losses are °liminated. Because of these re- 


‘duced losses we can allow a much higher 


resistance in the armature circuit (armature 
im series with the compensated winding and 
the commutating poles) with a correspond- 
ing reduction in the starting current. In 
the smaller sizes we have actually cut the 
starting current in two, and in the larger 
sizes the starting current has been reduced 
from 30 to 40 per cent. This reduction in 
the starting current enables us in a great 
many cases to eliminate automatic starting 
devices, and we can start “‘directly on the 
line’ without detrimental effect to the 
stability of the system. 

Mr. Miner also brings up the question 
of brazing the armature leads to the com- 
mutator. This process is very attractive 
-and has been used by us only in sizes over 
300 amperes. We are, however, now tooling 
up to include both the 300- and 200-ampere 
generators. 

Mr. Miner expresses the opinion that in 
smaller generators (200 amperes and be- 
low) compensation is unnecessary. We are 
building machines with compensation down 
to 50 amperes for generators and one horse- 
power for motors in quite acceptable 
weights. 
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Operation of Nonsalient- 
Pole-Type Generators 
Supplying a Rectifier Load 


Discussion and author's closure of paper 
43-114 by M. D. Ross and J. W. Batchelor, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, November section, pages 
667-70. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The heating effects in a generator 
carrying rectifier load have for some time 
been the subject of considerable speculation. 
Progress in solving this problem has come 
in two steps involving: 


1. Determination of harmonics in the a-c system 
of rectifiers including generators. 


2. Determination of machine heating that re- 
sults from specific harmonic loading. 


Harmonics in the a-c circuits of plain recti- 
fiers were analyzed by Brown and Smith 
(reference 5 of the paper). The corre- 
sponding problems for rectifiers with phase 
control and for inverters were analyzed by 
Evans and Muller (reference 7 of the 
paper). 

The increased use of rectifiers and the 
pessimistic report in European technical 
papers by Robert Pohl prompted the investi- 
gation reported in the paper by Ross and 
Batchelor. They have presented the results 
of harmonic tests on a typical generator 
supplying a rectifier under various conditions 
of phase control varying from zero degrees 
to 30 degrees delay. They have shown that 
the principal effect of the harmonics is an 
increase of the rotor temperature. They 
have described a method for calculating 
temperature rise, which is based on specific 
harmonic currents, the negative-sequence 
resistance of the machine, and the machine 
constants usually available for tempera- 
ture-rise calculations. 

The conclusions of this investigation are 
reassuring from the standpoint of heating 
in generators for the usual applications. 
Generators supplying rectifier load will 
have negligible additional temperature rise 
from harmonics if the rectifier load is only 
a small part of the total or if the rectifier is 

| : 
of 12 or more phases. The particular cases 
that deserve special study are those in which 
the generators are fully loaded with six- 
phase rectifiers or where the rectifiers are 
operated with phase control. 

It may be of interest to describe an 
alternative method for determining har- 
monic loss in the rotor and estimating the 
additional temperature rise in the rotor that 
results from harmonic currents produced in 
an external source, stich as a rectifier. In 
this method the harmonic-power inputs to 
the machine are measured and then reduced 
by the estimated harmonic losses in the 
stator. The resulting harmonic-power input 
to the rotor is then divided into components 
that produce rotor heating and shaft torque. 
This division is readily made by considering 
the machine operating as an induction 
motor at appropriate slips for the various 
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harmonic frequencies. In this calculation 
the harmonics should be considered of dif- 
ferent phase sequence, as mentioned by the 
authors, and should make use of equivalent 
circuits. The harmonic losses in the rotor 
are then used to calculate additional tem- 
perature rise in the usual manner, as illus- 
trated by the authors. For the case of the 
generator supplying the six-phase rectifier, 
which was tested by Ross and Batchelor, 
harmonic-power-input measurements were 
made for the various amounts of phase 
control. The corresponding additional rotor 
temperature rises resulting from rectifier 
harmonics were estimated by the alterna- 
tive method to be 17.2 degrees, 18.4 degrees, 
20.9 degrees, and 27.2 degrees which may be 
compared with the test values of 19.1 de- 
grees, 22.0 degrees, 22.1 degrees, and 25.5 
degrees, listed in Table III of the paper, for 
the angles of phase delay from zero degrees 
to 30.4 degrees. It may be observed that 
this alternative method requires measure- 
ments of the harmonic-power input to the 
machine under load conditions or a corre- 
sponding estimate, whereas the method de- 
scribed by the author uses negative-sequence 
resistance which is generally available for 
the particular machine or from tests on 
similar units. 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): This paper is a valu- 
able contribution in that it presents some 
data on generator heating caused by recti- 
fiers. Past work and discussion on this 
problem have been handicapped by the 
lack of such data. 

Since the penalty of generator overheating 
from this source is severe, engineers have 
been conservative. The authors’ conclu- 
sions, that with a 12-phase rectifier addi- 
tional heating will be slight and with more 
than 12 phases additional heating will be 
negligible, indicate that previous estimates 
of this effect may have been pessimistic. 
However, it should be recognized that each 
machine must be considered as a case by 
itself in determining the probable heating. 

One installation has been made where a 
200-kw rectifier is fed from a 350-kva genera- 
tor. This rectifier transformer has a Scott-T 
primary and quarter-phase secondary con- 
nection. A-c filters were provided for har- 
monics 3, 5, and 7, and no trouble has been 
experienced caused by generator over- 
heating. 

When a 6- or 12-phase rectifier is supplied 
from a generator of approximately equal 
rating, the magnitude of the harmonics 
will generally be lower than in the case 
where the rectifier is supplied from a power 
system. This is due to the fact that the 
generator reactance is usually of the order 
of 10 per cent (on generator rating) while 
the power-system reactance may be one 
half or one quarter of this value. Since the 
magnitude of the harmonics is reduced as 
the total reactance of rectifier and a-c 
system is increased, the a-c harmonics will 
be lower when the rectifier is supplied from 
a generator. 

The increase in total reactance, incurred 
when the rectifier is supplied from a gen- 
erator of approximately equal rating, affects 
the rectifier characteristics. The high regu- 
lation drop and low power factor obtained 
on a six-phase rectifier under these condi- 
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tions may mitigate against such applications 
and lead to a choice of a rectifier having 12 
or more phases, thereby greatly reducing 
the probability of generator overheating. 


M. D. Ross: Mr. Herskind points out that 
the harmonics are greater in magnitude 
when the rectifier is connected to a large 
system than when they operate on a siigle 
generator. The tests covered by this paper 
are, therefore, not representative as to the 
magnitude of the harmonics, but the in- 
creased harmonic values on a large system 
usually cause no concern, as they are spread 
over a number of generators and the in- 
creased heating of any one generator is small. 

Mr. Evans’ approach to this problem is 
very interesting and shows what can be done 
by careful measurement of the harmonics 
and their respective power factors. How- 
ever, as he has pointed out, we have con- 
sidered the problem from the standpoint 
of the machine designer who must prede- 
termine the performance of a wide range of 
machines without benefit of test data. 

After the paper was written some further 
study was made to determine the point of 
maximum loss on the rotor surface for each 
harmonic. The points of maximum loss 
were found to lie in a band covering 65 
degrees to 75 degrees ahead of the pole 
center. There is no obvious explanation as 
to why these maximum points should lie so 
close together. 


The Testing of Mercury- 
Arc Rectifiers 


Discussion of paper 43-113 by H. L. Kellogg 
and C. C. Herskind, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, December section, 
pages 765-73. 


J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): I am going to point out a few dif- 
ferences between the practices of my as- 
sociates and myself, and those described 
by Kellogg and Herskind. In so doing, I 
believe that I shall emphasize the value of 
the paper. Because of the number of still 
unknowns in rectifier design, itis highly desir- 
able to publish testing procedures so that 
they may be compared, and through that 
procéss ultimately to establish correct meth- 
ods and to enable the writing of Standards. 

In the determination of the quality of a 
rectifier, the usual limitation is arc-back, 
and arc-backs are random phenomena. 
This means that the determination becomes 
the collection of statistics. The collection of 
statistics is usually a long and tedious proc- 
ess, and some from of accelerated test is 
attractive. We are experimenting with 
forms of accelerated tests, and I am most 
happy to know that others are doing likewise. 
However, I question whether the factors are 
well enough known at present so that any in- 
terpretation of the result of the accelerated 
test described by the authors could be con- 
sidered very reliable. It may be noted that 
the rating applied to a particular design by 
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Kelloggand Herskindisroughly onehalf of the 
continuous load limit termined by theed accel- 
erated test, and that such a test required two 
or three days. It has been my experience that 
a test that uses the normal duty cycle, 
includes the overloads specified- for heavy- 
duty railway service, and extends for the 
order of three days, will provide a quite 
reliable basis for rating determination, and a 
basis which I think is as reliable as any 
accelerated test yet established. This 
would correspond most closely with the 
duty-cycle test described in the paper. The 
large amount of experience gained during 
the past three years indicates that the base 
load of the railway duty cycle is a satis- 
factory value for the continuous rating for 
electrochemical service. 

Referring to the specific test described, I 
believe that a percentage of expected rating 
would be preferable to 100 or 200 amperes 
per step in order to make the test more con- 
sistent for various sizes of rectifiers. 

I question the value of the current-limit 
test. It is somewhat complicated, and I do 
not see that it indicates anything not shown 
by the simpler short-circuit and simulated 
arc-back tests which are closer to service 
conditions. Simulated arc-back tests can 
be made to duplicate actual arc-backs more 
closely by the use of an ignitron tube con- 
nected backwards in place of the short- 
circuiting switch and series resistance, since 
a short-circuiting ignitron interposes an arc 
drop in the short circuit. The ignitron-tube 
method also provides a simple means of 
placing the arc-back at any desired point 
in the cycle. 

I do not agree with the sampling method 
of testing in which all loading tests are omit- 
ted on all but a small percentage of a num- 
ber of rectifiers of the same design. No 
physical or chemical tests have been estab- 
lished that will predict when an individual 
rectifier will arc back. I have found that a 
short duty-cycle type of commercial test 
applied to every unit is invaluable in main- 
taining quality of both workmanship and 
material in the factory. 

I was happy to note that the authors favor 
the oscillograph method of measuring arc 
drop, as we have found this to be the only 
really satisfactory method. However, rather 
than the pool-type rectifier and battery, we 
favor the use of dry-plate rectifiers in both 
the oscillograph and by-pass circuits as 
described by W. B. Batten.! By the use of 
a not too sensitive oscillograph element a 
value of resistance can be used in series 


with the oscillograph which will pass about . 


0.1 ampere at arc-drop voltage and thus 
avoid the high forward-resistance of the 
Rectox rectifiers at extremely low currents. 
With this value of series resistance the re- 
verse voltage of a 600-volt rectifier will pass 
about five amperes which requires a larger 
Rectox in the by-pass circuit. However, 
such a Rectox is not objectionably large for 
short-time duty. 

The authors mention the building of recti- 
fiers for an extremely low arce-back rate for 
critical applications with the necessary sacri- 
fice in efficiency caused by higher are drop. 
I question if this will be necessary or desir- 
able, since with modern anode breakers an 
arc-back can be cleared by opening only 
the pole connected to the anode which arcs 
back, and this pole can be reclosed with no 
loss of service. I want to emphasize the 
authors’ statement that rectifiers in general 
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do not are back with increasing frequency 
with time in service but rather settle down 
toa uniform rate. The recent extensive ex- 
perience establishes this characteristic, at 
least with the ignitron type of pete in 
service up to six years. 
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Theory of Rectifier— 
D-C Motor Drive 


Discussion and author's closure of paper 43-90 
by E. H. Vedder and K. P. Puchlowski, pre- 
sented at the AIEE national technical meeting, 
Cleveland, Ohio, June 21-25, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 863-70. 


D. E. Marshall (Westinghouse Electric and 
Manufacturing Company, Bloomfield, 
N. J.): The equations derived in this 
paper point the way to the use of a very con- 
venient graphical analysis by which the wave 
form of the current can be obtained without 
the use of tedious calculation. 

Equation 12 of the authors’ paper can be 
written as 


iZ le) 
Bie sin (xp—0+wt)+Ce tent ace 


where the symbols have the same meaning 
as given in the paper. 

The sine term can be laid out lagging the 
voltage wave by the usual power-factor 
angle 06. The term a/cos 6 is laid out to the 
same scale as the sine term, and, since it is 
a constant, it can be added to the sine term 
as a shift in the zero line. 

The exponential term can be laid out ona 
template to any convenient scale, the im- 
portant thing being that it have a time con- 
stant equal to tan 0. 
method is to draw the curves on tracing 
paper and superimpose through the trans- 
parency. 

It should be noticed that it is not neces- 


sary to calculate the constant C, as the effec- 


tive value of this constant can be changed 
by changing the origin of the time scale. 
This is due to the fact that 


, , 
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A little thought will show that when the 


wt 


~ tan 0 


sine and constant term are added, their — 


sum will not, in general, be zero at the time 
desired, that is, when the conduction starts. 
If the exponential template is based on the 


displaced zero line of the sum of the sine and 
constant term in such a manner that thesg 


curves intersect at the starting angle, they 
will again intersect at the stopping angle. 
The vertical distance between the two curves 


at each point from starting to stopping 4 


angle will generate a curve proportional to 
the current as a function of time. 

Two examples are shown—Figure 1 for 
rectification and Figure 2 for regeneration 
(both of this discussion). Each curve is 
marked to indicate which portion of the 
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equation it represents. Note that in recti- 
fication the value of a is positive and in 
inversion it is negative, making the dis- 
placed zero line positive in one case and 
negative in the other case and thus inverting 
the exponential term in respect to the sine 


~ term. 


Figure 3 and Figure 4 of this discussion 
show the duty on the main power tubes as 
anode current and anode-cathode voltage. 
Note that rectifier operation requires ability 
to withstand inverse voltage, and that in- 
verter operation requires ability to with- 


- stand forward voltage. 


The point of end of conduction in rectifi- 
cation stresses the tubes with suddenly ap- 


plied voltage. The duty here depends on the 
_ magnitude of the suddenly applied transi- 
tion voltage and the previous rate of de- 


crease of anode current. 
The end of conduction in inversion service 
should find the anode negative, as shown, 


with sufficient time elapsing to allow for 
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Figure 1. Graphical 
calculation — rectifi- 
cation 


a=0.6 

cos 6=0.4 
0=66.4 degrees 
xp=75 degrees 


Figure 2.- Graphical 
calculation — regen- 
eration 


a=—0.6 

cos 6=0.4 
6=66.4 degrees 
xp =142.5 degrees 
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Figure 3. Tube load- 
ing—rectifier opera- 


tion 
a=—0.6 
cos 0=0.4 


xp=75 degrees 
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Figure 4. Tube 
loading — inverter 
operation 
| INVERSE PEAK 
aa a a=—0.6 
cos #=0.4 


xp=142.5 degrees 


sufficient deionization of the tube to enable 
it to regain control against the following 
forward voltage. This is controlled by the 
angle of firing the thyratrons. Earlier angles 
are more favorable to deionization but con- 
versely result in a larger percentage of plug- 
ging versus regeneration. 

It should also be noticed that the ratio of 
peak to average current is high and during 
starting periods may approach the peak rat- 
ing of hot cathode tubes. 

If inertia loads are accelerated, attention 
must be paid to the maximum averaging 
time rating of these tubes so that their heat 
capacity is not exceeded. 


G. E. Walter (General Electric Company, 
Schenectady, N. Y.): One immediate re- 
action to this useful paper is that its title 
is rather inappropriate. The data, curves, 
and basic principles that it presents are not 
necessarily restricted to motor applications, 
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but may be applied with equal facility to 
rectifier loads containing such sources of 
counter electromotive force as batteries or 
large capacitors. In this sense, the title is 
too narrow. It is too broad, however, in 
presuming to discuss the entire theory of 
rectifier-d-c motor drives from the initial 
assumption of discontinuous current flow. 
Operation of a motor with continuous 
current delivered from a rectifier is fre- 
quently more normal and more important 
than running it with discontinuous current. 
Despite the implication of this paper that 
operation beyond the authors’ calculations is 
not feasible, the point in an actual drive at 
which individual current pulses merge to 
produce continuous current is all but indis- 
tinguishable. Both the rectifier and motor 
make the transition smoothly. The impor- 
tant effect of having continuous current in 
the motor armature is that the familiar d-c 
motor equation can be used once more, since 


V,=(B,+£,)+lota (1) 


where V; is the average voltage output of 
the rectifier unit, and J, is the average value 
of armature current as indicated by a 
D’arsonval-type ammeter, 

It is relatively simple to extend the ma- 
terial in this paper into the region of con- 
tinuous current by using the expression for 
the average voltage output of the rectifier as 
Vg A) DES oon = sint, cos 6 (2) 

“ Tv 


where 


Exms = Voltage to neutral of the anodetrans- 
former in the rectifier unit 
P=number of rectifier phases 
6=angle by which the firing of the recti- 
fier tubes is delayed beyond the point 
at which firing would occur if there 
were no grid control 


This angle of retard, 5, is not the firing 
angle, X;, mentioned in the paper, except in 
the case of the biphase single-way (or half- 
wave) rectifier, identified by the authors as 
a single-phase full-wave rectifier. 

If this relation (equation 2) for V; is 
substituted in the motor equation 1, and 
both sides are divided by \/2E;ms, the re- 
sult may be expressed in the terminology of 
the paper as 


‘Pa ay 
— sin — cos6=a+(average torque factor) 
Tv 


(3) 


In the biphase single-way rectifier, on 
which the majority of their data are based, 
this equation may be reduced further to 


Average torque factor =0.637 cos X;—a (4) 


when it is remembered that armature cur- 
rent must be continuous if this relation is to 
be valid. 

Equation 4 shows directly the average 
output torque of the motor for all values of 
the speed factor, a, from zero to 0.637, which 
is the highest speed factor at which the 
motor will operate with continuous current. 
If a should exceed 0.637, as it can if the 
motor load is light, armature current will 
become discontinuous, and the average 
motor torque will remain positive. 

The paper unfortunately minimizes the 
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importance of operation with continuous 
current by basing its characteristic curves 
on values of armature-circuit power-factor 
angle, 6, that are not altogether typical. 
Measurements on a General Electric 
5B204456 1,150-rpm 230-volt one-horse- 
power shunt motor have indicated that the 
armature and commutating field in series 
have a resistance in the order of 6.6 ohms 
and a minimum inductance of about 0.05 
henry. The power factor, cos 9, is thus 0.38, 
definitely less than the 0.4 and 0.6 the 
authors have used. With the shunt field 
weakened for higher speed operation, arma- 
ture-circuit inductance rose to about 0.07 
henry, further reducing the power factor. 

On another model, a General Electric 
5B254A23 1,150-rpm 230-volt three-horse- 
power motor, armature circuit resistance is 
1.85 ohms, and inductance is 0.019 henry, 
yielding a power factor of 0.251. If, as is 
possible, an external reactor is connected in 
series with the motor armature to improve 
commutation or to produce a more uniform 
torque, the power factor is extremely low. 
A reactor available for the one-horsepower 
motor already mentioned has an inductance 
varying from 0.2 to 0.6 henry and drops 
the power factor to the neighborhood of 
‘0.01. 

This means that discontinuous conduc- 
tion will exist in a more narrow operating 
region than the typical curves in the paper 
would indicate. Specifically, Figures 5, 6, 
7a, 7b, 10, and 11b of the paper are affected. 
Figure 4 of the paper can be used, with the 
proper power factor, to locate the boundary 
between continuous and discontinuous con- 
duction. 

One feature of Figure 4, however, was 
not mentioned by the authors. Although 
the curves from which X, can be found as 
a function of Xy have no significance once 
they reach the line BD (or B’D’ or B”D”) 
that corresponds to the type of rectifier 
used, the relation between the two angles 
can still be found by following the appropri- 
ate line BD (or B’D’ or B"D”) downward 
as an extension of the particular curve that 
was used in arriving at the line. This fol- 
lows from the obvious relation for continu- 
ous conduction that 


2Qr 
X,= a 
Xy+ P (5) 


Finally, the original assumptions, some 
of which the authors admit are inexact, can 
be examined to locate the approximations. 
Shunt machines are equipped normally 
with a series winding of some sort, which 
a casual observer of the assamptions might 
believe would constitute a disturbing in- 
fluence on the operation of the drive. Actu- 
ally, the action of a series field remains sub- 
stantially the same whether the motor is 
operated from a- rectifying or a rotating 
source of direct current. The field, more- 
over, need not be saturated for useful opera- 
tion. Motor speed will be increased and 
shaft torque decreased if the field is weak- 
ened. 

There have been indications that arma- 
ture reaction is not negligible in motors 
operated from rectifiers because of the rela- 
tively high peak currents produced, but its 
effect is ordinarily undisturbing. Armature 
inductance, however, is not constant. It 
depends on the instantaneous values of 
armature and field currents; and for field- 
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weakened operation of the motor, the in- 
ductance of the armature and commutating- 
field windings may be as much as 30 per 
cent or 40 per cent highér than during full- 
field operation. 


K. P. Puchlowski: In his remark concern- 
ing the title of the paper, Mr. Walter has 
stated correctly that the mathematical 
analysis presented therein can be extended 
directly to apply to a much broader region 
of electrical phenomena. The motor drive, 
however, is one of the most prominent and 
immediately useful applications of the pre- 
sented theory. The theory has been de- 
veloped specifically and adapted for the 
rectifier-motor system. To that end, a 
number of concepts and mathematical co- 
efficients have been worked out to make the 
analysis directly adaptable for that kind of 
system, and, consequently, the title of the 
paper was chosen to indicate this. 

Mr. Walter seems to underestimate the 
importance of the range of discontinuous 
current in the motor armature. The ques- 
tion of whether the operation of a motor 
with continuous or discontinuous current is 
more advantageous may be, of course, the 
subject of a separate discussion. It should 
be remembered, however, that the deter- 
mining factor for the continuity or discon- 
tinuity of current is the design of the 
system and not its normal or inherent prop- 
erties, as Mr. Walter seems to imply. In 
fact, any system can be designed in such a 
way that a discontinuous current will flow 
in the armature over the entire range of 
loads and speeds, regardless of how large 
the inductance of the circuit might be. On 
the other hand, in any workable system the 
current will usually pass through the dis- 
continuous stage at low loads even if at 
higher loads it becomes continuous. With 
this importance of the range of discontinu- 
ous current in mind, as well as the fact that 
this range had not been explored sufficiently 
mathematically, a new method of analysis 
has been developed and presented in this 
paper. . 

Mr. Walter’s statement, that the well- 
known d-c motor equation 1 of his discussion 
can be used only in the case of continuous 
current, does not seem to be justified. In 
fact, the equation 


V,=(E£,+£,)+Tora 


is valid also in the case of a discontinuous 
current with a sole correction that V, is 
not the average rectifier output voltage but 
the voltage across the armature of the motor. 
It should be emphasized that only for con- 
tinuous current the rectifier output voltage 
is equal to the armature voltage of the 
motor, whereas in the region of discontinu- 
ous current these two quantities are entirely 
different ones. Thus, if the definition of the 
symbol V; is changed to represent the arma- 
ture voltage, the validity of equation 1 is 
extended over the entire range of current, 
both continuous and discontinuous. 

The general equation 2, presented by Mr. 
Walter, is valid only in conjunction with 
certain important limitations which, unfor- 
tunately, have not been clarified. To be 
valid from the electrical point of view the 
equation 2 must fulfill the following condi- 
tion: 


V, > Owhich means cos 6 > O 
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as 
Taking into account that in any case 
O<5<r, we finally get O<5< (1/2). 

It can be seen readily that the preceding 
limitation is the necessary, though not the 
only, condition for obtaining continuous 
current in the armature. In other words, if 
the aforementioned condition is met, con- 
tinuous current may be obtained, provided 
the power factor of the load is sufficiently 
low. On the other hand, if 6>(m/2), the 
current always will be discontinuous, we- 
gardless of how low the power factor of the 
load might be. 

The values of power factors selected for _ 
some curves in the paper have been chosen 
with the primary view of results which can 
be obtained from the presented theory and 
as such, of course, retain their full validity, 
even if some are a little too high in com- 
parison with the values of power factor for 
the two particular motors which Mr. 
Walter has selected. Westinghouse Com- 
pany experience would indicate that the 
typical power factor is higher. 

The purpose of this paper is to give a 
new approach to the theory of a rectifier— 
motor drive without going into the problem 
of particular designs and constants of the 
system. Hence, it seems beside the point to 
discuss details which, in any case, cannot 
be covered fully in a single paper. 

Finally, some of the original assumptions 
apparently have been misinterpreted by 
the author of discussion. Assumptions 1 
and 10 of the paper were made merely to 
emphasize that the main flux in the motor 
is constant, which again was necessary for 
the assumption 6. The. assumption 2 was 
brought about in order to back the assump-— 
tion 3. . 

These assumptions, of course, do not — 
represent a set of conditions necessary for 
proper operation, but they were assembled 
simply to make a clearer picture of the pre- 
sented theory and especially to simplify ’ 
the mathematical approach and the inter- 
pretation of certain parameters appearing 
in the equations. 3 

The very interesting graphical method of 
determining the wave form of the current 
pulse, given in Mr. Marshall’s discussion, 
may prove very helpful and also is a valu- 
able addition to the basic chart shown in ~ 
Figure 4 of the paper. Mr. Marshall's 
remarks and illustrations of the forward- — 
peak and inverse-peak voltages for both 
rectifying and inverting operations of the 
tubes, though not directly connected with 
the paper, represent an information valuable 
to anyone concerned with the operation of 
thyratron tubes. 


Thyratron Motor Control 


Discussion of paper 43-116 by E. E. Moyer 
and H. L. Palmer, presented at the AIEE na- 
tional technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, November section, 
pages 706-12. 
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E. H. Vedder (Westinghouse Electric and a 
Manufacturing Company, East Pittsburgh, 
Pa.): The development described in this 


described thoroughly, and reasons are given 
for the various functions and features. 

Greater use of supporting technical data 
could have made the paper more valuable 
to the profession. For instance, the curves 
in Figure 5A of the paper are limited ap- 
parently to the armature control range with 
no information on the regulation with field 
weakening. Some of the type of data I 
hae in mind were included by one of the 
authors of this paper and printed in a 
trade magazine. Also, the type of informa- 
tion used by Mr. Moyer in his presentation 
would have been useful in the formal paper. 

The description in the paper leaves the 
impression that the complete circuits shown 
are used for all applications. A short analy- 
sis of applications would have clarified this 
point. Many applications do not need 
extremely precise control, and such fea- 
tures as regulated standard voltages and 
armature-voltage limit, when decelerating, 
may not be required. For instance, it 
would seem unnecessary to limit armature 
decelerating voltage on a 230-volt motor, 
unless the field-weakening range is more 
than 2:1. The use of regulated standard 
voltages is not necessary for most applica- 
tions and is required only when very precise 
speed regulation is desired. 

Many users are quite satisfied with the 
characteristics of various adjustable speed 
drives using rotating machines but will 
change to the electronic drive if it is not too 
complicated and has advantages of limiting 
noise, vibration, and mounting problems. A 
large portion of jobs will be solved with 
only a portion of the complication of the 
complete circuit shown. It is my hope that 
such a basically good scheme will be kept 
as simple as possible, so that it will be 
accepted rapidly. 


K. P. Puchlowski (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The presentation of the paper 
was very interesting. Unfortunately, none 
of the valuable information presented has 
been included in the paper, which gives only 
a description of a particular electronic cir- 
cuit providing adequate control of a d-c 
motor driven from a controllable rectifier. 
The paper would have been improved, how- 
ever, by the inclusion of some information 
tegarding special phenomena and operating 
conditions which characterize a rectifier— 
motor system. 

Considerable emphasis is put on the fact 
that a constant reference voltage, independ- 
ent of line-voltage variations, is obtained and 
is used for regulating purposes. Since no 
further explanation of what these regulating 
purposes actually are is forthcoming, it may 
seem that the reason for a complicated net- 
work constituting a feedback from the 
armature voltage and consisting of elec- 
tronic tubes D and C is solely for the pur- 
pose of maintaining the armature voltage 
independent of line-voltage variations. 
Consequently, many may ask whether, in 
the case where changes in speed caused by 
normal line-voltage variations are accept- 
able (and this is true for most industrial ap- 
Plications), the feed-back circuit cannot be 


_ eliminated, and a direct control of grid- 


voltage phase shift is used instead, resulting 
in a basic simplification of the circuit. 

The answer is that the feedback from 
armature voltage is needed for something 
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else, namely, to prevent the voltage across 
the brushes from dropping rapidly with in- 
creasing torque applied to the shaft of the 
motor, a phenomenon which is unknown in 
conventional d-c motor practice. 

With reference to Figure 5A of the paper, 
it is stated that the dotted curves represent 
the normal uncompensated motor-regula- 
tion characteristics. It is not known, 
however, whether these characteristics refer 
to a conventional d-c drive, to an uncom- 
pensated rectifier drive with regulated 
armature voltage, or to an uncompensated 
and unregulated rectifier drive. In that 
way, from the engineering point of view, 
the situation is not clear. 

The regulation curves shown in Figure 
5A terminate abruptly at about 145 per 
cent load, and the vertical line which fol- 
lows thereafter seems to indicate the cur- 
rent or torque limit. This seems to be in 
line with the statement that the speed will 
be maintained up to the point where the 
current reaches the current-limit setting. 
However, the form of these regulation 
curves, although very desirable, would seem 
rather unusual, on account of that sharp 
break, as the 145 per cent value of load is 
reached. The speed would probably de- 
crease gradually as the current limiting 
tube # comes into action. 

The necessity of a feedback from field 
voltage to make it independent of line-volt- 
age variations can be questioned also. Even 
if the field voltage is regulated and main- 
tained constant for a given setting of the 
speed-control potentiometer, the field cur- 
rent will vary with temperature of the field 
winding, and, in addition to that, the flux 
will vary with load on account of armature 
reaction. In that way, it is apparent that 
the field voltage is not an adequate indica- 
tion of the magnetic flux, and, it would 
seem, therefore, that a much simpler scheme 
of field control by direct phase displacement 
of the grid voltage of field thyratron tubes 
would be justified fully. 


Load Pickup by a Group 


of Ignitron Rectifiers 


Discussion and author's closure of paper - 


43-115 by L. W. Morton and D. |. Bohn, pre- 
sented at the AIEE national technical meeting, 
Cleveland, Ohio, June 21-25, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
November section, pages 679-84. 


J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Morton and Bohn have reported the 
results of both an interesting and a valuable 
series of tests that disclosed the basic start- 
ing up and dropping characteristics of 
aluminum pot lines with mercury-arc recti- 
fiers. With this information, schemes can 
be applied with much greater assurance 
than has been possible in the past. They 
have also described a perfect method of 
master starting which is not prohibitively 
complicated. The method does add some 
complication and additional apparatus over 
the method of master excitation, and any im- 
pression that all systems of master excitation 
have proved unsatisfactory is not justified. 
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The tests showed that, with most systems 
of master excitation applied with contactors 
having entirely normal and practical ad- 
justments, no breaker or rectifier was sub- 
jected to more than a few per cent over its 
continuous load rating because of the exist-- 
ing pot-line inductance. Therefore, if the 
rectifier breakers are free of rate-of-rise in- 
fluence in the forward direction, all rectifiers 
should stay on in this method of pot-line 
starting. Even the tripping of one or two 
rectifiers in starting should not be considered 
too serious, since ignitron rectifiers have 
ample short-time overload capacity to 
enable the pot line to stick, and the recti- 
fiers that tripped can be returned to the 
bus in a leisurely manner. 

Also, I believe that in order to provide 
reliable excitation under other abnormal 
conditions which are encountered, an excita- 
tion system must have sufficient output 
energy to provide reasonably satisfactory 
excitation with cold ignitors. In view of 
these factors there seems some question 
whether the advantages justify even the 
relatively nominal addition of complication 
required by the master blocking system over 
the master excitation system. 

Where phase-shifting networks are used 
instead of mechanical phase shifters, the 
transients are so long that a simple procedure 
of simultaneously energizing the circuits is 
not permissible. In this case the master 
excitation system must take some form of 
releasing excitation, such as removing short 
circuits around the ignitors. 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): The starting method 
described in this paper is based on the ability 
to block the firing of an ignitron rectifier 
by the application of a negative voltage to 
the grid. 

The primary function of the grid (or 
anode baffle, as it is frequently called) in 
the ignitron rectifier is to deionize the space 
around the anode. The grid is designed to 
do this with a minimum increase in are 
loss. Structurally, it consists of a graphite 
basket surrounding the anode and having a 
wall of approximately one-inch thickness 
with three-fourths-inch or one-inch holes. 
These large holes and the arrangement in 
the tank limit the ability of the grid to con- 
trol the firing of the anodes. 

The blocking characteristics of the grid in 
a commercial ignitron rectifier are shown in 
Figure 1 of this discussion. These charac- 
teristics were determined by applying a 
positive voltage to the anode and a negative 
voltage to the grid with the ignitor firing. 
With sufficient negative voltage on the grid, 
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the anode is prevented from firing. By 
gradually decreasing the negative voltage 
on the grid, a point is reached at which the 
blocking action fails, and the anode fires. 

These curves show that a greater negative 
voltage is required on the grid at the lower 
temperatures in order to block. This is due 
to the larger amount of ionization reaching 
the anode at the lower temperatures. The 
grid-current wave shape under blocking 
conditions is shown in Figure 2 of this dis- 
cussion. It may be noted that more grid 
current is obtained at the lower tempera- 
tures. 

The slow deionization of the arc space in 
an ignitron rectifier is also shown by these 
grid-current wave shapes. At 72 degrees 
centigrade the grid current persists for over 
120 degrees after the ignitor-current wave. 
At the lower temperatures the decay of 
ionization takes place more rapidly. 

Such a slow deionization of the arc space 
renders it incapable of controlling the firing 
of the anode under load, that is, phase con- 
trol. In the usual ignitron rectifier, phase- 
control operation is obtained when the firing 
of the ignitor is controlled. However, it is 
possible to provide phase control by means 
of the grids, the same as in a multianode 
rectifier, when a suitable grid and baffle 
arrangement are provided. 


H. Winograd (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): In March 
1939, the writer of this discussion made 
tests at the Alcoa plant of the Aluminum 
Company of America on switching of an 
aluminum pot-line circuit supplied by 
rectifiers with continuous excitation and 
control grids. These tests were made in 
co-operation with D. I. Bon, coauthor of 
this paper. The writer thought it would be 
of interest to describe these tests and their 
background, in view of their similarity to 
the tests described in the paper. 

In the first rectifier station for an alu- 
minum reduction plant, which was put into 
operation at Alcoa in 1938, a 50,000-ampere 
d-c breaker was used for switching the pot- 
line circuit. This followed the practice 
formerly used in rotary converter stations. 
The cost of the breaker and its installation 
were a substantial item. The d-c busses 
were located outdoors, and the 50,000- 
ampere circuit had to be brought into the 
station to the breaker and out again. The 
maintenance of the breaker was also a 
problem. Since it remained in the closed 
position for months at a time, the closing 
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and tripping mechanisms became sluggish 
and sometimes failed to function properly. 
In view of these objections, other methods 
of switching the circuit were explored. As 
the control grids of the rectifiers can con- 
trol the pickup of the anodes and can keep 
them blocked, it was decided to utilize this 
property for switching the load circuit. 
Each pot-line circuit was supplied by ten 
rectifiers operating in parallel. The units 
were displaced in phase from each other by 
means of wye and delta transformer pri- 
mary connection and phase shifters ahead 
of the transformers to constitute a 30-phase 
system. The grids of each rectifier were 
controlled by means of an a-c voltage from a 
six-phase grid transformer and a variable d-c 
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bias connected between the neutral of the 
grid transformer and the cathode of the recti- 
fier. When the bias is negative, the a-c com- 
ponent of the grid voltage causes an anode 
to fire at a point in the cycle where the net 
grid-to-cathode voltage changes from nega- 
tive to positive. With the grid transformer 
de-energized, the anodes remain blocked. 

For testing the pickup of the pot-line 
load, the primary windings of the grid trans- 
formers of all the rectifiers were connected 
to a common three-phase supply through a 
three-pole contactor. The grid bias on the 
rectifiers was set at about 50 volts negative. 
With the load off, the grid contactor was 
opened. The pot-line breaker was closed, 
the rectifiers were connected to the a-c 
supply and the d-c bus, and the excitation 
arcs were established. The power circuits 
were, therefore, complete, and the rectifiers 
were ready to take load but were kept 
blocked by the negative voltage on the 
grids. The grid-supply contactor was then 
closed, and the rectifiers picked up the load, 
as shown in the oscillogram of Figure 3 of 
this discussion. The top trace of this oscil- 
logram shows the current of the pot-line 
circuit. The other traces show the currents 
of five individual rectifiers. This test was 
repeated several times with the same results. 
This solved the problem of switching on the 
load. - 

For dropping the load, two methods were 
considered and tested. One method was to 
block the rectifiers by means of the control 
grids. The second method was to gang-trip 
the cathode breakers of the rectifiers. 
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The grid-blocking method was tested by 
opening the contactor supplying the grid 
transformers, which left a negative bias 
on the grids of all the rectifiers. The results 
are shown in the oscillogram of Figure 4 of 
this discussion. The explanation of the 
oscillogram is as follows: 

When the a-c grid supply was interrupted, 
applying blocking potential to the grids, the 
anodes which were not firing remained 
blocked. Some of the anodes which were 
firing dropped their current at the end of 
their firing period and remained blocked, the 
load current being transferred to other firing 
anodes in the same rectifier or another recti- 
fier. The transfer of current between the 
rectifiers was facilitated by the fact that the 
rectifier units are displaced from each other 
in the 30-phase system. The result was 
that the anodes connected to one phase in 
several rectifier units continued to carry the 
current, because the energy stored in the 
inductance of the pot-line circuit maintained 
the flow of current over the entire cycle of 
the a-c voltage, until the energy was dissi- 
pated. This accounts for the 60-cycle a-c 
components in the pot-room and rectifier 
currents. The test was repeated several 
times, with similar results. The ripples in 
the current waves, prior to dropping the 
load, are exaggerated considerably by in- 
duction in the connections between the am- 
meter shunts and the oscillograph. 

The effect of the pot-line inductance on 
the currents of the rectifiers was anticipated 
when this method of dropping the load was 
considered. However, it was decided to 
make the test. The results were somewhat 
better than expected, as it was expected 
that only one rectifier unit would carry the 
load until the energy of the pot-line induct- 


ance was dissipated. This method of drop-. 


ping the load was considered unsatisfactory, 
on account of the overloading for several 
cycles of one rectifier-transformer phase 
and the anodes connected to it. It was 
therefore decided to drop the load by gang- 
tripping of the cathode breakers, which 
was tested and found satisfactory. 

The method of switching the pot-line 
load described previously was applied in the 
next rectifier station at Alcoa, which was 
put in operation in May 1940, and in subse- 
quent installations. It was also adopted in 
the first rectifier station, and the pot-line 
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breakers were removed. The switching 
operations for picking up and dropping the 
load are performed by one control switch. 
When turned to the close position, the con- 
trol switch energizes the three-pole contac- 
tor supplying the grid transformers. When 
turned to the trip position, it trips the d-c 
bus-tie breakers to the adjacent pot lines 
and operates a multi-pole relay for gang- 
tripping of the cathode breakers. 

In the oscillogram of Figure 6 in the paper, 
showing the gang-tripping of the cathode 
breakers, there is a considerable time dif- 
ference in the opening of the cathode break- 
ers. This caused overloading of several 
rectifiers, the current on rectifier 5B attain- 
ing a value of 27,800 amperes. Such over- 
loading is undesirable and is likely to cause 
arc-backs. This could be avoided if the 
contacts of the gang-tripping contactor and 
the shunt trips of the breakers were ad- 
justed to get simultaneous opening of all 
the breakers. Such adjustments were made 
in the installations with which the writer 
wasconnected. A fractional-cycle electronic 
timer, connected as shown in Figure 5 of 
this discussion, was used for this purpose. 
It was determined by means of an oscillo- 
graph that the mechanical opening time of 
the cathode breaker was about 21/. cycles 
from the instant the shunt-trip coil was 
energized. It was also found that the 
difference in the opening time of individual 
breakers was less than one cycle, if the air 
gaps of the shunt-trip armatures were ap- 
proximately the same. 

The timer consists of two tube sets. 
Each set consists of six thyratron tubes con- 
nected to \the six-phase secondary winding 
of a small transformer. A source of d-c 
voltage, shown in the figure as a battery, is 
connected between the cathode of the tubes 
and the neutral point of the transformer in 
series with a current-limiting resistance R. 
The voltage Eg of the d-c source, measured 
between the positive terminal and the 
cathode connection of the tubes, is higher 
than the peak value of the phase-to-neutral 
voltage of the transformer, so that if only 
one phase were firing, the current through 
the tube will remain above zero continuously. 

The contacts of the breaker are connected 
to the grid circuit of the tube set so that, 


when the breaker is closed, the grids are at 


a positive potential to the cathode, and 
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when it is opened they are made negative. 
When the breaker is closed and the grids 
are positive, the thyratron tubes fire in 
sequence for one-sixth-cycle periods, the 
commutation being effected by the trans- 
former secondary voltages. When the 
breaker is opened and the grids of the tubes 
are made negative, the tubes which were 
not firing at that instant remain blocked. 

However, the tube which was firing con- 
tinues to fire, as its current does not reach 
zero, and its grid is ineffective. The phase 
position of the tube which remains lit 
indicates the part of the cycle when the 
breaker contacts opened. 

When two breakers, which are to be com- 
pared, are connected to the two tube sets 
and are tripped by means of the gang-trip- 
ping switch, the difference in the phase 
position of the lit tubes will indicate the dif- 
ference in the opening time of the breakers. 
The backstop of the shunt-trip armature 
of one breaker is then adjusted until their 
opening time is the same, as indicated by 
the tubes. The breaker adjustment was 
considered satisfactory if the corresponding 
tubes in the two sets were lit in three out of 
four trials. One breaker was used as a ref- 
erence breaker, and each of the other break- 
ers was adjusted in turn to agree with it. 
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L. W. Morton: The authors agree with 
Mr. Cox that, provided the excitation equip- 
ment has sufficient energy to fire cold igni- 
tors, the master excitation system can be 
operated successfully. Under the circum- 
stances, while the grid-blocking method 
causes perfect pick up, the additional com- 
plication of grid blocking is not justified 
where the rectifiers are equipped with up-to- 
date excitation circuits, all of which have 
sufficient output energy to fire cold igni- 
tors. 

It should be kept in mind, however, that 
before the tests were made, the cause of 
improper pick up and over-all behavior of 
the equipment during starting up and 
dropping was not fully understood. Use 
of grid blocking provides perfect starting 
for the earliest group of 12 ignitron recti- 
fiers placed in Aluminum Company service. 
The alternative of replacing 12 excitation 
circuits with higher-voltage circuits would 
have been too costly in critical materials 
to be justified at that time. 

By means of the tests the authors were 
able to solve their immediate problems. If, 
as Mr. Cox says, “With this information 
schemes can be applied with much greater 
assurance than has been possible in the 
past,” the authors’ efforts have been worth 
while. 

Mr. Herskind and Mr. Winograd have 
added valuable supplementary data per- 
taining to the application, installation, and 
operation of rectifiers for cell-line service. 
Mr. Winograd’s suggestions for adjusting 
the opening time of cathode breakers, to 
facilitate disconnecting cell lines, are par- 
ticularly interesting and should be of benefit 
to operators of large rectifier installations. 
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High-Voltage Power- 


Transformer Design 


Discussion and author's closure of paper 43-88 
by M. B. Mallett, presented at the AIEE na- 
tional technical meeting, Cleveland, Ohio, 
June 21-24, 1943, and published in AIEE 
TRANSACTIONS, 1943, August section, 
pages 526-31. 


Hamilton Treadway (Rural Wlectrification 
Administration, St. Louis, Mo.): This 
paper is a timely contribution in the field of 
transformer design, since it comes during a 
period when the need for innovation in the 
design of transformers is most pressing if a 
reduction in the materials required in their 
manufacture is to be effected. The writer 
has been studying this preblem for several 
years with the object of reducing the weight 
and cost of the transformer while at the same 
{ime improving its characteristics, The 
design features discussed by the author are 
of particular interest in this connection, 
and the opinion of the author on several 
points is desired, 

The temperature at which oil deteriorates 
has long been recognized as determining the 
capacity limits of the apparatus, The limit- 
ing temperature imposed by oil is quite low, 
Vet, as the operating temperature is in- 
creased, over-all weight per kilovolt-am- 
pere of capacity is decreased, As a solution 
to this problem, the writer has in mind the 
use of compressed gas as a cooling medium, 

Compressed gas offers many advantages, 
not the least of which is its high dielectric 
strength, Coupled with the use of class-C 
insulating materials, the insulation level of 
the equipment can be inereased greatly. 
Furthermore, it does not deteriorate when 
subjected to high temperatures, and, in 
combination with mica, fiber glass, porce- 
lain, and other solid materials not affected 
adversely by heat, the operating tempera- 
ture of the transformer may be increased 
considerably, 

Compressed gas provides a superior cool- 
ing medium because of the ease with which 
it can be circulated, If the transformer is 
operated well above 100 degrees centigrade 
water can be used to cool the gas, and thus 
advantage may be taken of its great latent 
heat and low cost in most localities, 

The author's opinion on the adaptability 
of the distributed concentric construction 
to the use of compressed gas as a cooling 
medium is desired, The writer has in mind 
the substitution of mica for tne foundation 
cylinder with fiber glass used to provide the 
channel spacer, Porcelain would be used 
to provide spacing between coils, and mica 
and fiber glass or mica would provide the 
turn insulation, This construction should 
facilitate greatly the circulation of the gas 
and should permit greatly increased heat 
flow across cach unit of surface between the 
heated parts and the circulating medium, 
since the outer surface of the coils will be 
exposed directly to the flow of the gas. 

The reduced reactance of the distributed 
concentric construction offers a further 
advantage, The upper limit of the oper- 
ating temperature of transformers, deliber- 
ately designed for high-temperature opera- 
tion, would be fixed by the limits to which 
the resistance of the winding may be in- 
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creased and still maintain satisfactory regu- 
lation characteristics. A design which de- 
creases the inherent reactances increases this 
limit. 

The extension of service into rural areas 
has demonstrated a need for improved trans- 
former designs combining lower losses, 
higher insulation levels, greater capacity 
per unit of weight, and lower cost. What- 
ever direction is taken in the further devel- 
opment of the rural-distribution and sub- 
station transformers, the fipished product 
must provide these essential features in its 
design. 


E. V. Leipoldt (Shawinigan Water and Power 
Company, Montreal, Que., Canada): There 
are several features in the design and con- 
struction of the distributed concentric type 
of transformer, deseribed by the author, 
which are of special interest to operating 
engineers. The method of shielding, and, 
particularly, the structural support of the 
line end shield are to be commended. The 
fact, that each coil, or group of coils, is 
rigidly supported on hard-walled cylinders 
without the aid of an impregnating varnish, 
is an advantage which the maintenance engi- 
neers will appreciate, 

The most appealing feature in the general 
design is, to my mind, the adaptability of 
this construction to forced circulation of oil 
through the windings. 

The Shawinigan Water and Power Com- 
pany for many years has advocated the ap- 
plication of forced-oil circulation through 
the windings of the transformers as well 
as in the external coolers. Unfortunately, 
our appeals to the transformer designers 
have not heretofore been taken very seri- 
ously, and it has required the combined 
pressure of a conservation program and 
increasing technical interest in the subject 
to bring about these worth-while economies 

Our company took the first step in this 
direction in 1986 by the purchase of two 
50,000-kva three-phase transformers with 
external forced-oil and air-cooled heat ex- 
changers. These transformers were of the 
shell type, and the first stage in directed 
flow through the windings was taken by 
enclosing the base of the core structure and 
leading the return oil into the enclosed area 
below the windings. This arrangement was 
made with the reluctant approval of the 
manufacturers and has been operating 
successfully to date. 

No real economy was anticipated from 
this installation, as the oil circulated 
through the winding was governed by the 
requirements of the external cooler, in this 
case, 450 imperial gallons per minute. A 
subsequent installation of two similar trans- 
formers was made in 1939-40, and steps 
were taken to provide not only excess cool- 
ing capacity in the heat exchangers in view 
of possible increased loading of the trans- 
formers, but also additional oil-circulation 
facilities to regulate the flow of oil through 
the windings of the transformer. Unfor- 
tunately, the war in which our country has 
been engaged since installation of the new 
transformers has prevented a program of 
testing which has been under consideration, 

New transformer capacity has 
added recently to this substation, and we 
hope to carry out some tests to determine 
the extent of increased loading with in- 
creased circulation of oil, 
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D. B. Fleming (The Hydro-Electric Power 
Commission, of Ontario, Toronto, Ont., 
Canada): The paper presented by Mr, 
Mallett covers a transformer-winding de- 
sign which tends toward efficient cooling, 
simplicity in the proper distribution of volt- 
age stresses, and ease in maintenance and 
repairs, combined with adequate mechanical 
strength. Naturally, the simpler one can 


design and build a transformer and retain — 


the maximum of good qualities, the more 
desirable the product becomes. 

Our operating experience confirms the 
author’s statements in regard to the me- 
chanical weakness of the conventional 
barrel-type cylindrical coil. The turns of 
flat copper wound on a vertical cylinder 
often telescope on each other under short- 
circuit conditions, The author appears to 
have overcome this possibility by enveloping 
each turn in an insulating channel, which 
provides a double layer of insulation to act 
as'a mechanical support over the whole 
area of the under and top side of the turn 
and distributes the axial stresses evenly. 
It occurs to me that the column could be 


made even more solid and secure if the 


parallel conductors were wound on edge 


so that the wider surface would distribute — 


the axial stresses better, and the transfer 
of heat to the oil would be mostly through 
copper, rather than layers of copper and 
insulation. The change in symmetry would 
not then be necessary at the ends where 
additional turn insulation is provided. This, 
however, might not be practicable for me- 
chanical reasons. 

It has been found that, in the disk-coil 
radial-spacer type of construction, because 
of the concentration of stresses at the 
spacers, there is a tendency for the edges to: 
cut through. ‘This is true especially at the 
end coils, where the insulation is reinforced. 
Furthermore, the spacers become embedded 
in the insulation, so that the intervening 
spaces between supports become partially, 
and sometimes wholly, blocked with re- 


sultant heating and deterioration of the in- — 


sulation and, finally, failure. Similar types 
of failures have occurred on shell-type 
transformers, where the unit stress on the 
insulating spacers at the inside corners is 


increased because of lack of room for pro-— 


viding both adequate supports and oil ducts 


for cooling. The insulation crushes, allow- 


ing the turns to become displaced and short- 
circuited. Experience during operation will, 
show whether or not this new construction 
the author describes will overcome these 
troubles, 

In Figure 4 of the paper it may be noted 
that the ends of the cylinders are cut back, 


so that the axial support comes on the a 


copper column and not on the cylinders. 
This is important and is often not appre- 


ciated by the workmen in the factory as- 


sembly. Inspection of transformers during 


factory construction often shows that care- — 
less assembly or lack of attention to small 


details of this kind vitiate a meticulous 
design. \ 

It is not clear from the description or 
illustrations how an even distribution of 
pressure is effected by the end supports and 


clamps. Where the number of stacks of coils _ 


increases, the problem of supporting them 
evenly also increases. In the construction 


using a disk-coil primary winding and a — 


cylindrical secondary winding, where there 
is vastly more insulation in one than the 
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other, more shrinkage will occur in the 
former, and separate pressure blocks with 
accompanying means of adjustment are 
essential. The practice of rolling or pre- 
compressing the insulation, however, may 
overcome much of this shrinkage. Periodic 
inspection and maintenance have disclosed 
that as much as an inch thickness of insu- 
lating spacers must be added at the ends 
of the disk coils to tighten down the whole 
assembly securely on the clamps. In the 
shell-type transformer, the insulation 
shrinks, and the spacing strips often fall to 
the bottom of the tank, requiring major 
and costly repairs. 

It may be noted that the tap leads are all 
earried down the face of the coil to the 
bottom, but the illustrations do not show 
where these are terminated nor the location 
of the ratio adjuster. There will be a con- 
siderable voltage difference between the tap 
lead and the bottom of the coil which intro- 
duces hazards. This might be overcome 
to a great extent by carrying the top taps 
out the top of the winding and the bottom 
taps out the bottom. 

Simplicity of repairs of a faulty winding 
is an important feature of this type of con- 
struction, although the cost of a whole 
cylindrical coil may be considerably more 
than that of a couple of disk-type coils. 
Happily, however, the percentage of failures 
in the modern transformer is rare compared 
with the failures experienced in the older 
designs of 15 years ago and earlier. 

The very effective cooling, by means of 
the straight vertical oil ducts, is a very im- 
portant feature. It tends toward smaller 
and lighter transformers for the same kilo- 
volt-ampere capacity. The Hydro-Electric 
Power Commission of Ontario is extending 
its practice of operating transformers on a 


thermal-capacity basis and adding addi-~ 


tional cooling by means of fans to normal 
self-cooled units. The construction the 
author describes in his paper lends itself to 
forced-oil cooling. This is very interesting, 
as it permits the transformer to be pur- 
chased as a nominally rated self-cooled unit 
with certain provisions on it, so that, as the 
load grows, fans or blowers can be added 
and, finally, forced-oil cooling to obtain 
the desired increases in capacity. 


H. H. Wagner (Pennsylvania Transformer 
Company, Pittsburgh, Pa.): There is a 
present tendency toward the use of cylindri- 
eal layer windings in power transformers, 
as indicated by this paper and other recent 
transformer technical articles. 

For the past 15 years our company has 
built concentric cylindrical layer windings 
for voltages up to 66 ky and in sizes up to 
20,000 kva. The design principles of this 
type of winding have been developed with 
the aid of a large amount of laboratory re- 
search, including 60-cycle and impulse tests 
and mechanical-pressure tests in our 300- 
ton hydraulic press. 

This experience has indicated the ap- 
plicability of this type of design, not only 
to the high-voltage ratings described in the 
Paper, but also to medium- and lower- 
voltage classes. 

Both our service record and laboratory 
testing confirm, in general, the conclusions 
of the paper as to the desirable electrical, 
thermal, and mechanical characteristics of 
this type of winding. ; 
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5,000-kva core-type layer-winding 
transformer 


Figure 1. 


This type of winding is also applicable to 
fully insulated transformers as well as ‘to 
graded insulation. With full insulation it is 
desirable in the higher-voltage classes to 
use a shield at both line ends of the winding. 

In the lower-voltage classes we have found 
that a good internal-impulse voltage dis- 
tribution can be obtained without the use of 
shields. This is partially due to the higher 
layer to layer capacitance resulting from the 
use of thinner-layer insulation for the lower 
voltages. 

Our experience has shown that this type 


Double-magnetic circuit core— 
partially assembled 


Figure 2. 
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of winding, together with a baffle as de- 
scribed for forced-oil cooling, also gives 
excellent results for forced-air cooling on 
dry-type air-cooled transformers. 

Our practice has been to use square or 
neatly square conductors for layer-type 
windings instead of the thin flat strap con- 
ductors shown in the paper. Of course, the 
use of square wire requires a larger number 
of conductors for a given total cross section, 
since the permissible thickness of the con- 
ductors is limited by the copper eddy-cur- 
rent losses. 

A reliable mechanical construction is 
assured, by supporting each conductor on 
all four sides radially and axially, by the 
use of vertical spacers in close contact with 
each layer of conductors instead of sup- 
porting only three sides of each conductor 
as shown in the paper, and by thoroughly 
impregnating each winding in varnish. 

The construction of a cylindrical-layer 
winding-core-type transformer is illustrated 
in Figure 1 of this discussion which shows 
the core and coil assembly of a single-phase 
transformer rated 5,000 kva, 34,500 volts, 

While the core-type single magnetic cir- 
cuit is suitable for many ratings using 
layer windings, wide use has been made of 
a double-magnetic-circuit-core design which 
has several important mechanical advan- 
tages wherever applicable. Figure 2 of this 
discussion shows a partially assembled core 
of this type, which illustrates also the 
method of supporting the windings. 


M. B. Mallett: The author thanks con- 
tributors of discussion for their comments 
and interest. 

Mr. Leipoldt’s present advocacy of di- 
rected forced flow, after his seven years of 
actual experience with this type of cooling 
in large transformers, indicates to the 
author that directed flow in such machines 
must be entirely practical from an operat- 
ing point of view. 

Mr. Fleming suggests the desirability of 
not splitting the coil conductor radially. 
This is often feasible in 25-cycle designs, 
where the reduced frequency ordinarily per- 
mits some 5/,.-inch radial thickness of solid 
copper without excessive eddy loss. In 
connection with this point, the author em- 
phasizes the fact that the basic requirements 
for barrel coil stability, as stated in the 
paper, are considered essential, irrespective 
of the form of coil conductor used, whether 
flat wound strands, edge wound strands, 
square strands, a single strand of any pro- 
portions, or a single cable comprising a 
number of continuously transposed strands, 
Because of their importance, these basic 
requirements for coil stability are reiterated 
here as follows: 


1. Positive axial separation of conductors. 
2. Firm coil clamping. 


3. Freedom of coil-diameter expansion. 


In regard to clamping of the final struc- 
ture, the required pressure distribution on 
the various high-voltage and low-voltage 
coils is obtained by means of an adjustable 
plate located between the end insulation 
and fixed top clamp member. After final 
vacuum shrinkage, this plate is backed off, 
necessary adjustments are made readily in 
the various progressively disposed radial end 
spacers, and pressure is reapplied with the 
adjustable plate. 
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With reference to tap-lead arrangement, 
all straps are usually brought to one end of 
the tap coil to minimize the potential from 
leads to adjacent outer coil. Such an ar- 
rangement increases the potential differ- 
ence between straps and the tap coil itself, 
but ordinarily this difference is relatively 
small, being approximately 71/2 per cent, 
for example, in the particular design illus- 
trated by Figure 5 of the paper. 

Mr. Wagner indicates the opinion that 
conventional-type barrel-coil construction 
is suitable for application in large power 
transformers. This opinion, however, con- 
flicts with that of the author for specific 
reasons stated in the paper. 

Mr. Treadway asks about the adapta- 
bility of the distributed concentric con- 
struction to the use of high-pressure gas 
in combination with class-C insulation. 
The general construction is uniquely suited 
for forced gas cooling, but the author be- 
lieves that at present there are two basic 
obstacles to the practical application of 
compressed gas and extreme operating tem- 
peratures. 


1, The erratic behavior of creepage surfaces under 
gas pressure in respect to impulse dielectric strength, 
as indicated by present knowledge of the subject. 
2. The mechanical limitations of class-C mate- 
rials as are now available 


Interim Report on Overload- 
ing Current-Limiting 
Reactors 


Discussion of paper 43-109 by the transformer 
subcommittee of the AIEE committee on elec- 
trical machinery, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, October section, 
pages 611-12. 


A. F. Phillips (Duquesne Light Company, 
Pittsburgh, Pa.): The Interim Report on 
Overloading Current-Limiting Reactors is a 
very good guide for usual conditions experi- 
enced in service. However, rather than 
attempt to follow any general rule in loading 
equipment, it is believed that the urgency 
of wartime needs amply justifies the effort 
required to place individual ratings on 
equipment. In most cases, a general 
method of rating leads to a conservative 
loading practice. However, there may be 
instances when this is not true. For ex- 
ainple, we have some four-kilovolt dry-type 
reactors enclosed in concrete compartments 
with Transite doors. When full load is 
carried, the temperature rise above the 
ambient temperature was 79 degrees centi- 
grade, whereas the rise in open air was only 
39 degrees centigrade. This condition was 
corrected by providing adequate ventilation 
for the compartment, which reduced the 
compartment rise over ambient temperature 
from 40 degrees centigrade to 9 degrees 
centigrade. ; 

In another case when the loading was 
increased above the name-plate rating of 
the reactor, considerable heat developed in 
the steel compartments. Currents up to 
420 amperes were measured in the support- 
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ing angles for the compartment. The 
cubicle was modified by cutting both the 
upper and lower angles in the middle, 
breaking up the path for the circulating 
current. This reduced the compartment 
rise to a satisfactory value. 


Interim Report on Overload- 
ing Distribution Transformers 


Discussion of paper 43-87 by the transformer 
subcommittee of the AIEE committee on elec- 
trical machinery, presented at the AIEE 
national technical meeting, Cleveland, Ohio, 
June 21-25, 1943, and published in AIEE 
TRANSACTIONS, 1943, August section, 
pages 516-17. 


E. F. Dissmeyer (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The Interim Report on Overloading Dis- 
tribution Transformers is somewhat dis- 
appointing in that it does not present any 
specific data. It merely states: ‘“‘It is diffi- 
cult to fix specific limitations for operation 
of distribution transformers,’ and “It 
seems necessary therefore that those users 
seeking the near ultimate in loading of 
distribution transformers base their 
thoughts and conclusions on the particular 
characteristics of the equipment and loads 
peculiar to their own  systems.’’ The 
reference list which has been provided 
will undoubtedly be appreciated by the in- 
dustry. 

The transformer subcommittee has made 
many fine contributions to the industry, 
and their possible failure to provide com- 
plete and usable data on the loading of 
distribution transformers might seem to 
indicate that no problem exists. It would 
seem, however, that the subcommittee could 
have made greater use of surveys of distri- 
bution-transformer loading practices which 
provide valuable data for industry use. Ifa 
single practice cannot be established, 
possibly distribution systems can be di- 
vided into two or more classifications and a 
loading practice provided for each type of 
system. Such type of information should be 
of considerable value to those interested in 
the operation and design of distribution 
systems. 

It is the writer’s opinion that individual 
studies can be justified for the larger sizes of 
distribution transformers and that the 
principles outlined in the “Interim Report 
on Guides for Overloading Transformers 
and Voltage Regulators’! can be utilized. 
In regard to the pole-type sizes, past ex- 
perience seems to indicate that, with well- 
balanced distribution-system design, the 
thermal loading does not present a serious 
problem. Burnouts due to overloading 
have been rare. Where burnouts have been 
experienced, it has usually been found that 
they were due to some unexpected load and 
that they have often occurred in cases 
where the service to a single customer has 
been involved. The design of a distribution 
system requires proper allocation of voltage 
drop in the overhead primary, transformer, 
and secondary circuits, and generally it will 
be found that excessive voltage drop will 
result before a pole-type transformer is 
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either burned out or before an excessive 
amount of insulation life has been con- — % 
sumed. - 

Economic considerations ieee require os 


= 


that the transformer voltage drop be large 4 
compared to that in the overhead primary 


and secondary circuits. As a result trans- « 
formers either are loaded to rating or, in the 5 
case of smaller transformers, carry over- 4 

‘ ; : re 
loads during peak periods. Since. trams- - 
former loading has a major influence on the E 
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customer’s voltage, complaints will usually 
result prior to transformer damage or burn- 
outs. ; 
During the present emergency, most 
power-supply companies are permitting a 
greater voltage variation on their distribu- 
tion system, and a resultant greater loading 
of distribution transformers is being ex- 
perienced. A review of past experience ti 
seems to indicate that the quality of service 
to a customer will not be reduced to such an a 
extent that an excessive number of trans- 
former burnouts will be experienced. A & 
moderate increase in life consumption and * 
an occasional transformer failure would be~ 
consistent with the wartime practices being 
used in the operation of other equipment. 
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REFERENCE 


1. INTERIM REPORT ON GUIDES FOR OVERLOADING 
TRANSFORMERS AND VOLTAGE REGULATORS, AIEE 
transformer subcommittee. AIEE TRANSACTIONS, 
volume 60, 1941, September section, pages 692-4. 


W. A. Sumner (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
One of the references in the paper is the — 
Putman—Dann paper, “Loading Trans- 
formers by Copper Temperature.’’! In 
this paper was included a report on a pro- 
gram of temperature-cycle tests started on 
four five-kilovolt-ampere 2,400-volt CSP 
(completely self protected) transformers 
June 1, 19386. As reported in that paper, a 
total of 867 cycles had been completed by 
June 15, 1939. These tests have been con- 
tinued and now after seven years total 1, 911 
cycles, without failure. Because of the’bear- — 
ing of these tests on the present interim re- 
port, it is believed that an up-to-date 
progress report will be of interest to this 
group. 

For the last rn 811 cycles, two of these - 
units (A and B) have been operated at 390 — 
per cent load for an average of 48 minutes. 
for each overload and in that time attained 
a maximum copper temperature by re- — 
sistance of 142 degrees centigrade. Two 
other units (C and D) operated at 450 per 
cent load for an average duration of 34 
minutes, attaining a maximum copper tem- 
perature by resistance of 1385 degrees 
centigrade. : 

During the course of these runs, the — 
standard dielectric tests for a new 2,400-volt 
transformer have been applied 17 times, the 
last being made on the 1,533rd run. Surge _ 
tests, with a 56-kv_ 11/.40-microsecond 
positive wave have been applied 18 times, — 
the last of the surge tests having been made © 
on the 1,810th run. No sign of distress was 
disclosed by these tests. ie 1am 

The dielectric strength of the oil, which | 
has not been renewed, has been tested fre- 
quently and at the 1,810th run six 
29 kv on the four units. 1S 

These units have not been torn down far . 
examination of the insulation, as it is the — 
intention to continue the runs until failure. 
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However, power-factor tests have been made 
and indicated 1.5 per cent or lower at 20 
degrees centigrade, which is as good as or 
better than the average new transformer. 
This appears to be a very good indication 
that, in spite of this large number of cycles, 
the insulation is in satisfactory condition. 
Since these winding temperatures are sub- 
stantially in excess of those contemplated 
by the interim report, it is felt that the 
recommendations of the committee can be 
considered as conservative. . 
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1. Loapinc TRANSFORMERS BY COPPER TEM- 
PERATURE, H. V. Putman, W. M. Dann. AIEE 
TRANSACTIONS, volume 58, 1939, October section, 
pages 504-09. 


Hamilton Treadway (Rural Electrification 
Administration, St. Louis, Mo.): The war 
emergency has focused attention on the 
problem of overloading transformers as well 
as other electric equipment. This interest 
is prompted by the necessity for saving 
critical materials, and perhaps a great deal 
could be accomplished in this direction by 
the adoption of new theories in the design 
of such equipment. Still much can be 
accomplished in the direction of conserva- 
tion of critical materials by utilizing the 
maximum capacity of existing equipment. 

In the distribution-transformer field much 
can be gained by rearrangement of system 
layouts and by relocating transformers to 
attain the maximum use of existing capacity. 
This requires regular load surveys and a 
means of readily interpreting the results. 
The methods developed by Beavers! and 
Clark? are easily applied to substations 
where recording demand meters are used, 
but no accurate means has been developed 
_for small installations where load curves are 
not available. It is desirable that a means 
be developed to permit evaluation of the 
overload capabilities of these smaller trans- 
formers in terms of the type of load served, 
the indicated maximum demand, and load 
factor. Probability curves for each type of 
load may be worked out which will permit 
the experienced operator to secure a maxi- 
mum from his present installed transformer 
eapacity. To accomplish this, thousands of 
load curves must be assembled, grouped, 
analyzed, and evaluated. This undertaking 
is outside the scope of any one group. It is 
suggested that the subcommittee should 
work out procedures to be followed and 
assign the task of accumulating and pre- 
paring the data on each individual type of 
load to that group in the industry best 
situated to do the work. 

Whatever data of this nature are supplied 

by the subcommittee in future reports will 
prove of inestimable value to the industry. 
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F, E. Andrews (Public Service Company of 
Northern Illinois, Chicago, Ill.): Much 
discussion and consideration of the problem 
of overloading distribution transformers has 
been directed along the lines of determining 
the value and kind of overload which a 
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transformer will safely stand, the implica- 
tion usually- being that there should be 
sufficient margin in any practices adopted 
to avoid much risk of transformer failure. 

We, as engineers, are inclined to take 
credit for establishing a good operating 
record as measured by a very low rate of 
transformer failures due to overloads. I 
wish to raise the question whether it would 
not be better engineering, from the stand- 
point of economics, to carry a considerably 
higher average overloading on our trans- 
formers, thereby requiring less installed 
transformer capacity at the expense of a 
higher failure rate. 

To state this in another way, it would 
appear to be a good business judgment, at 
least for the average run of smaller distri- 
bution transformers, to use design loadings 
representing fairly high overload values. 
General experience indicates that in a large 
number of instances design loadings are not 
attained under actual operating conditions. 
This, together with other marginal con- 
siderations, results in the duty on the aver- 
age transformer installation frequently be- 
ing less than the maximum design duty. 
Furthermore, with the smaller  trans- 
formers the financial risk and importance, of 
a service interruption are much less than 
with power-transformer installations or with 
large distribution-transformer installations. 
Therefore, it is reasonable that the smaller 
transformers be applied to the system under 
a somewhat less conservative loading basis 
than the others. It would accordingly 
appear that the engineers and operators of 
any system, in order to obtain maximum 
economic benefits from their distribution- 
transformer installations, should, upon their 
own responsibility, be willing to go beyond 
the conservative recommendations for load- 
ing established by general industry stand- 
ards, and by manufacturers for design 
purposes. 

It is also recognized that in considering 
the economics of transformer overloading, 
the cost of the higher losses and of higher 
over-all voltage regulation must be taken 
into account. In some cases, these factors, 
tather than temperature and life, should 
determine the overload limits. 


Relay Protection of Tapped 


Transmission Lines 
| 
Discussion | and authors’ closure of paper 


43-118 by M. A. Bostwick and E. L. Harder, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, October section, pages 645-50. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Some caution must be exercised in thinking 
of the two-wire a-c pilot-wire scheme pro- 
posed by the authors as a true ratio- 
differential scheme in the ordinary sense of 
common three-winding-transformer differ- 
ential relays, where the sum of all three cur- 
rents is available for restraint. Even the 
two-wire a-c pilot-wire scheme used on two- 
terminal lines is only partly “ratio differ- 
ential’ in that restraint is proportional to 
local current, which represents either 
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_terminal to an internal fault. 


through current or the contribution of one 
However, in 
the case of the three-terminal application, 
consider a heavy through fault im on 
terminal 1 and out on terminal 2 with 
practically no current in terminal 3. In 
this case terminal 3 has no restraint but is 
subject to an operating voltage correspond- 
ing to a small per cent difference of two 
large values. Thus the careful balancing of 
pilot-wire voltages, excellent current-trans- 
former characteristics, and the accurate 
matching of saturating and cutoff devices 
which are used to limit the pilot-wire volt- 
age are relied upon to prevent false opera- 
tion, instead of the “ratio-differential’’ 
principle. 

The application of a-c pilot-wire schemes 
to three-terminal lines may be limited on ac- 
count of the relative values of load and short- 
circuit current. Overcurrent relays are 
sometimes set to operate with as little as 
11/2 times maximum load current, and it is 
expected that the minimum short-circuit 
current shall be at least 1!/2 times the relay 
setting, so that a ratio of minimum short- 
circuit current to maximum load current of 
at least 2!/, is expected for satisfactory 
operation; since the three-phase fault cur- 
rent is about 15 per cent greater than the 
current for a phase-to-phase fault, the re- 
quired ratio may be about 21/,to1. Incon- 
trast, the two-wire a-c pilot-wire scheme, 
operating on sequence currents or variable 
current-transformer ratio principles, re- 
quires a 2:1 ratio just to take account of 
different response to three-phase load and 
single-phase-to-phase faults. Furthermore, 
if incorrect operations on a two-terminal line 
are to be avoided during momentary inter- 
ruptions of the pilot-wire circuit in the 
presence of load current, an additional factor 
of 2 is introduced because only one half as 
much load current is required to cause trip- 
ping with the pilot wire open as is necessary 
under normal fault-clearing conditions with 
the pilot-wire circuit closed. This gives an 
over-all ‘‘phase factor’’ of 4 instead of 1.15, 
or, if the critical ratios of pickup load current 
to minimum fault current to relay pickup 
are to be maintained, then the minimum 
short-circuit current (from the terminal of 
the weakest source) must be nine times the 
maximum load current. In the case of*{‘T 
taps,” it is expected that tripping energy 
would be divided among the three terminals 
(when the lines are energized from one ter- 
minal), so that the required ratio of mini- 
mum short-circuit to maximum load current 
becomes about 13, which would exclude 
many applications. 

Carrier-current schemes combined with 
distance relays are subject to other difficul- 
ties than merely a possible reversal of cur- 
rent at one terminal of a three-terminal line, 
and one specific case was analyzed where 
such an arrangement would not provide 
even second-zone sequential tripping after 
the terminal nearest the fault had opened. 

The authors have mentioned parallel 
operation with industrial generating plants 
where certain nonessential loads would be 
“dumped.” It is not necessary that an in- 
dustrial customer should have ‘“non- 
essential’ load which can be ‘“‘dumped”’ in 
order to enjoy the advantages of parallel 
operation while a part of the load is being 
carried from a utility system. Frequently 
a sectionalizing switch is arranged so that 
when open it leaves a load of approximately 
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that desired for local generation on the in- 
dustrial generators and the remainder on the 
utility line. The operation of such a switch 
on a fault beyond the line terminals does not 
“dump” any load and therefore may be 
allowed without serious inconvenience. 
Thus the sectionalizing breaker may be 
operated by high-speed fault detectors which 
are sensitive enough to reach faults within 
the protected section under all conditions. 
This permits instantaneous reclosing on the 
utility tie line to provide uninterrupted 
service to the sectionalized load in case of a 
flashover on the tap line. Sometimes 
inertia relays are used for sectionalizing in 
case of ground faults where the trans- 
former supplying the industrial customer is 
not grounded. 

One method not mentioned by the authors 
is that of transferred tripping over pilot- 
wire circuits. The performance of a specific 
installation made in 1931 was described in 
1935! and a.special application for network 
service was described in 1938.2 While 
carrier-current equipment has been utilized 
for transferred tripping to protect trans- 
formers operating as part of a two-terminal 
line, it is unfortunately not applicable to the 
protection of a three-terminal line where the 
carrier impulse must be transmitted over the 
line which is faulted. 
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A. J. McConnell (General Electric Com- 
pany, Schenectady, N. Y.): In the past, 
there has been little formal discussion in 
regard to the general problem of relaying 
three-terminal lines. Bostwick and Harder 
have analyzed admirably this general 
problem. 

In regard to the protection of three- 
terminal lines by means of the HCB relay, 
it may be that the problem has been some- 
what oversimplified. For example, it is 
stated that the ““HCB two-wire a-c pilot- 
wire scheme circumvents all of these 
problems....’’ 

From an inspection of Figures 8 and 9, it 
appears safe to assume that a current of as 
little as six amperes leaving one terminal 
(m) will block all three terminals, regardless 
of the distribution of the currents at the 
other two terminals (p and ”). This means 
that for an internal fault near terminal 2 a 
current of six amperes or greater leaving 
terminal m will result in a failure to trip. 
A current of six amperes leaving one terminal 
for an internal fault is not at all uncommon, 
especially in those cases in which the im- 
pedance from the junction point to ” via m 
is equal to or less than the impedance 
internally from the junction to n. 

It would also appear that there is a possi- 
bility for a relay at a terminal which has no 
infeed to trip on a heavy fault external to 
one of the other terminals. For example, if 
there should be a difference between the 
output currents of the two relays carrying 
the through fault current, because of either 
the main current transformers or the saturat- 
ing transformers in the HCB relays, a cur- 
rent would appear in the operating coil of the 
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relay at the third terminal. Since there 
would be no corresponding restraining cur- 
rent, the relay would trip incorrectly if this 
operating coil current were above the relay 
- pickup for that condition. 


G. B. Dodds (Duquesne Light Company, 


Pittsburgh, Pa.): The authors have brought 


out the difficulties of relaying tapped trans- 
mission circuits, have pointed out the 
possible use of a-c pilot-wire protection in 
solving some of the problems, and have en- 
couraged presentation of specific examples 
of solutions to particular problems. 

The example shown in Figure 1 of this 
discussion is typical of the manner of serv- 
ing a number of war load customers. The 
original condition was two 68-kv transmis- 
sion circuits between stations A and B in the 
middle of an important transmission system. 
A new war load customer is being tapped to 
one of these circuits as shown. The cir- 
cuits between stations A and B had existing 
HCB pilot-wire protection; the connection 
of the new customer as a tap nullified this 
protection on the one circuit. The resistance 
of the pilot conductors was already up to the 
limit of standard two-terminal protection, 
being approximately 2,000 loop ohms re- 
sistance and 1.4 microfarads capacitances. 

It appeared hopeless to apply standard 
three-terminal pilot-wire protection be- 
cause of the high resistance necessary for 
each of the legs of the pilot conductors. 
The scheme shown on Figure 1 was finally 
worked out and tests made to prove its 
satisfactory operation. This scheme con- 
sists of installing a standard HCB installa- 
tion at the new tapped customer and hav- 
ing it normally disconnected from the pilot- 
wire circuits. It is connected to the pilot- 
wire circuits only in event of a fault on 
the low-voltage bus at the new station. 
The impedance of the transformer bank 
limits the fault current to such 1 magnitude 


load on pilot-wire protected circuits 
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that satisfactory operation is obtained on 
the three-terminal pilot wire for this fault 
location. > 

For other fault locations, such as through 
faults in either direction from stations A or 
B or inside faults on the protected circuit 
where the fault currents are much higher, 
the installation operates as a standard two- 
terminal arrangement. 

The third terminal at the new station C 
is connected and disconnected from the pilot 
wire by means of an instantaneous over- 
current relay which picks up only for faults 
at station C. In order to co-ordinate the 
operation of the pilot-wire relays at sta- 
tions A and B with the cutting in of the 
relays at station C, a slight amount of time 
delay was added to the pilot-wire relays at 
stations A and B. A time in the neigh- 
borhood of four cycles was found satis- 
factory. 

The single-phase grounding switch shown 
on the sketch is closed by operation of the 
transformer-bank differential relays. Its 
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purpose is to provide sufficient current to | 


operate the relays at adjacent stations. 
The 68-kv system is grounded through two 
63-ohm resistors in parallel, and as a result 
there is little voltage disturbance associated 
with a line-to-ground fault. 


M. A. Bostwick and E. L. Harder: Mr- 
Brownlee made the statement that “‘.. . even. 
the two-wire a-c pilot-wire scheme used on 
two-terminal lines is only partly ratio 
differential in that restraint is proportional 
to local current which represents either 
through current or the contribution of one 
terminal to an internal fault.’’ This is not 
true of the type-HCB two-wire a-c scheme 
referred to throughout the paper, although 
it may apply to another scheme. For the 
HCB relay, the operating equation is 
derived in this discussion. Equation 6 
shows that there is a restraining force pro- 
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portional to the sum of the currents at the 
two ends of the line 

As the limiting devices of the relay take 
effect at higher currents, the effect is the 
same as though the currents at the two ends 
remained constant at the values that 
operate the limiting device. Thus the opera- 
tion then depends only on the phase posi- 
tion between these two currents and the re- 
lay takes on a ‘‘directional-comparison”’ 
characteristic. This results in large re- 
straint for through faults and tripping for 
internal faults. 

On the three-terminal line Mr. Brown- 


'_ lee’s point is correct that a terminal with no 


current has no restraint. However, it 
should not be concluded that ‘‘careful 
balancing of pilot-wire voltages, excellent 
current-transformer characteristics, and ac- 
curate matching of saturating cutoff de- 
vices’’ and so forth are depended upon for 
prevention of false operation. At high cur- 
rents which operate the saturating devices, 
two voltages of about 60 volts act in series to 
circulate current over the pilot wires with a 
resulting zero voltage at the center point of 
the pilot wires. One of the limiting devices 
would have to be 50 per cent off, giving only 
30 volts to produce 15 volts across the pilot 
wires at the mid-point which would be 
necessary to operate falsely the third ter- 
minal. They are, of course, easily held to 
much smaller tolerances than this. Also the 
limiting devices in the relay make the 
scheme relatively insensitive to wide differ- 
ences in current-transformer characteristics. 
The scheme was designed originally to 
operate with one current transformer that 
saturated at 30 volts and another that was 
unsaturated at 120 volts. This represents 
a 4-to-1 ratio in currents required to saturate 
these two transformers. Thus, while ratio 
characteristics do not help the third ter- 
minal for the case cited, still ordinary care in 
design and application provide ample 
margins of safe operation because of the 
fundamental design of the scheme. The 
limiting devices play a big part in this, be- 
cause they prevent ever getting a difference 
of two large quantities. 

Mr. Brownlee’s discussion of operating 
limits reflects a condition which is some- 
times encountered although not so severely 
as indicated, for several reasons. In the 
first place it is not absolutely necessary to 
set above load currents. The largest single 
user of pilot-wire currents! purposely sets 
‘below load current instead of using super- 
vision equipment to detect outages of the 
pilot wire. With good pilot wires the in- 
frequent tripping from this source under 
normal load conditions is not objection- 
able on the types of systems where pilot- 
wire relays are frequently used, that is, 
where load busses are dual fed. Secondly, if 
there is backup protection, it is not neces- 
sary that the pilot-wire relay trip for the 
smallest possible current from the weakest 
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terminal with all other terminals open. 
Also it should be borne in mind that the 
ground-current setting can be made sensitive 
independent of load currents. 

In the carrier-current application men- 
tioned, where second-zone sequential trip- 
ping was not obtained, after the first termi- 
nal was opened, the mutual effect was 
evidently not considered in the setting. 
The proper method is given in the paper. 

The industrial tie scheme described is 
commnedable. Weak ties particularly 
should be arranged to open promptly during 
disturbances to avoid the more serious con- 
sequences of out-of-step operation. 

The arrangement described by G. B. 
Dodds for applying the HCB relay to three- 
terminal lines of high pilot-wire resistance 
represents a valuable contribution to the 
science of applying this relay. It is also a 
partial answer to the load-fault ratio prob- 
lem mentioned by Mr. Brownlee, since it 
reduces the operation to two-terminal-line 
operation, except for external faults on the 
third terminal. 

Shunt reactors to cancel pilot-wire capaci- 
tance and higher-ratio insulating trans- 
formers have also been useful in applica- 
tions involving pilot-wire capacitance and 
resistance, respectively, beyond the normal 
range for application. 


OPERATING CHARACTERISTICS OF 
PiILot-WIRE RELAY 


Ratio Differential—Circulating Current— 
Figure 2. The voltages E,,,’ and 
Em;', produced in the relay network by 
currents J, and J,, respectively, act normally 
in series to circulate a restraint current pro- 
portional to the load over the line. The 
voltage between pilot wires midway be- 
tween stations is zero, and, if the pilot-wire 
impedance 7 is made relatively small com- 
pared with R plus F, the voltage across the 
operating coils is negligible. Through cur- 
rent, therefore, produces current in restrain- 
ing coils only. § 

If equal currents flow in from the two 
ends to a fault, the voltages E,,;' and Em,’ 
will be equal and opposed, so that no cur- 
rent will circulate over the pilot wires. 
While equal currents into the line produce 
the same current in both R and O coils, 
there is a net operating effect due to the 
very much larger number of turns on the 
operating coil. 
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Figure 3 


Discussions 


The currents /, and J, may in general be 
considered the superposition of two sets of 
currents: 


Ism and Jym equal and in phase. 


Isn and Jyn equal and 180 degrees out of phase. 


These are the two types of current for which 
relay action has been stated. Under normal 
load conditions the first type only is present. 
The superposition stated mathematically is: 


Ie=LIsm+Ion (1) 
LT, =Lm+ lin Slam Lan (2) 


The amount of each type of current present 
for any particular pair of currents J, and 
I, is determined by solving these equations, 
giving 


Dom =L em = Ie-+1;) /2 (3) 
Len= —I, we Is—I,) /2 =I, /2 (4); 
where J; is the fault current. 


The restraint coil current is proportional* 
to Ism and the operating coil current to. 
Isn. In a polar relay forces are proportional 
to the first power of coil currents. There- 
fore, the equation expressing the balance of 
forces at the minimum operating point is as 
follows, absolute values being effective due 
to rectification of the quantities for use in 
operating coils: 


[Zon] = C|Lom|+-B/2 (5) 
Operating force=restraining force+spring 
and magnetic bias force 


or 
\I,—I,| =C|I.+J,|+B (6) 
or 

I,|=C|L4+1,+B (7) 


The vertical bars indicate that the absolute 
value is referred to. 

The relay, therefore, operates whenever 
the fault-current magnitude exceeds a 
fixed proportion of the average through fault 
current, plus a constant. This characteristic 
is a circle of diameter equal to C|J,;+J/,|+B. 
I, and J, vectors terminate on the circle at 
opposite ends of any diameter. Tests and 


* The slight approximation of neglecting the Jsn 
component in the restraint coils is permissible with 
the relay constants used. 
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theory also indicate the tripping locus of J, 
to lie on a circle as shown in Figure 3 for a 
fixed J, value and relay setting. 

This characteristic is the same as is used 
in the ratio differential protection of gen- 
erators and transformers. As both through 
current and fault current become very 
large, the two terms of equation 7 become 
large compared with Figure 3. The tripping 
point then approaches the pure ratio: 


Iy=C\L, +1, (8) 


Limiting Devices. If the filter outputs 
are passed through limiting devices such as 
saturating transformers before application 
to the pilot-wire and relay-circuit combina- 
tion, the characteristics may be understood 
by consideration of the limit. For values of 
I, and J; above the limit the relay action is 
the same as though each had the limiting 
magnitude but retained its phase position. 
If f,=I,=a constant limiting value,** 
then if 6 is the angle between J, and J, we 
may write: 


Tel pele ger 
and equation 6 becomes 
I,|1—e®| =CT,|1+"|+B 


and, since [, is a constant (the limiting 
value) 


|1—€| =cli+e*|+D (9) 


The balance thus depends solely on 0, D 
being a constant, and the relay has pure 
directional characteristics. 

If Cis 1 and D=0, the equation is satis- 
fied for 9= +90 degrees, and the relay would 
trip, with large line currents, only when J, 
is over 90 degrees out of phase with J,, 
either leading or lagging. 

For other values of C and D other angular 
limits between /, and J, are established as 
the threshold of tripping. 

Mr. McConnell points out the blocking 
due to six amperes flowing out one terminal 
for an internal fault in Figures 8 and 9 of 
the paper. These curves and Figure 7 are 
all based on a 0.5-ampere ground-current 
setting as mentioned in the text. Thus six 
amperes represent 12 times the relay setting. 
The curves also apply to phase currents, but 
the scales must then be increased in the 
ratio of phase-current setting to ground- 
current setting. Experience to date has 
not shown cases beyond the limits of correct 
tripping mapped out by the curves of Figures 
8 and 9. 

The question in regard to possible false 
tripping due to large through current with 
no current at the third terminal was dis- 
‘cussed previously. The niaia point was 
that with limiting devices the “difference of 
two large quantities” is never obtained, be- 
cause there are no “large quantities.” 
Figure 9 shows that with ten amperes in 
n and out m there is a very wide margin to 
prevent tripping even if two amperes entered 
at p (this could be possible with secondary 
currents). The margin would be even 
greater if no current entered at p. This is 
shown by a comparison of Figures 8 and 9 
with the same currents at » and m. 


REFERENCE 


1. Pitrot-Wire RELAYING ON A METROPOLITAN 
System, T. G. LeClair, E. L. Michelson. AIEE 
TRANSACTIONS, volume 62, 1943, August section, 
pages 511-15. ? 


** Bars over characters represent scalar quantities, 


972 


A New High-Speed 
Balanced-Current Relay 


Discussion and author's closure of paper 
43-117 by V. N. Stewart, presented at the 
AIEE national technical meeting, Cleveland, 
Ohio, June 21-25, 1943, and published in 
AIEE TRANSACTIONS, 1943, August 
section, pages 553-5. 


A. J. McConnell (General Electric Company, 
Schenectady, N. V.): As a former designer 
of induction-cylinder relays, it occurs to this 
discusser that the author might have pointed 
out certain advantages that accrue simply 
because of the use of that type of relay 
element. For example, high-speed relays 
of the magnetic-attraction type, as well as 
other designs, have a double-frequency force 
or torque which naturally results in a cer- 
tain amount of vibration that may affect 
adversely the relay characteristics, 

Such an adverse effect is particularly evi- 
dent in relays in which one force or torque 
is balanced against another. For instance, 
if the peaks of the double-frequency-torque 
waves do not occur at the same time, it 
logically follows that operation will occur 
at a lower rms operating current than 
if the peaks occurred at the same time. 
Translated into relay nomenclature, this 
means that the relay will have a phase- 
angle error, in many cases sufficient to 
nullify the safety margin (slope) normally 
associated with balanced-current relays. 
Of course, the balanced-current relay is sub- 
jected to currents of different phase angles 
whenever the parallel lines do not have the 
same R/X ratio, 

Because of the steady torque of the in- 
duction-cylinder-relay element, the induc- 
tion-cylinder balanced-current relay should 
have a very small phase-angle error. Per- 
haps the author can provide this informa- 
tion. 

Experimental proof that the induction- 
cylinder relay has substantially no net 
double-frequency torque has been presented 
in the form of oscillograms.! Presentation in 
that manner was believed to be more satis- 
factory than the already available analytical 
proof. However, a statement made before 
the Institute,’ that inertia is the reason for 
the relay’s practical freedom from vibration, 
indicates that a reference to the analytical 
proof is necessary. 

The theory governing the operation of 
the induction-cylinder relay is the same as 
that of the induction motor, and previous 
work on induction motors may be used, if 
it is kept in mind that the standstill equa- 
tions of the induction motor apply to the 
relay. Morrill’s equation 109? shows that, 
at standstill, all double-frequency-torque 
components disappear, leaving only a con- 
stant-torque term. This is also illustrated 
by Figure 12 of the same paper. 
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V. N. Stewart: Mr. McConnell 
that the induction-cylinder balance 
rent relay has an inherent charac 
which gives it an advantage over pre 
designs. In the protection of parallel lines 
with different R/X ratios, the improved 
phase-angle characteristic obtained Wipes 
relay does not affect appreciably the 
For an extreme case, where the two | 
currents might differ as much as 45 degrees, 
the 125 per cent slope of this relay is ee 
four or five per cent, 
Although the reference to Mr. Morrill’s 
paper by Mr. McConnell serves as sufficient | 
analytical proof to the relay’s freedom from — 
vibration, additional proof has been de- 
veloped by C. D, Hayward in which he com 
pares the performance of both the induction- 
cylinder and induction-ring devices. The 
following paragraphs present his calcula- 
tions with several conclusions. 


i 
k 


INDUCTION-CYLINDER DYNAMOMETER 
TORQUE 


Assume a four-pole induction-cylinder- 
type dynamometer with coils having M 
and N, turns, respectively, on the poles of © 
the two axes, } rc. 

For the applied coil currents let ; 


-—— 


i =h sin (wt-+0:) —h sin ie ™ (1) 


7 


Ih=Iy sin (wt+0,) —Ip sin € 


For the currents induced in the cylinder 
let 


ot, =current induced by 7 
(4 =current induced by 7, 


Also let 


M,=mutual-inductance coil 1 to cylinder b, . 
M,=mutual-inductance coil2 tocylinder 


divided equally between the left and 
poles in Figure 1 of this discussion, whet 
coil 2 has N, turns divided equally hb 
the front and back poles. 


L, and Ly =self-inductance of the paths 
lowed. by the induced-cylinder 
uM and (A. 


M, 
wale L 
Ly yt! 


M, 
Ly= yt 


zl; and ~L,=leakage ind acta of paths 
followed by i and ¢4y 
R, and Ry = resistance of paths followed 
chi and ¢t2 


Operational-voltage equations for’ ci cul 
of induced currents 


Mipis Lips = Rye = (0) 2 
M: apa —Lopeirn ar Rychs =() 5 Ni 


from which 
Lip+Ri ee 


—_ Map — is 
Lip +R.” 


ou= 


(a= 
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These are both of the same form. The 
corresponding indicial admittance for either 
may be obtained from! 


The applied currents, equations 1 and 2, 
are both of the general form 


t 

i(t) =I sin (wt+6)—I sin 6€ ” (8) 
steady-state transient 
a-c term d-c term 


The steady-state term will induce both 
steady-state and transient currents in the 
cylinder. These are calculated conveniently 
by use of a special form of the superposition 
theorem? for an applied force of the form 
ZI sin (wt+6). 


i,(t) =Iw cos cao ran wrA(rA)dA+ 
0 
Tw sin cto) ff “an wrAA(A)ddX (9) 
i,(t) =I sin 0A(t) — Iw X 
cos caro) ff wee wrtA(rA)dA— Iw 
t 
sin corto) f sin wrA(rA)drA (10) 
t 


If the value of A(t) is substituted for the 
circuit from equation 7 and solved, we obtain 


M 

cis(t) ole sin a cos (wt+0—a) (11) 
M _R 

cit) =a singe x‘ 15 x 


at 
sin acos(@—a)e LE’ (12) 


"where 


e=tan-} ek 
R 


Z=V R401? 


The phase angle and impedance of the 
path of the induced current in the cylinder 
with the coils on the poles open-circuited. 

The transient term of the applied current 
of equation 8 will induce several kinds of 
transient currents in the cylinder. These 
are calculated readily from the general form 

_ of the superposition theorem? 


a(t) =10)A() + ue ‘A(t—»")dd—— (13) 
0 


=f 
If the transient term, J sin 6€ 7 is substi- 
tuted from equation 8 for z(t) and the 
indicial admittance, 
M2, 
a) —— € 1 
(=> 


from equation 7, we obtain 


Wat 
~ eip(t) =I sin 6 ra Coie 


ee Eas 
S26, L 
ee 
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and, if the integration is carried out 


‘ MA a M 
p(t) =I pone t+ L* 
sin @ R (14) 


If equations 11 and 12 are added, and 
equation 14 is subtracted, we obtain an 
expression for the total current induced in 
the cylinder caused by the applied coil 
current, equation 8 


M M 
tb =I 7 sin a cos (wt+0—a) — I T ~ 
in 0 Rf 
sin a cos (@—a) — = ? Re 


Corresponding with the two applied coil 
currents, equations 1 and 2, the two in- 
duced currents will be 


ie (erchopreayaenys ox 
q=h Si cos Sp bee 
hh OTs n a i) 1— @ oe 
in 6 aes 
sin a, cos Ge alo elt 
if 
M sin 6 cri 
Le mi (16) 


Ey R, 
ea 
(: Ly :) 


4 Freak : ( t+0 ) eee, 
a UP a) 2 —az2)-— 1, 
cle Tr, in a2 cos (wt+62 — av 7 
0 mee 
sin a» cos (62— a») — tence Ta‘ 
Ry 
fe ee 
M. in 0, ent 
ee Peo ae cs (17) 


The mutual flux,* common to the excit- 
ing coil and the path of the induced current 
in the cylinder, may be calculated by use 
of the relationship 


4 | 
o= 3 (net ampere turns) (permeance of the 


mutual magnetic circuit) 
poe ot y= ios 
ut —(permeance) =— 
10." N 


Hence, since the net ampere turns is the 
ampere turns of the exciting coil less the 
ampere turns of the induced current in the 
cylinder 


4 ules 

i= (tN — chr) | 108 (18) 
1 
: M; 

$2 =(t2N2 — dis) = 108 (19) 
2 


* There will also be leakage fluxes, but these need 
not be considered, since it can be shown that they 
do not produce any net torque on the cylinder. 
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Figure 2 


There will be two torques on the relay, 
which, when clockwise rotation in Figure 1 is 
considered as positive, are as follows 


2hr ; 
Tie= +r de foe dyne centimeter (20) 
a2 
2hor, 
Tn = —cin*¢1:—— dyne centimeter (21) 
ay 


where 


l=length of induced-current path in field 
of mutual flux—centimeters 

ry =radius of cylinder—centimeters 

a=area of pole face through which mutual 
flux passes—square centimeters 


The subscripts 1 and 2 refer to values. 
associated with the two pole axes. 

The total torque is the sum of these two. 
torques. Hence, substituting equations 18. 
and 19 in equations 20 and 21, and adding 


My 2lar: 
T= sli, — 2) — 108 — 
No ag 
M, 2i 
AGM, tae OF (22) 
M ay 


If we assume the dynamometer is me- 
chanically symmetrical 


M, M, An 
=) R=R, —=—=— e 
I 2 1 2 M N, 10 
nm=r, L,=L, (@=permeance of mutual 
=; aj=az flux circuit 
4r_ lr 
T= (hi: t2No—fa*i,N1)— © —108 (23) 
10 a 
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To solve for the steady-state torque sub- 
stitute the steady-state components of 
equations 1, 2, 16, and 17 in equation 23 


4 1 
Is -| ano inw, sin a cos (wt+0;—a) X& 


4n 
sin (wl + 0») —hM 85 IN, x 


dn 2lr 
sin a cos (wl 4-0: — a) sin (wt +09 } io” —108 
a 


Sey ’ 
T,=hhM, Ma; 108sina: [cos(wt-+-0; — a) X 
- ba 

sin (wt-+02) — cos (wt-+-0.—a) sin (w+) | 


i) 


1 21 
=I IoM, Ma = 


42a 


r 

108§sina X 

tif , 

5 sin (Qwt+0;+02—a)-+ sin (0. —0:-+-a) — 


sin (2wt-+-0;-+-0. —a) — sin (0; —O2 +a)| 


« 


121 
=[hMMe is 


a 


108 sin a+ sin (0. —0;) cos a 


1 lr 
T,=1lh,M, M5 108+ sin 2a sin (A. —6,) (24) 
Gynt! 
or, since 
sin a Ww 
iL Z 


2lr 
Tm Iadly Mi; —108+cos a sin (#2 —6:) (25) 
“4 a 


A number of interesting conclusions can 
be drawn from the formulas 24 and 25: 


(a). The torque is steady, having no alternating 
component, for any value of phase angle between 
the two applied currents or for any relative magni 
tude of the applied currents. 


(6). Maximum torque occurs at 90 degrees phase 
angle between the two applied currents, regardless 
of the phase angle of the induction cylinder, 


(c), From equation 25 it is seen that maximum 
torque occurs for a= 0, This would require a capaci- 
tor in the induction-cylinder circuit to tune the 
exciting and leakage reactances and, hence, reduce 
L to zero, From equation 24 it is seen that if the 
circuit is not tuned, that is, 1 is not zero, then maxi- 
mum torque occurs for a=45 degrees; JL in the 
denominator should be minimum, hence, leakage 
reactance should be zero. The cylinder impedance 
should equal the exciting impedance for maximum 
power transfer; hence, the cylinder should be pure 
resistance equal to the exciting reactance 
M: Ms; 

Ro me, 

Ni MN; 

INDUCTION-RING DYNAMOMETER 


The induction-ring dynamometer in Fig- 
ure 2 of this discussion is not a symmetrical 
structure; so, the foregoing results do not 
apply. An expression for the torque can be 


obtained from equation 22 by setting 
ota =0. 
Sehet 2lor 
T = giy+ig* My-—— + 108 (26) 
(lg 


which has a steady-state value obtained by 
substituting the steady-state components 
of tf; and 7; from equations 16 and 2 


T,=11,M,M; Phatsy oe Sima} 
ag 4) 
cos (wt-+-0; ~ a1) sin (wt+-64) 
lL 
Ty =IyI,M,My- "108% 
a2 2, 
{sin (2wt-+-0,+0, = a) 4 sin (03 —0; +a) ] 
en er age Te a aaa — trem a 
alternating steady 


(27) 
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From this we can draw the following con- 
clusions: 


(a). The torque is pulsating, having a double- 
frequency alternating component which has the 
same amplitude for any phase angle between the two 
applied currents. It also has a steady component, 
which, at the angle of maximum torque, is equal to 
the crest value of the alternating component. At 
all other angles the steady component is smaller, so 
that the torque reverses during part of the cycle. 


(b). Maximum torque occurs when 0:—0:+ a1 = 90 
degrees; that is, it occurs when the phase angle 
between the two applied currents is the complement 
of the phase angle of the ring. 
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Pilot-Wire Relaying on a 
Metropolitan System 


Discussion and authors’ closure of paper 43-79 
by T. G. LeClair and E. L. Michelson, pre- 
sented at the AIEE national technical meet- 
ing, Cleveland, Ohio, June 21-25, 1943, and 


published in AIEE TRANSACTIONS, 1943, 
August section, pages 511-15. 


W. K. Sonnemann (Westinghouse Electric 
and Manufacturing Company, Newark, 
N. J.): I am very much interested in this 
straightforward exposition of a pilot-wire 
system for one reason in particular, This 
is because I believe the authors have shown 
again that a well-designed chain has all 
the links of equal strength. Here they have 
chosen a pilot-wire channel with electrical 
and mechanical characteristics of a degree 
of reliability matched to the reliability of the 
relays with which it is used. The over-all 
result is an operating record which is highly 
satisfactory. 

The authors have stated that correct 
operation of the systems they described 
depends on a definite division of the second- 
ary currents, which in turn depends upon 
the relative impedance of the terminal equip- 
ment, It is presumed that they had in 
mind particularly the relays, pilot wires, 
and resistors. It should be noted, however, 
that since the relays are not of the percent- 
age-differential type, the relative qualities 
of the current transformers at both ends of 
the line enter into the picture. No doubt 
the current transformers used have ade- 
quate capacity, since no trouble from this 
source has been mentioned. However, for 
the general application, schemes of this type 
require that closer attention be paid to the 
current-transformer characteristics than 
with fault-current restrained relays, par- 
ticularly at the higher through-fault cur- 
rents, and with the higher-resistance pilot- 
wire circuits. 

One of the remote-trip schemes described 
indicates that contacts are used in the pilot- 
wire circuit. It seems to me that these con- 
tacts should have considerable pressure or 
wipe or both because of their use in an im- 
portant, relatively low-voltage low-current 
a-c circuit, 

The statement is made that the pilot 
wires are checked semiannually as part of 
the routine relay test. I believe it would be 
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. a 
We 
in order if the authors would give us a few 
words concerning the frequency and nature 
of the troubles on the pilot wire that are 
uncovered by this test. 


S. C. Leyland (Westinghouse Electric and 
Manufacturing Company, Newark, N. J.): 
This paper, by presenting details of a large 
amount of field experience, has contributed 
some very worthwhile additions to the in- 
formation already available on pilot-wire 
relaying as presented in the relay subcom- 
mittee’s report ‘‘Pilot-Wire Circuits for 
Protective Relaying—Experience and Prac- 
tice’”’ at the 1943 winter technical meeting.’ 

The paper states, ‘The principal advan- 
tage of using four pilot wires and three relays 
instead of two pilot wires and one relay is 
that the relay target will identify which 
cable has failed in a transmission line using 
single-conductor cables.’’ I would like to 
suggest that to obtain the feature of indi- 
cating the phase which is in trouble, a phase 
selector relay be used. Such a device was 
presented before the Institute in the Golds- 
borough-Hill paper, ‘‘Relays and Breakers 
for High-Speed Single-Pole Tripping and 
Reclosing.”? By use of such a device, indi- 


cation of the faulted phase can be obtained 


readily and the pilot-wire scheme simplified 
to the extent of the elimination of two pilot 
wires and two relays at each terminal and 
the addition of a phase-selector relay at each 
terminal. It is possible to eliminate one of 
the phase-selector relays, providing it is 
permissible to forego the requirement of 
indicating the faulted phase when the circuit 
is energized from one end only. 

Mention is made in the paper of a method 
of protecting a transformer bank and a line 
when no high-voltage breaker is available. 
This method is to protect the line as a unit 
and the transformer as a unit and to send a 
signal over the pilot wire to remote trip for 
trouble in the transformer bank. There 
have been installations made where the 
bank and the line were covered by a single 
differential pilot-wire relaying scheme. 
most cases, it was necessary to provide trip- 
ping suppressors to prevent operation of the 
scheme because of magnetizing inrush cur- 
rents. 


bank limiting the inrush current to a value 
lower than minimum pickup of the relays. 

In reporting the cases of trouble, it is sig- 
nificant that only one case was a result of 
failure of the terminal equipment, and this 
was due to a damaged resistor resulting 
from overload applied during test. The 


other cases of trouble were with the pilot-_ 


wire circuits and are what might be termed 
“external troubles.’”’ In no case did in- 
herent weakness of the pilot-wire scheme 
contribute to the failure to operate cor- 
rectly. Since so-called ‘‘external troubles’’ 
were the catise of the majority of failures in 
the pilot-wire circuit, it would be interest- 


ing to know what percentage of external 


troubles are included in the 7.2 per cent 
incorrect operations for relay systems used 
on the higher voltages. aed 4 
The statement is made in the paper that 
the pilot-wire schemes should provide a 
more reliable form of protection than carrier- 
current relaying. While this statement, no 
doubt, is true for the system described, there 
is some question whether such is the case 


where all types of pilot-wire channels are _ 


In- 


In some cases this may not be neces- — 
sary because of the location and size of the 
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considered. A _ privately owned under- 
ground pilot cable, such as is described in 
this paper, is less subject to trouble than are 
overhead pilot wires either open wire or 
cable. The paper also points out that 
leased telephone circuits have been subject 
to more outages and for longer times than 
privately owned pilot circuits. In making 
a general comparison, therefore, between 
cartier relaying and pilot relaying, it would 
be desirable to include all types of pilot-wire 
circuits. It would also be desirable to make 
this comparison on a circuit-mile basis since 
carrier-relaying installations generally are 
applied to much longer lines than is pilot- 
wire relaying. 
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Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
In their comparison of pilot-wire systems 
with carrier-current relay systems, the 
authors state that the pilot-wire systems 
described in their paper are competitive in 
cost to approximately 20 miles in length. 
I do not know how they arrived at their 
conclusions. For example, they state that 
_the pilot cables used cost up to approxi- 
mately $1,500 per mile installed exclusive of 
terminal-relay equipment. On our system 
where we have approximately 200 carrier- 
current relay terminals we find that for 132- 
ky lines the cost per terminal for carrier- 
current relaying plus backup protection 
amounts to slightly under $5,000 installed. 
On this basis the pilot-wire systems are 
competitive with carrier-current relay sys- 
tems only on lines less than seven miles in 
length and on lower voltage systems to line 
less than six miles in length. 

The authors are of the opinion that pilot- 
wiring relaying systems provide a more re- 
liable form of relay protection than carrier- 
current relaying. In our repeated and 
cumulative experience this definitely has 
not been the case. Pilot-wire relaying is 
no more reliable than the pilot wire itself, 

and during severe lightning storms the fail- 
ure of the pilot wire on overhead lines is 
very likely to occur just at the time when 
it is needed most for reliable operation. Not 
only that, we have found that under severe 
storm conditions the transmission-line struc- 
ture will stand up physically when the pilot- 
wire supports will fail to do so. Of course 
this would not be the case with underground 


- pilot wires. But the latter is so atypical that 


one can safely say that, from a reliability 
standpoint, carrier-current relaying is by far 
the superior method. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 


= ~Pa.): The paper by Mr. LeClair and Mr. 
_ Michelson is a particularly valuable con- 


tribution to the industry in that it represents 
experience on,a large number of circuits 
extending over many years. There are a 
number of interesting points which bear 
emphasis. 
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It is noted that the cost of pilot cable in 
duct as given in the paper is less than the 
costs usually obtained for aerial cable. 
This seems paradoxical, as overhead wiring 
is usually cheaper, but is apparently due to 
the fact that the duct space is free and the 
expense of pulling the pilot cable into it is 
less than the cost of messenger and applying 
supporting clips on aerial cable. 

The idea of setting the protective relays 
below maximum load current to obtain 
supervision by tripping in event of pilot- 
wire outage is a worth-while simplification 
in those cases where parallel cables make 
such operation permissible. 

In the scheme described in the paper, 
remote tripping for transformer faults is 
secured by opening the pilot circuit. This 
results in tripping when the current enter- 
ing the far end of the line equals the pilot- 
wire relay setting. This provides adequate 
sensitivity on systems where the pilot relays 
can be set below maximum load currents. 
However, it appears preferable to trip the re- 
mote breaker by a signal sent over the pilot 
wires in cases where the protective relays 
are set for larger values. 

The conclusion reached by the authors 
that pilot-wire equipment is competitive 
with carrier current up to 20 to 35 miles is 
extremely interesting, because it is a longer 
distance than generally has been considered 
the dividing line. The costs upon which 
these figures are based would be well worth 
presenting. 

The pilot circuit described in this paper 
meets the problem of induced voltages and 
station ground potentials entirely by ade- 
quate insulation coupled with the fact that 
these voltages are low in the first place on 
the particular system under consideration. 
It would be of interest and value if other 
papers could be presented describing the 
experience with pilot-wire equipment on 
systems where the induced voltages and 
station ground potentials are larger and 
must be provided for by suitable protective 
and drainage equipment. There are many 
systems where it would be impractical 
simply to provide the necessary insulation 
in pilot cables to stand these voltages, and 
yet on which entirely satisfactory opera- 
tion is being obtained through the use of 
proper protective and voltage-gradient 
equipment, such as neutralizing trans- 
formers and insulating transformers. 


LuF. Kennedy (General Electric Company, 
Schenectady, N. Y.): This paper presents 
a very interesting summary on a large num- 
ber of pilot-wire-relay installations installed 
on a single system and presumably planned 
and maintained by one organization. This 
paper supplements the relay subcommittee 
report! which was presented last winter and 
is perhaps more interesting because of the 
more detailed information which is in- 
cluded. 

There are a number of points brought out 
in this paper, some of which I feel deserve 
further discussion and some of which per- 
haps require clarification from the authors. 

It is very interesting to me to note that 
on the loop systems it has been considered 
adequate to provide backup protection at 
the source ends of the loop and at the middle 
only. This means that, in case of a failure 
of some of the protective equipment to op- 
erate correctly, service will be interrupted 
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to approximately half of the customers 
served by the loop. In some cases we find 
that very elaborate attempts are made to 
provide a 100 per cent selective backup 
system which on this installation would re- 
quire directional overcurrent relays set as 
indicated in Figure la of the paper. It has 
never seemed to me that we were justified 
generally in attempting to provide the 
100 per cent selective backup since this 
seems to be ‘‘pyramiding of protection” 
and naturally brings about the next ques- 
tion as to whether another line of protective 
equipment should be put in, in case the 
backup fails. It has always seemed to be 
much more desirable to select these equip- 
ments best suited for a particular job and 
to plan to keep it in correct operating condi- 
tion by means of an adequate maintenance 
schedule. While we all can concede that 
even with these precautions we will never 
quite achieve 100 per cent correct operation, 
it does seem to be good sense to put in a 
simple backup system which will involve 
neither too much apparatus nor too much 
engineering and maintenance to keep it oper- 
ating correctly. Another factor tending to 
this thought on my part is the realization 
that every relay, whether first line or back- 
up, is a potential source of unnecessary 
breaker operation. Too many backup re- 
lays easily may result in conditions whereby 
undesirable operations occur when there are 
no faults on the system whatsoever. Fur- 
ther discussion of this point by the authors 
and others should prove interesting. 

From the text of the paper it appears that 
separate pilot cables of three or five con- 
ductors are installed for each line. I would 
like to ask the authors if this practice is 
always followed, or do they use a single 
cable with more conductors when they are 
protecting the parallel power circuit? 

I have been interested for many years in 
the application of the carrier-current form 
of pilot protection and hence appreciate 
any information, based on experience, rela- 
tive to the minimum length of line at which 
carrier becomes competitive in cost with 
pilot wires. The authors have given some 
information along this line which indicates 
that carrier-current relaying is very costly. 

The authors state that the cost of the 
pilot wire installed is up to approximately 
$1,500 per mile. If we use this figure for 
20-mile lines as indicated, we come out with 
an installed cost of the pilot wire of $30,000. 
This neglects the terminal-relay equipment 
which admittedly would be very small in 
comparison with the $30,000 figure. 

Carrier-relay prices, including the relays, 
necessary coupling capacitors, and line 
traps, and the carrier-current equipment 
itself, are well known today and span the 
following range. For simple carrier relaying, 
such as the type GMB, for use on 69 kv has 
a per-terminal price of about $3,750. The~ 
more complete relay equipment including 
the backup function, such as the type 
GCX combination with carrier, for service 
at 230 kv has a per-terminal price of about 
$5,500. 

Thus we find that the selling price of the 
equipment to be purchased for the protec- 
tion of both ends of a line section is between 
$7,500 and $11,000. Therefore, it appears 
that an installed cost of between three and 
four times the purchase price has been 
used. It would be of considerable value if 
other discussers would comment on what in- 
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stallation costs are, as indicated by their 
experience. It has been fairly common to 
consider carrier-current relaying as being 
economically competitive above ten miles, 
and there have been several installations 
made for shorter distances. The ten-mile 
figure would indicate an installed cost of 
$15,000 or an increase in cost of 50 to 100 
per cent over the purchase price. This 
would seem to be at least adequate for 
average installations. Further discussion 
of this point should be of considerable help 
in determining the proper place of pilot-wire 
and carrier-Current relaying. 

In passing, it is in order to add that the 
carrier-current channel offers possibilities 
for voice or other communication needs 
not usually available with pilot wire. 

Whatever may be said regarding the com- 
parison between pilot wires and carrier or 
leased telephone circuits and carrier must, of 
course, rest upon similar economic com- 
parisons, and local conditions will, of course, 
change these figures somewhat. The 
authors state that leased circuits on the basis 
of $60 per mile per year are competitive with 
carrier up to 35 miles. Here again the im- 
portant figure is the one covering the in- 
stalled cost. Then the comparison may be 
made against the leased rate and, of course, 
the leased circuits will be economical for 
longer distances where the rates are lower. 

The relay system used by the authors is 
one of similarity to those commonly used 
today with the two-wire a-c pilot system. 
It is, however, somewhat simpler in its 
conception, but by reason of these simpli- 
fications it appears to have two limitations. 
I do not believe that with the amount of 
current which is circulated through the 
pilot-wire system that it could be applied 
generally over leased telephone circuits. 
From the information in the paper it would 
appear that the normal circulating current 
at normal load is of the general order of 0.5 
amperes, I believe that most leased cir- 
cuits are restricted to currents of 0.3 am- 
pere or less under fault conditions. Fur- 
thermore, because of the fact that the relay 
system operated on a definite amount of 
unbalance between the terminal currents, 
it is necessary that current transformers be 
chosen which not only ‘‘match” but which 
actually do not saturate materially under 
the maximum through-fault condition. 
Current transformers which “match” but 
which are saturated may differ because of 
variations in the iron, by more than the 
amount of current required to cause relay 
operation, However, this limitation to me 
does not appear to be a very serious one. 
I could never see any good reason why it is 
not thoroughly sensible to require that ade- 
quate current transformers be put at the 
two ends of a series circuit to which differ- 
ential protection is to be applied. 

I was very much interested to note the 
large number of pilot-wire installations and 
the very appreciable investment which is 
represented thereby. When we consider 
the resistance that is sometimes encoun- 
tered to even the addition of directional 
relays where necessary I feel that the 
authors would be doing a great service if 
they would amplify their paper by lists of 
the system benefits which have been realized 
by this improved protection. The relay 
engineer is apt to be satisfied that pilot-wire 
protection is fast and selective and that this 
is an end in itself. In order to justify an 
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expenditure of several hundred thousand 
dollars over a period of several years there 
must be some more benefits obtained than 
merely the knowledge that the best protec- 
tion possible is being applied, It must be 
that this best protection is reflected very 
definitely in improved performance of the 
system as a whole or in other kinds of 
saving made possible by this protection in 
order to justify economically the continued 
application of this type of equipment. 

In conclusion, I wish to congratulate the 
authors on an interesting paper and also 
them and their associates on the excellent 
performance record of the installed relay 
protective system. 


REFERENCE 


1. Prrot-Wrre Circuits FOR PROTECTIVE RE- 
LAYING—EXPERIENCE AND Practice, AIEE com- 
mittee on protective devices. AIEE TRansac- 
TIONS, volume 62, 1943, May section, pages 210-14. 


T. G. LeClair and E. L. Michelson: As Mr. 
Kennedy points out, the backup relaying 
used for protection of loops is not 100 per 
cent selective. The primary pilot relaying 
clears nearly all cases of trouble. There- 
fore, it does not seem necessary to require 
100 per cent selectivity for backup protec- 
tion, as the number of service interruptions 
to customers will be extremely small even 
when selectivity is not complete. 

In all cases separate pilot cables are used 
for each transmission line. This practice 
avoids the possibility of incorrect opera- 
tion on a number of lines for one case of 
trouble on a pilot-wire cable. 

The experience gained with the use of 
pilot-wire relaying has justified its wide ap- 
plication, because of the benefits gained 
through rapid and selective clearing of short 
circuits on the system. This rapid and 
selective clearing of faults has resulted in 
improved service and reduction in damage 
to equipment caused by fault conditions. 

In regard to the discussion of relative 
costs of carrier and pilot-wire relaying, 
there appear to be three factors which ex- 
plain the variations brought out in the dis- 
cussions. 


1. Type of carrier system employed affects cost 
to some extent. For example, some carrier sys- 
tems include complete backup protection while 
others donot. 


2. The amount of equipment included in the esti- 
mate varies considerably. For example, housing 
for the equipment, additional potential devices, 
and similar items are included in some cases, while 
in others they are either not required or not charged 
to the carrier installation. 


83. Construction standards vary with different in- 
stallations, For example, the number of test 
switches provided for relays vary in different in- 
stallations. 


The discussion of costs has been very 
helpful in bringing out the experience of 
various companies in regard ‘to the cost of 
carrier installations. In the final analysis, 
each case must be decided on its own merits, 
which depend on the individual conditions 
relating to the installation. It is our opinion 
that in most cases the selection between 
pilot-wire relaying and carrier relaying is 
not made primarily on a cost basis. Carrier 
relaying is more adaptable for long overhead 
lines where the attenuation of the carrier 
signal on the open wire is of reasonable 
magnitude. Pilot-wire relaying is more 
adaptable on short underground lines, such 
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Vt 
as used in large cities where the protection 
of the pilot circuit is inherent because of 
underground construction. 

In regard to Mr..Sonnemann’s discussion, 
the current transformers and other equip- 
ment used for pilot-wire relaying are care- 
fully matched. With regard to the con- 
tacts used to obtain remote tripping, in 
most cases these contacts merely short- 


circuit the pilot wires, so that the possibility ,_ 


of trouble is minimized. The semiannual 
tests on pilot cables result in the finding 
of about one case of trouble on approxi- 
mately 200 pilot cables in service. This 
trouble generally is caused by moisture 
entering a cable joint. 


The phase-selector relay that Mr. Ley- 


land suggests is an interesting possibility. 
However, the additional cost of providing 
four pilot wires and three relays is very 
nominal. The external troubles which are 
experienced with all relays on the high- 
voltage system represent the large majority 
of relaying troubles experienced. These 
troubles include such items as loss of poten- 
tial on impedance relays due to the blowing 
of fuses, faults on control cables, and so 
forth. 

In regard to Mr. Sporn’s comments on 
the reliability of pilot wires, it appears that 
his statements are based on the use of open- 
wire construction. His comparison would 
not be valid if the pilot wires are installed 
either in underground or aerial cable. The 
authors agree that carrier relaying provides 
a more reliable form of protection than 
pilot-wire relaying using open-wire pilots. 


Distance Relay Protection for 
Subtransmission Lines 
Made Economical 


Discussion and authors’ closure of paper 43-92 
by L. J. Audlin and A. R. vanC. Warrington, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, September section, pages 574-8. 


J. H. Oliver (General Electric Company, 
Philadelphia, Pa.): There has been a con- 
tinuously growing desire for the past five to 
ten years for a less expensive distance relay 
for application to less important trans- 
mission lines in the range of 11 to 66 kv. 
In a few cases the importance of these inter- 
mediate-voltage “lines has warranted the 
application of high-grade distance relays, 


but in most cases other solutions have been | 


employed. In general, relay specifications 
for these lines have the same requirements 
as for high-voltage transmission lines, 
namely, good sensitivity, accuracy, and 
reliability. However, in most cases it has 
been felt that the relays can be slightly 
slower in speed; there does not seem to be 
the same demand for one-cycle relaying as 
in the high-voltage transmission lines. j 

The paper by Audlin and Warrington 
describes a simple solution to this problem. 
They have met all the requirements by us- 
ing a relaying combination employing a dis- 
tance relay designed for high-voltage trans- 
mission lines; incorporating its inherent, 
characteristics of good sensitivity, accuracy, 


and reliability at the sacrifice of only a few 
cycles time delay, thus reducing the cost of 
the relay combination, and thereby making 
it more attractive for intermediate-voltage 
lines. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, Ill.): The authors are 
to be congratulated on their successful 
application of the switching arrangement 
which makes possible the use of one distance 
relay to protect a three-phase line. While 
this arrangement is more economical than 
the use of three distance relays, the increased 
maintenance work required by éomplicated 
telay schemes is an important factor. Ona 
large power system the problems and costs 
created in maintaining special and compli- 
cated relay schemes are significant. In the 
Commonwealth Edison Company this factor 
has led to a trend of simplifying the schemes 
of distance relaying, even though additional 
equipment may be required. For example, 
in applying the three-step GCX relay we 
have used two separate ohm units instead 
of the standard arrangement, which con- 
sists of an ohm unit and a transfer switch to 
make it applicable for two steps. 


Eric T. B. Gross (Cornell University, 
Ithaca, N. Y.): The .authors are to be 
congratulated on their courage for diverting 
from standard practice and on their success- 
ful application of the new relay arrange- 
ment. The only practical difference be- 
tween a set of six standard distance relays 
(three for line-to-line faults and three for 
line-to-ground faults) and the new distance 
relay, controlled in its current and potential 
connections by a selector relay, is the 
minimum operating time of five cycles. 
However, as shorter times are necessary at 
very high voltages only, the new scheme 
should deserve a wide field of application. 
In many cases, the circuit-breaker char- 
acteristics necessitate the use of relays with 
much more minimum time than one cycle, 
and the new scheme will do as well. Fur- 
thermore, the application of the new relay is 
unlimited for backup protection in connec- 
tion with carrier-current protection. 

A critical analysis reveals that distance 
relays in the six-relay arrangement may 
operate incorrectly at certain line-to-line 
faults, whereas the distance relay in the new 
scheme is always provided by its selector re- 
lay with such currents and voltages that the 
measurement of the impedance to the fault 
and the direction of the fault current will be 
correct; this is another advantage of se- 
lector relays. 

As I am familiar with the development 
and application of selector relays and relay 
schemes in continental Europe, it seems to 
me that I should report on the experiences 
which were made abroad. Automatic 
potential switching was used in Europe 
since the beginning of the application of 
distance relays, some 20 years ago. This 
was possible because the relays were and 
still are—as we know from the literature— 
in general, slower than ours. The American 
standard six-relay scheme has hardly ever 
been used in Europe. Until about 1929 
three distance relays were used and each 
potential coil automatically provided with 
line-to-line or line-to-ground voltage, de- 
pending on the kind of fault. Later, sim- 
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pler schemes with two distance relays for 
all kinds of faults were developed, and 
finally in 1932 a one-distance selector-relay 
set for interphase and ground faults. These 
relay schemes have been applied in over- 
head-wire and underground-cable systems 
of the largest capacity and up to 66 kv, 
and the practical experiences in various 
European countries (for example, 35-kv 
overhead system near Warsaw, Poland, or 
the 35-kv underground-cable system in the 
city of Budapest, Hungary, and many 
others) and in other foreign countries 
(for example, South America) were very 
satisfactory; the success with the three- 
relay schemes used since 1923 encouraged 
the development of cheaper and simpler 
arrangements which were even more satis- 
factory from the point of view of exact 
measurement of the impedance or reactance 
to the point of the fault. 

The work done by the authors is a big 
step forward as so well expressed in the dis- 
cussions of Mr. Oliver and Mr. Pratt, the 
importance of which should be underlined. 
It is hoped and expected that it will pave 
the way for a wider application of distance 
protection in all kinds of systems. 


M. H. Pratt (Central New York Power 
Corporation, Syracuse, N. Y.): It would 
seem appropriate to discuss briefly a specific 
problem for which the method outlined in 
the authors’ paper furnishes a better solu- 
tion than has heretofore been available. 
This problem occurred on the system of the 
Central New York Power Corporation. 

The 44-kv sub- or area transmission 
system in the Mohawk Valley east of Utica 
consists of a double-circuit line mostly on 
wood poles, extending from Washington 
Street substation in Utica some 25 miles via 
East Utica, Ilion, Herkimer, and Little 
Falls (at each of which points the system 
supplies a distribution substation) to Ing- 
hams. The two circuits were formerly 
broken and connected through breakers to a 
bus at Herkimer, the halfway point. East 
Utica and Little Falls had a tap to each 
circuit through breakers to the station bus, 
and Ilion was fed back over a single radial 
circuit from Herkimer bus. Directional 
overcurrent phase relays were used with 
instantaneous overcurrent where possible. 
It is not pertinent to this brief outline to go 
into the ground-relay scheme which did not 
constitute our problem in this case, as one 
wire-to-ground fault operation was satis- 
factory. 

The troubles with the preceding arrange- 
ment were basically three: 


1. There was a high percentage of double-circuit 
multiphase faults during electrical storms which, 
with the connections outlined, gave frequent inter- 
ruptions to the substations supplied, particularly 
East Utica and Little Falls and to a lesser extent, 
Tlion. 


2. The long fault-clearing time on phase faults fre- 
quently resulted in conductors being burned down. 


3. Good selective settings satisfying all operating 
conditions were impossible. 


The problem was how to correct these 
conditions at the most reasonable cost. 
Any attempt to lightning-proof the circuits 
themselves would have been too expensive. 
Instantaneous overcurrent attachments, as 
mentioned, had been applied to the extent 
that this was feasible. It seemed that a 
change of connections, looping one circuit 
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into East Utica and the other circuit into 
Ilion, leaving Herkimer bussed as before, 
and looping a circuit into Little Falls, was a 
good arrangement, but it was not possible 
to make this change and expect any im- 
provement with the existing relay equip- 
ment. Asa matter of fact, the results from 
a relay standpoint would have been even 
worse than before since it would have been 
even harder to approach proper selective 
operation under all conditions; furthermore, 
fault-clearing time would not have been 
improved. This forced the use of distance 
relays which were accordingly installed, 
three GCX relays being used at each line- 
breaker terminal. This, of course, was 
quite expensive but was still the cheapest 
possible way in which the problem could be 
solved, and even this expenditure was justi- 
fied to correct the trouble. Results were en- 
tirely satisfactory. 

The ability to apply one distance relay in 
combination with a phase-selector relay in- 
stead of three distance relays as described in 
the authors’ paper gives almost all the ad- 
vantages of full three-relay distance-relay 
protection; the only difference is that one- 
cycle relay operation is not attained, but a 
minimum time of about five cycles is real- 
ized. In any case where this difference is of 
no practical consequence, the two schemes 
can be considered to give exactly the same 
result. In the case of the problem just out- 
lined, five cycles is entirely satisfactory, and 
it would probably be seldom, with the ex- 
ception of some major transmission lines, 
that this would not be true. Such a possible 
alternate distance-relay scheme is only 
approximately 50 per cent or roughly 
$150 more per terminal installation than 
the widely used directional overcurrent 
arrangement. It would be seldom that the 
advantages to be gained by distance relay- 
ing if the directional overcurrent scheme is 
at all unsatisfactory, would not justify this 
small difference. On the other hand, it takes 
quite a lomof trouble to justify the great 
cost differential between directional over- 
current protection and a full three-unit dis- 
tance-relay installation. The scheme out- 
lined, therefore, truly makes distance-relay 
protection economical in many cases where 
formerly it could not have been justified. 
The new scheme has proved itself in service 
as entirely satisfactory in every way. 

It might be well to point out that the 
distance relay used with the phase-selector 
scheme is slightly different in detail design 
from the standard distance relay. In the 
case of our installations previously de- 
scribed, where we now have one phase- 
selector installation, we will gradually re- 
place the standard three distance-relay 
terminals with the phase-selector scheme as 
we have occasion to need phase GCX relay- 
ing on future main high-voltage line in- 
stallations. It would be helpful to have the 
relays fully interchangeable for the two 
types of use. 


L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): I feel that Audlin 
and Warrington have given their paper a 
title which is apt to convey an erroneous 
impression. To infer that distance relays 
are uneconomical for circuits in the sub- 
transmission class is to indicate much closer 
control of costs than has yet been achieved. 
Many such circuits are 20 miles or more 
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long and may carry several thousand kilo- 
volt amperes of load. The total investment 
in transformers, line, circuit breaker, and 
substation required is so great that a few 
hundred dollars more or less for relays is 
relatively insignificant. Hence, where dis- 
tance-relay performance is required, it 
should be possible to provide it without 
undue economic restriction. 

All this, however, does not mean that it is 
not worth while to find less expensive ways 
of obtaining desirable performance. It is 
certainly true that many circuits in the 
subtransmission class can be protected 
adequately with distance relays having a 
minimum time of five cycles. And it is also 
true that improved performance can be ob- 
tained by the stepped-time distance char- 
acteristic in comparison with graded-time 
overcurrent protection. Hence, what 
Audlin and Warrington have done is to 
describe a relay system which is less ex- 
pensive than the full distance relay and yet 
has characteristics adequate for a large 
field of application. 

As indicated in the paper the idea of 
switching a single distance relay is not new. 
The authors have taken care of many of the 
objections which had been made to earlier 
suggestions by always indicating the same 
distance regardless of the combination of 
phases involved in the fault and by using a 
switching sequence which eliminates the 
possibility of incorrect operation when the 
number of phases involved in the fault are 
changed. The laboratory and field tests 
which have been made provide proof of the 
over-all correct indication under variable 
fault conditions. 


W. E. Marter (Duquesne Light Company, 
Pittsburgh, Pa.): This paper describes 
laboratory tests made on the GLA relay in 
the General Electric Company laboratory. 
A description of a test made by Duquesne 
Light Company on the GLA reley might be 
of interest. In the Pittsburgh district silver 
relay contacts tarnish rapidly, as a result in 
part of sulphur fumes in the air caused by 
the combustion of soft coal. An attempt 
was made to accelerate this action by 
sprinkling the contacts of an HGA current- 
transfer relay in the GLA relay with pow- 
dered sulphur. The relay was then allowed 
to stand for two weeks, and at the end of 
this period the contacts were covered with a 
heavy black coating. 

Without removing the powdered sulphur 
or cleaning the contacts, ohm meter readings 
were made on both front and bac'z contacts, 
and comparative readings were also taken 
on clean contacts of a similar relay with the 
following results: 


a a 


Back Contacts Front Contacts 


Tarnished contacts, 0.275 ohm...... 0.225 ohm 
Clean contacts....,.. 0.010 ohm...... 0.010 ohm 


The contact resistance had increased, 
but no coating had been formed which could 
not be broken down by the low d-c voltage 
impressed by the ohmmeter. 

Low a-c voltage was applied to the con- 
tacts, and a current of 0.1 ampere was trans- 
ferred without difficulty. 

This test indicates that even under condi- 
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tions of severe neglect the GLA relay can be 
expected to transfer cea circuits satis- 
factorily. 

An installation of GLA and GCX ground 
protection has been made on a 22-kv line on 
the Duquesne Light Company system. 
The relay was installed in one of two tie 
lines between 22-ky feeder stations which 
had previously been relayed with direc- 
tional evercurrent ground relays. In an 
attempt to prevent the cross-feed operations 
the relay was installed at a point which had 
previously opened on cross-feed for any 
feeder fault on the adjacent station bus. 

About four hours after the relays had been 
cut in service a ground fault occurred on the 
22-kv winding of a transformer bank at the 
adjacent station. The fault was correctly 
cleared, and the line on which the reactance 
ground relay was installed remained in 
service. The other tie line which was still 
equipped with directional overcurrent 
ground protection tripped as usual. 

This installation seems to indicate that 
these relays can be successfully applied to 
keep subtransmission lines in service which 
had previously tripped unnecessarily on 
cross-feed currents. 


S. L. Goldsborough (Westinghouse Electric 
and Manufacturing Company, Newark, 
N. J.): A suggestion is made in the title 
that distance-relay protection for low- 
voltage transmission lines is made eco- 
nomical, but this point is not very well 
substantiated in the body of the paper. It 
is not obvious at all that the elimination of 
two high-speed distance relays and the 
substitution of ten auxiliary relays con- 
taining some 26 odd contacts would result 
in a combination substantially as eco- 
nomical as the standard directional-over- 
current-relay schemes, The paper admits 
that this ideal has not been attained but hints 
that a compromise was made so that the 
increase in cost over the directional over- 
current relay is only moderate. It would be 
interesting to know more definitely the de- 
gree of economy which has been allegedly 
obtained. The compilation of this degree of 
economy should be based not only upon the 
cost of the relays but upon the cost of 
maintenance of the 26 auxiliary contacts. 
It is well known that one of the most im- 
portant advantages of the distance-type re- 
lay is its ability to ignore changes in generat- 
ing capacity and operate correctly over a 
wide range in capacity. Frequently the 
range of generating capacity is such that the 
relays are called upon to operate on cur- 
rents near to or less than the full-load cur- 
rent. It is to be noted that in both the 
schemes described apparently this quite 
often very desirable characteristic of the 
distance-type relay is eliminated because of 
the type of phase selector used. If the over- 
current phase selectors are used, it is quite 
obvious that they must be set safely above 
full-load current and, therefore, the distance 
relay is not allowed to operate for fault cur- 


rents near to or below full-load current. 


Also this would apply to the schemes using 
undervoltage fault detectors where fault 
current is limited by fault resistance, since 
any safe undervoltage setting would not 
allow the relays to respond. It appears that 
for ground faults the scheme described will 
only work when the system is impedance 
grounded. Whether or not the elimination 
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of the feature of operation on faults of 


approximately load magnitude is worth 
while is a question. 

Whether overcurrent or undervoltage 
phase-selector relays are employed, the de- 
gree of sensitivity is definitely limited. This 
means that in a good many cases the equip- 
ment would not be able to respond to ground 
faults containing even a moderate amount 
of fault resistance. This is especially true in 
the case of solidly grounded systems which 
would generally require the overcurrent type 
of phase selector. It is obvious that in the 
case of low generating capacity, where the 
fault current may be only moderately higher 
than the load current, it would not require 
very much fault resistance to reduce the 


ground current below the sensitivity of the ~ 


scheme. 


The ground-relay selector scheme utiliz-_ 


ing undervoltage relays would seem to 
operate correctly on impedarice-grounded 
systems, for here is a definite drop in voltage 
on the faulted phase and a definite rise in the 
unfaulted phases, thus not requiring an 


undervoltage setting very close to normal — 


voltage. However, on solidly grounded 
systems, using either overcurrent or under- 
voltage, it is anticipated that trouble may 
be experienced because of the flow of fault 
current on the unfaulted phases during 
single phase-to-ground faults. On systems 


having several sources of power, either all of — 


them grounded or only one of them 
grounded, there is the possibility that all - 
three phase wires will carry fault current on 
single-phase grounds. It can frequently 
happen that the fault current on the un- 
faulted phases is as large as the fault cur- 
rent on the faulted phase. Under this condi- 
tion, all three current phase-selector ele- 
ments would pickup and lock out, thus pre- 
venting the distance relay from functioning. 
The same condition definitely would also 
be encountered with the phase-relay selec- 
tion scheme since it is possible to have fault 


magnitude of current on all three phases © 


during two-phase-to-ground faults. Since 
the scheme must be made such that the dis- 
tance relay is connected to one set of phase 
current and potentials for three-phase faults, 
which occasions the operation of the three 
overcurrent selector elements, it follows that 
if three selector elements are operated on 
two-phase-to-ground faults, the distance 
relay on two of the possible two-phase-to- 
ground combinations will be connected to 
the wrong set of voltage and current. 


L. J. Audlin and A. R. vanC. Warrington: 
In his discussion Doctor Gross brought out 
several interesting points not mentioned in 
the paper. The success of foreign applica- 
tions over many years is very encouraging. 
As regards application to carrier relays, in 
the present carrier schemes, the directional 
element of the distance relay is used for 
both carrier and backup tripping. It would — 
be possible to separate the carrier circuit 


from the backup circuit by using the dis- ae 


tance relays for backup only and, for this 
purpose, one distance relay with 4 selector 
relay usually would be adequate for the 
backup. 

Mr. Marter’s data on the behavior of the 
switching contacts when heavily corroded 
by contact with sulphur was very encourag- 


ing and confirmed our opinion that the’ 


switching of current circuits presents no 


ve 


er 


hazard with overlapping high-pressure con- 
tacts. 

Mr. Goldsborough points out there are 
26 contacts in the selector relay; hence it is 
more complex. In typical impedance and 
reactance relays there are 12 to 16 contacts 
per relay. Hence the selector relay has no 
more contacts than the two relays it is re- 
placing. The contacts of the selector relay, 
however, have much more pressure than 
those of the protective relays, because they 
always have full voltage across their coils 
whereas the protective relays may be near 
the balance point. 

The number of contacts in any case has 
little to do with the reliability of the device. 
The distance-carrier relay equipment has 
50 to 60 contacts but is still well thought of. 
The real factor is contact pressure. All the 
relay units described in this paper have 
exceptionally high contact pressure. 

The preceding comments also apply to 
Mr. Michelson’s preference for two ohm 


‘units in the GCX relay. We believe that 


relays with high-pressure contacts require 
less maintenance and are more reliable than 
protective relays; hence it isadvantageous to 
replace the protective relays by simple aux- 
iliary relays where possible. , 

Mr. Goldsborough is correct in saying that 
overcurrent selectors limit the scheme to 
faults above load current. The first para- 
graph of the paper explained that these re- 
lays were applicable to subtransmission 
lines hitherto protected by directional over- 
current relays, which obviously must be set 
above load current. For applications out- 
side this category the standard arrangement 
of three distance relays is recommended. 

We are indebted to Mr. Pratt for provid- 
ing a good illustration of a typical applica- 
tion for these relays and to all the discussers 
for providing so many helpful comments. 

A letter has just been received trom the 
Electricity Commission of South Africa 
which contains the following sentence: ‘““‘We 
have had nearly ten years of experience with 
the original GAX relays and are very satis- 
fied with their performance so that the sound- 
ness of the principles of switching potential 
and current has been amply demonstrated 
for us in the field.” 


Radio-Noise Filters Applied 
to Aircraft 


Discussion and authors’ closure of paper 


43-132 by C. W. Frick and S. W. Zimmerman, 
presented at the AIEE national tecKnical 
meeting, Cleveland, Ohio, June 21-25, 1943, 
and published in AIEE TRANSACTIONS, 
1943, September section, pages 590-5. 


R. H. Kaufmann (General Electric Com- 
pany, Schenectady, N. Y.): It is only the 
final over-all result that is significant in 
judging the performance of a particular 
system of radio-interference suppression. 
Quiet operation of radio receiving equipment 
is the objective. The presence of radio- 
interference voltages on electric circuits is 


not in itself objectionable and becomes so 


only if these voltages are communicated to 
the input circuits of radio receivers. 


In all-metal planes, the metallic surfaces 
comprising the ship skin and sectionalizing 
walls constitute electrical conducting sur- 
faces which may be used to good advantage 
in the solution of a radio-interference prob- 
lem. These metallic surfaces possess the 
following useful qualities: 


1. The exterior metallic skin tremendously reduces 
external radiation of radio-frequency energy from 
internal electric circuits containing radio-interfer- 
ence voltages and thus minimizes the induction of 
interference voltages directly in the radio antenna. 


2. In the form of bulkheads, the metallic surfaces 
constitute an effective stop against radiant radio 
interference. (Insulated electrical conductors 
whic? pass through such barriers provide channels 
on which radio-interference voltages may be trans- 
ferred to the opposite side of the bulkhead.) 


3. Since electrical conductors possessing radio- 
interference voltages are run in close proximity to 
metallic surfaces of the plane, the radio-frequency 
energy is to a large extent concentrated in the 
small pace between the conductor and the metallic 
surface, and radio-interference field strength is 
elsewhere diminished. 


Emphasis should be given to the full 
utilization of beneficial qualities of the 
metallic surfaces comprising the plane struc- 
ture. Full advantage should be taken of 
the possible shielding effect of metal sur- 
faces in screening the lead-in wire to the 
receiver from surrounding power-circuit 
conductors. Power-circuit-conductor runs 
should be kept as far removed from the 
radio receiving equipment as is practical, 
and preferably run in close proximity to 
metallic surfaces, particularly in the im- 
mediate vicinity of radio receiving equip- 
ment. As has been pointed out in the paper, 
the importance of a short direct connection 
between the receiver chassis and a neutral 
plane of radio-interference voltage, repre- 
sented by the main body of the ship struc- 
ture, cannot be overemphasized. 

Consideration should next be given to the 
application of high-quality high-reduction 
filters effectively placed in power feeder cir- 
cuits to the radio receiver. Consideration 
should next be given to effective filter ap- 
plication in nearby circuits and equipment 
until the desired noise-reduction ratio at the 
receiver is obtained. It is significant to note 
that a few high-quality high-reduction filters 
employed in the vicinity of radio receiving 
equipment may well produce far more noise 
reduction than an equal weight of smaller 
less effective filters scattered throughout the 
electrical system. 

In summary: 


1. The suppression of radio-interference voltage is 
of no significance unless such voltage were other- 
wise being communicated to the radio-receiver 
input circuit. 


2. The inherent shielding effect of metallic sur- 
faces should be utilized to best possible advantage 
in diminishing radio-interference voltages delivered 
to radio receiving equipment, as beneficial results 
so obtained involve no extra weight or additional 
devices. 


3. It should be borne in mind that a few high- 
quality high-reduction filters properly applied in 
the immediate vicinity of radio receiving equipment 
may be far more effective than an equal-weight 
investment in numerous filters distributed through- 
out the ship. 


‘F. O. Stebbins (General Electric Company, 


Schenectady, N. Y.): The excellent paper 
by Frick and Zimmerman describes the 
radio-noise problem on aircraft, one method 
for attacking this problem, and the final 
solution that was obtained. The important 
feature of this solution is the development 
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of a line of small compact lightweight filters 
for the suppression of radio noise on aircraft. 

Aircraft fall, in general, into three classi- 
fications as regards the radio-noise problem: 


1, There is the all-metal airplane in which the 
enclosing structure is entirely of metal and the 
radio antenna (except for the antenna lead-in wire) 
is well shielded from radio noise developed inside 
of the airplane structure. 


2. There is the airplane in which the enclosing 
structure is only partially of metal. With these 
aircraft, the nonmetallic portion covers the upper 
part of the structure and since the radio antenna 
is generally located above the airplane structure, 
the antenna is not well shielded from radio noise 
developed inside the structure. 


3. With the third type of airplane the enclosing 
structure is entirely nonmetallic, and the radio 
antenna is again not well shielded from the radio 
noise inside the structure. 


Since one important feature controlling the 
performance of radio equipment on the air- 
plane is‘ the amount of radio noise on the 
airplane antenna, the radio-noise problem 
should be most easily solved on the all- 
metal aircraft. In many cases the all-metal 
aircraft is equipped with a larger quantity 
of airplane accessories which develop high 
radio-noise levels, and these may counteract 
to a large extent the beneficial effect of 
shielding on the antenna. 

The specifications covering the permis- 
sible radio noise developed by aircraft ac- 
cessories are generally loose or in many 
instances do not exist. As a result, the 
same design of accessory built by two dif- 
ferent manufacturers may develop radio- 
noise levels which differ by as much as 20 
to 1 or more. Likewise, the same design of 
radio receiver built by two different manu- 
facturers may differ widely in sensitivity to 
radio noise. As the result, radio-noise sup- 
pression methods which give successful 
radio communication on one airplane may 
fail completely to give successful radio com- 
munication on a second airplane of the same 
design. The radio-noise problem on air- 
craft has been solved only when successful 
radio communication could be maintained 
in flight. It has been found in certain radio- 
noise investigations that tests had to be 
carried forward on six or more airplanes of 
the same design simultaneously in order to 
be assured that the solution to the radio- 
noise problem which was obtained would 
apply to the entire production of that de- 
sign. If the airplane manufacturers would 
specify to the accessory manufacturers the 
radio-noise levels which the accessory must 
meet, the radio-noise problem would be 
greatly simplified. 


C. W. Frick and S. W. Zimmerman: The 
authors appreciate the discussions sub- 
mitted by Mr. Kaufmann and Mr. Stebbins 
and are pleased to note that each gives con- 
sideration to interference control through 
both design of aircraft wiring and the use 
of high-quality filters to localize the sources 
of noise. Both are necessary. 

As explained in the introduction, our 
paper deals with the control of radio inter- 
ference through the reducing or suppressing 
of radio-influence voltage in the power cir- 
cuit. This is accomplished by means of 
filters which serve to localize the effects of 
radio-influence voltages at their source. 
This method of interference control can 
be employed readily in cases where other 
methods stich as shielding and aircraft 
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wiring arrangements cannot be used suc- 
cessfully. It can be easily applied since a 
line of lightweight filters of high-noise- 
reduction ratio is available for ready appli- 
cation. 


Aircraft Contactors 


Discussion and authors’ closure of paper 
43-131 by F. J. Russell and A. P. Charbon- 
neau, presented at the AIEE national tech- 
nical meeting, Cleveland, Ohio, June 21-25, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, September section, pages 
563-6. 


M. J. DeLerno (General Electric Company, 
Schenectady, N. Y.): Two factors which 
were mentioned in the introduction of the 
authors’ paper are quite important in air- 
craft contactor design. These are: 


1. Changes in barometric pressure from 30 inches 
of mercury at sea level to about 5.54 inches at 
40,000 feet. 


2. Ambient temperatures from — 50 to 200 degrees 
Fahrenheit. 


The first factor, which is the more im- 
portant, has a pronounced effect on the arc- 
interrupting ability of a contactor. Con- 
tact tips, which may satisfactorily interrupt 
a circuit at sea level, may fail at 40,000 feet. 
Observations on arcs at sea level and at low 
pressures seem to show that the contact 
area of the arc with the tips increases as the 
pressure is decreased. This effect is not 
noticeable at pressures slightly below atmos- 
pheric but becomes appreciable at pressures 
corresponding to 45,000 feet. It has been 
observed also that the color of the arc 
changes somewhat at the lower pressures. 
A possible explanation for these observations 
may be that the arc characteristics possessed 
by the discharge at sea level change to glow 
characteristics at low pressures, and the 
transition stage from one to the other occurs 
at pressures around five inches of mercury 
or at 42,000 feet elevation. It would be 
interesting to know if the authors have 
observed similar phenomena, and if they 
have found that tip surface area affects arc 
interruption to a greater extent at 40,000 
feet than at sea level. 

A second effect brought about by the re- 
duction in pressure at high altitudes is the 
decrease in the high-potential-breakdown 
voltages between live parts on a contactor. 
The AIEE Standard specifies sufficient 
clearance between live parts to withstand a 
potential equal to twice-rated volts plus 
1,000 volts. Curves showing the air-gap 
breakdown potential between sphere gaps 
and between sharp edges indicate that for a 
given gap the breakdown potential at sea 
level is from three to four times as great as 
at 45,000 feet. Similarly, this ratio for 
creepage breakdown along the surface of an 
insulating material ranges from about 2.5 
to 4, depending on the material. 

The reduced pressure of the air at high 
elevations decreases the heat dissipation of 
the magnet coil and the contact tips be- 
cause of the lowered convection coefficient. 
The component of the heat dissipation 
caused by radiation is unaffected by pressure 
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changes. However, the total lowered dissi- 
pation at high altitudes is offset by the 
lowered temperatures present at these 
altitudes. 


F. J. Russell and A. P. Charbonneau: Mr. 
DeLerno’s observations agree substantially 
with our own experience. Tests under 
reduced pressure equivalent to that obtained 
at altitudes up to 55,000 feet indicate greater 
tendency for arcs to persist with the arc 
taking on the characteristics of glow dis- 
charges at the lower pressures. 

The tendency toward glow discharge re- 
duces the breakdown voltage between live 
parts through air or across the surface of 
insulating materials. 

These factors are taken into consideration 
in the design of the aircraft contactors, and 
the results are verified by actual tests at 
pressures corresponding to the maximum 
altitude at which the apparatus is to be 
used. 


Arc-Furnace Control 
by Regulex Exciters 


Discussion and authors’ closure of paper 43-95 
by T. B. Montgomery and T. H. Bloodworth, 
presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, October section, pages 
650-4. 


C. E. Valentine (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It is stated in Montgomery’s and 
Bloodworth’s paper, ‘‘For a number of years 
prior to the present urgency for the produc- 
tion of high-quality steel, the development 
in control methods for electric-are furnaces 
remained substantially stationary in this 
country.’ So far as the fundamental prin- 
ciple of measurement is concerned, this is 
true, but control methods include consider- 
ably more. As a matter of fact the funda- 
mental method of measurement of the 
quantity to be controlled is the same as 
that which the Westinghouse company 
developed and has used successfully for 
some 20 years. This is the comparison or 
balance between the current flowing in the 
furnace electrode and the voltage between 
the electrode and the shell of the furnace. 
The circuits and apparatus, however, by 
means of which this principle of measure- 
ment is used and applied to the regulation of 
the furnace, have not remained at all station- 
ary. Several years ago the master-electrode 
motor-control switch was made a part of 
the standard regulator equipment. This 
switch and its circuits provide for simul- 
taneous rapid lowering and withdrawal of 
the electrodes, thus saving time at the be- 
ginning and completion of the melting 
operation. At the same time improvement 
was made in the arrangement of panel- 
mounted apparatus and also in detailed 
parts, such as the reversing switches. These 
now are spring-mounted in place of pin and 
sleeve bearings, thus wear and parts which 
ultimately require replacement are elimi- 
nated. Morerecently development has been 
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started and is still progressing to provide 
spring and contact assemblies having longer 
life and requiring less maintenance. 

With regard to circuit improvements, 
high-speed withdrawal of the electrodes in 
case of a cave-in has been provided on 
several installations. This is accomplished 
by means of an overcurrent relay and auxil- 
iary contactor which increase the speed of | 
the electrode motor. This minimizes the’ 
duration of high-current surges on the supply 
system and also lessens outages and loss of 
time which might otherwise occur because 
of tripping of the furnace breaker. The 
use ef an electrically operated tap changer 
is another important improvement which 
has contributed to saving time in the opera- 
tion of the furnace. 

Reference is made by the authors to the 
important items of ‘sensitivity’ and 
“stability.” In general, any regulating 
device which is relatively insensitive requires 
no special stabilizing or antihunting means. 
However, as the sensitivity of a regulating 
device is increased, and, if high-speed action 
is secured at the same time, some special 
means of stabilizing is required usually. 

The balanced-beam contact-making are- 
furnace regulator can be set readily for 
maximum or for minimum sensitivity by 
means of the contact gaps. Rotating-type 
regulating equipment can be made with 
proper design features to have a similar 
sensitivity, but the maximum sensitivity is 

fixed by the design of the regulating ma- 

chine. Itisour experience that, ifmaximum 
sensitivity and speed of operation of the 
rotating-type regulator are to be secured, 

some means for stabilizing it is required. : 
It would be of interest to have the authors 2 
explain by what means the Regulex exciter - 
is stabilized when it is adjusted for maximum 
sensitivity. 

Having both types of regulators available, 
we have made tests comparing the perform- z 
ance of the balanced-beam type with the $ 
Rototrol on the same furnace, switching 6 
from one regulator to the other. In these { 
tests the standard-design balanced-beam- : 
type regulator was used with no special 
circuits for fast withdrawal of the electrode 
under cave-in conditions. In fact it was 
used as found after operation for about one 
year. Asa result of these tests we found a 
slight over-all saving in time, when the 
rotating-type regulator was used, because 
of fewer interruptions of the a-c circuit by 
tripping of the furnace breaker. On the 
other hand, the rotating-type regulator 
showed little or no improvement over the 
balanced-beam-type during the refining 
period. Otherwise the performance of the 
two types of eqflipment was very much the 
same, 

To summarize, either the balanced- 
beam constant-control voltage-type regu- 
lator or the Rototrol variable-voltage-type 
regulator can be used with assurance of 
satisfactory results. With regard to main- 
tenance, the cost of reversing switch con- 
tacts and the time to replace them is very 
small. In the rotating-type regulator, com- 
mutator and brush maintenance take the 
place of: contact maintenance. Should 
trouble develop in the rotating-type regu- 
lator or generator, the cost in money and 
time required for repair or replacement 
would be much greater than replacement of 
contacts on the older-type equipment. The 
over-all cost of maintenance remains to be 
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determined on the basis of several years of 
service. 

It should be noted that the machines 
and auxiliary equipment which comprise 
the rotating-type regulator require in- 
herently more material and cost than the 
balanced-beam-type regulator. When ini- 
tial cost and cost of maintenance are con- 
sidered, it may be found that each type of 
equipment has its place, depending on the 
requirements of a given application. 


G. E. Shaad (nonmember, General Elec- 
tric Company, Schenectady, N. Y.): The 
paper by Montgomery and Bloodworth 
presents data on arc-furnace control by 
rotating exciters used as amplifiers of small 
control indications. 

Amplification and speed of response are 
the two fundamental characteristics of any 
amplifier. Another type of rotating exciter 
successfully used in arc-furnace control and 
other applications gives an _ interesting 
emphasis to the range of amplification ratios 


_and speeds of response which can be ob- 


tained in machines of this type. 

The Amplidyne compresses two full-size 
exciters into one and gives two-stage per- 
formance by the use of armature excitation 
achieved by short-circuiting the output of 
the first stage and adding two additional 
brushes to collect the output of the second 
stage. 

Amplifications of the order of 10,000/1 or 
higher and speeds of response of the order 
of one tenth of a second or less can be 
obtained. Worthy of note is the feature that 
leakage flux emanating from the armature 
gives added speed to the Amplidyne, since 
this flux closes through the air where it can 
establish itself “with the greatest of ease” 
and yet can produce useful voltage. 

What is the specific value of this faster 
speed of response and greater amplification 
tatio in the control of arc furnaces? They 
mean the ability to respond to smaller de- 
partures from the ideal conditions and the 
ability to respond to faster and shorter 
changes throughout the furnace cycle. 
They mean the reduction of the number of 
machines required in the motor generator 
set as illustrated in Figure 6 of the paper, 
since the Amplidyne exciter is at the same 
time the Amplidyne generator, so that one 
machine gives two-stage performance. 

The results obtained in arc-furnace opera- 
tion with the Amplidyne control have been 
remarkable. In one installation the time 
per heat was cut ten per cent; at the same 
time the power consumption per ton was 
reduced. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I was very interested in 
the Montgomery and Bloodworth paper. 
Although we have fair controls on electric- 
arc furnaces now, compared with what 
they were a number of years ago, we as 
engineers and technicians should not be 
satisfied and should be exploring means of 
improvement. 

In this particular case I believe that the 
objective is to strike the arc, hold it, and 
never let it go out; thus, the time to melt 


‘down and, hence the cost would be reduced. 


This also will increase production. 
I understand that some of these regulators 
have been in service for a year or two and 
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have been giving satisfactory performance, 
and I hope the good work of improving them 
continues. As a power-company man, I 
do not care how large the load, so long as it 
is steady. If it is a fluctuating load I am 
concerned, even though it may not be large. 
Therefore, any attempt to steady the load 
certainly is interesting, for with this kind of 
load we can provide smaller lines at less 
expense to the customer than for a fluctuat- 
ing load which will require a larger line. 


E. W. Henderson (English Electric Com- 
pany of Canada, Limited, St. Catharines, 
Ont., Can.): Arc-furnace control, as pre- 
sented in papers by T. B. Montgomery and 
T. H. Bloodworth and by R. A. Geiselman, 
C. C. Levy, and W. R. Harris, is concerned 
with the action of the furnace itself or the 
circuit between the furnace transformers 
and the arc furnaces. 
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Figure 2 


I would like to present a few oscillograms 
to show how arc-furnace transients affect a 
power-supply circuit and how in one case 
the effect of these transients on the lighting 
circuits was controlled. 

The use of a synchronous condenser in 
parallel with an arc-furnace load is not 
new; howbeit, the number of installations 
are few, and these few are installations of 
fairly large units, for example, 10,000 to 
20,000 kva. The system I shall describe is 
rather small, and the are-furnace load formed 
a relatively large proportion of its total 
capacity. It was located in an Ontario 
town which has its privately owned utility. 

Figure 1 of this discussion shows the 
original layout, and from this it may be 
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noted that the furnace load of”2,300 kva 
formed 25.6 per cent of the total kilovolt- 
amperes of generating equipment, the latter 
of which totalled 9,000 kva. The power bus 
was regulated only through the automatic 
regulators at the generating stations lo- 
cated 50 and 21 miles from the station. 
The lighting bus was regulated at the dis- 
tributing station in town by means of auto- 
matic motor-operated induction-type regu- 
lators. Trouble existed in that these latter 
regulators were inherently too slow to follow 
the transients reflected from the arc-furnace 
loads with consequent objectionable and 
irritating flicker of varying intensity occur- 
ring at irregular and intermittent frequency. 

Some idea of the transients which are set 
up in the power-supply system-feeding arc 
furnaces may be obtained by an examination 
of Figure 2 of this discussion. These oscil- 
lograms were made with the bottom traces 
blanked off by a shield mounted within the 
oscillograph to permit the use of wider 
trace without interference on the film. The 
upper trace is that of the voltage variations 
in the regulated lighting bus caused by the 
arc-furnace transients shown by the trace 
immediately under it. The sudden and 
sustained voltage variations are very 
marked. Variations in the voltage of the 
power bus are indicated in the lower trace. 

Figure 3 of this discussion shows the cir- 
cuits as regrouped, with the addition of a 
2,000-kva 4,000-volt three-phase 60-cycle 
1,200-rpm synchronous condenser in parallel 
with the furnace loads, and with a buffer 
reactor inserted between this condenser-arc- 
furnace circuit and the rest of the system. 
The condenser was added for several reasons: 


(a). To control the flicker in the lighting circuits. 


(b). Toimprove the power factor of the arce-furnace 
load and the system as a whole. 
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(c). To maintain a higher and more steady voltage 
at the furnaces. 


(d). To permit additional load to be connected to 
the system by the power-factor correction. 


Figure 4 of this discussion indicates how 
well the voltage of the lighting bus was 
controlled. The upper three traces are 
those of the lighting-bus circuits, show- 
ing practically a steady voltage in spite of 
the transients shown in the lower traces, 
which are those of the currents in the arc- 
furnace feeders. The oscillograms were 
taken simultaneously. It may be noted 
how steady is the lighting-bus voltage in 
spite of the arc-furnace transients. 

The quick response of the synchronous 


982 


parve fy Shag 
on of Saeatentiony tt Hy Hl bane nya 
Gee, Sentry 


condenser to transient conditions in the 
furnace feeders is illustrated in Figure 5. 
The upper three traces are those of the 
currents in the synchronous-condenser cir- 
cuit, and the lower three are those of the 
currents in the combined arc-furnace load. 
If we number from the top, 1 corresponds to 
the same phase as 5, 2 to 6, and 38 to 4. 
An examination of these pairs. will show how 
rapidly the synchronous-condenser currents 
respond to those of the are furnaces. Single 
cycles are reflected in many cases, and gen- 
eral contour is the same in the different pairs. 

The variation in the condenser voltage 
bus and the steady voltage of the power bus 
ahead of the reactor under conditions of 
breaking-down furnace loads are shown in 
Figure 6 of this discussion. This oscillogram 
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indicates how well the voltage is maintained 
on the furnaces in spite of rapid and large 
transients inherent in such arc-furnace 
operations, 

The combined effects of the control of the 
arc-furnace transients by this method re- 
sulted in: 

1. Steady voltage with no flicker on the lighting 
circuits, 

2. Steadier voltage on the general power bus. 

8. Steadier and higher voltages on the are-furnace 
circuits. 

4 Extra heats per day on the larger furnace. 


5. .Reduced time for the heating of annealing 
furnaces on these arc-furnace circuits. 


6. General improvement in power factor and opera- 
tion of the whole system. 


The methods of control by such means as 
the Rotatrol, Regulex, or Amplidyne may 
result in improved control of the movement 
of the electrodes themselves, but any appa- 
ratus of this type cannot control the 
transients in these circuits as their response 
is inherently too slow. This discussion has 
been given simply to indicate how rapid and 
effective these troublesome transients may 
be and one method of successfully offsetting 
their reaction on the power-supply system. 
A synchronous condenser for such purposes 
must have inherently low transient and sub- 
transient reactances, but otherwise is of 
normal design and is started and controlled 
simply and effectively. 


T. B. Montgomery and T. H. Bloodworth: 
The point of stabilization of the control 
circuit when it is adjusted to maximum 
sensitivity was raised by Mr. Valentine. 
The system is inherently more stable than 
a contact-making system because that re- 
sponse is, for practical purposes at all times 
proportional to the deviation from normal, 
for the arc watts. Also, stability is a func- 
tion of both sensitivity and speed of re- 
ponse. Inthe Regulex system both sensi- 
tivity and speed of response are adjustable 
to suit inertia constants of the furnace. 
External antihunt means are seldom re- 
quired. Such means are available but, it was 
thought, have been used too seldom to war- 
rant inclusion in the paper. 

As to first cost and maintenance in com- 
parison with other type of regulators, it 
appears that over-all power savings will be 
a determining factor. 

The savings in time per heat, as well as 
power consumption given in Mr. Shaad’s 
discussion, ‘is of particular interest. In the 
system described the adjustment, both of 
sensitivity and ratio of amplification, has 
proved useful, particularly in stability of 
the system. The use of standard machines 
is considered of advantage in steel plants 
and foundries. 

With reference to Mr. Jones’s discussion, 
data of system disturbance caused by each, 
we believe,. would be of value by way of 
comparing the new rotating regulators with 
the contact-making types. The experience 
so far emphasizes the fact that, with the new 
regulators, the arc is not broken normally 
except to shut down for tap changing or 
other operations. Since are interruption 
causes most disturbance, a steadier load 
may be expected. 
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Rotating Regulator for 
Arc Furnaces 


Discussion and authors’ closure of paper 43-96 

by R. A. Geiselman, C. C. Levy, and W. R. 

Harris, presented at the AIEE national tech- 

nical meeting, Cleveland, Ohio, June 21-25, 

\1943, and published in AIEE TRANSAC- 

be 1943, November section, pages 
1-4, 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): Without casting reflec- 
tions on the regulator controls that have 
been in service for a number of years, I 
believe that Geiselman and Levy have pre- 
sented data to show considerable advance- 
ment in this important method of maintain- 
ing a more stable condition in the furnace 
during the early meltdown period, by hold- 
ing the arc and preventing its extinction, 
to a greater extent than has been experienced 
in the past. 

We have taken actual measurements of 
the kilowatt-hours consumed in a large 
modern electric furnace with violent fre- 
quently interrupted arcing during the early 
meltdown, as compared with a steady arcing 
at a somewhat lower tap setting, and found 
that, under the latter condition, appreci- 
ably more kilowatt-hours were consumed, 
which actually means more heat being put 
into the melting of the charge. These tests 
were made three or four years ago, and we 
have repeated them on other installations 
since, and these conditions have been con- 
firmed. We also have discussed this matter 
with others, operators and furnace builders, 
and all have reached a similar conclusion. 
From the point of view of putting more heat 
into the melting of the charge, I believe that 
the improvements pointed out by tnis paper 
today on this subject are a good forward 
step. 

I was struck particularly by the rugged- 
ness of the regulators described by these 
authors, and I believe that this will lend 
itself very readily to the replacement of 
damaged parts in the usual hurry-up steel- 
mill manner. The complete replacement of 
the rotating unit with a duplicate is very 
attractive. 

To repeat my statement—strike the arc, 
hold it, and never let it go out, and we can 
all melt steel electrically more satisfactorily 
and cheaply. ‘ 


> 


G. E. Shaad (nonmember, General Electric 
Company, Schenectady, N. Y.): Geiselman 
and Levy have presented an excellent paper 
of interest to everyone connected with arc- 
furnace operation. In the past year a good 
many rotating regulators have been put into 
operation and have shown excellent results. 
The system described by the authors will 
be a welcome addition. 
Variable voltage control of electrode 
motors is not new, since it has been used 
in Europe for several years. However, the 
slow response and low amplification of stand- 
ard d-c generators left these installations 
_with little advantage over magnetic control. 
The development of the present-day highly 
sensitive generators with nearly instantane- 
ous response has provided a control showing 
some remarkable savings in time and power. 
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To obtain the best results from these regu- 
lators we need a high sensitivity and the 
fastest response it is possible to obtain. 
As the authors have pointed out, the ac- 
celeration characteristics of the electrode 
motors must be considered, but this limiting 
value of current should be reached as fast 
as possible. 

In our use of the Amplidyne, with its 
high amplification built into one machine, 
we have a unit with a nearly instantaneous 
response to small’regulating impulses. At 
the same time it has a drooping character- 
istic that helps prevent injurious overloads 
to the electrode motor. In this way the 
electrode motor is not a limitation until 
large changes in furnace conditions are 
encountered. 

Individual furnaces will have individual 
characteristics, even though they are the 
same size and make. It is important that 
the control be standardized but possess 
sufficient flexibility, so that it can be ad- 
justed to give maximum performance on 
any furnace. Stabilization must be pro- 
vided, so that no hunting can occur, there 
must be no residual voltage to cause creep- 
ing of the electrode motors, and a number 
of other small items that help save time 
and increase production. 

It might be well to consider the possible 
savings that may be realized from improved 
control. On a small furnace producing 
25,000 tons of steel a year, these new regu- 
lators have shown a saving of 50 kilowatt- 


-hours per ton or with five-mill power a 


saving of over $6,000 a year. Should we 
take into account the increased production 
(ten per cent less time per heat), the figure 
mounts a good deal higher. Such figures 
are not proved and probably are exagger- 
ated, but, even though no quantitative 
data are available, the rotating regulator 
offers tremendous possibilities. 


C. C. Levy (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Claims that have been made for the 
rotating-type of regulator state that it will 
result in considerable savings in time per 
heat. Thus, production is increased if this 
regulator is compared with balanced-beam 
or other types of are-furnace regulators. 

Obviously, there are many factors which 
influence the time of a heat; only those for 
which the regulator is responsible should be 
charged against it. 

These may be: 


1, Frequent automatic interruptions due to in- 
ability to clear cave-ins and short circuits without 
the necessity of a circuit-breaker operation. 


2. Inability to hold the are consistently, making it 
necessary to restrike very frequently. This might 
be due to poor adjustment, and it is well known that 
a poorly adjusted regulator of any type always will 
increase the meltdown time. 


However, tests have shown that the 
comparative performance of a properly ad- 
justed balanced-beam regulator and a 
Rototrol are-furnace regulator show no great 
difference in the results obtained. Some 
savings of time, we find, can be credited to 
the Rototrol because of fewer interruptions 
during meltdown and smoother operation, 
but it is only fair to point out that the 
inherent high speed of the Rototrol during 
cave-in and short circuit can be obtained 
also by special field-weakening motor-con- 
trol schemes with the balanced-beam regu- 
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lator. The results during the refining period 
should be quite comparable. 

In regard to savings in kilowatt-hours per 
ton, the theoretical kilowatt-hour required 
to melt a ton of steel is approximately 335. 
Now, for medium-size furnace with 
balanced-beam regulator, we find that to 
meltdown the charge approximately 400 
kilowatt-hours per ton would be a usual 
figure. To reduce this by 50 kilowatt- 
hours per ton appears to us to be too close 
to the theoretical value when radiation 
losses are considered. 


E. W. Henderson: 
page 981. 


For discussion, see 


R. A. Geiselman (nonmember), C. C. Levy, 
and W.R. Harris: As Mr. Levy has indi- 
cated, the Rototrol control system is well 
known and has been applied to a wide vari- 
ety of industrial applications. Its application 
as an arc-furnace regulator is one of the lat- 
est of these developments. The Rototrol was 
applied first to an automatic welding head 
in 1928 and was arranged to maintain a con- 
stant-are voltage, despite fluctuations in 
the rate of burn-off due to variations in 
the welding wire and irregularities in the 
surface to be welded. This application, 
which may be considered as a miniature arc 
furnace, was very successful, and, since 
this first installation, the advantages of the 
Rototrol control system have led to its 
introduction in the simplification and better 
control of many industrial processes. For 
instance, it has been applied to 


Radio City elevators. 
Reversing planer drives. 


Electric shovels. 


Mine sweepers. 
Skip and mine hoists. 


Bomb spinners. 
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Machine tools—120/1 range. 


I would like to accent the simplicity of the 
Rototrol and its associated circuits. The 
Rototrol itself is nothing more than a 
standard d-c machine with several field 
windings, and it functions entirely through 
the interaction of these fields. Other than 
the several field windings it is exactly the 
same as a standard d-c machine, and any 
mill electrician familiar with d-c machines 
can maintain it. An important advantage 
of the Rototrol is that it contains no low- 
resistance paths in the armature circuit 
which may be affected adversely by brush 
drop. 

I would like to point out also that the 
adjustments made to the Rototrol during 
installation do not require further attention. 
These adjustments are made in the field 
circuits which are static and contain nothing 
to get out of adjustment. 

The rates of response and the practically 
infinite number of operating speeds pro- 
vided by the variable-voltage system are 
suited admirably for application to are 
furnaces. A close examination of the oscil- 
lograms presented by Mr. Levy in the paper 
will show that, during the meltdown period 
where the unbalances may be large, the 
response is at a high rate and high operating 
speeds are reached, which results in fast 
electrode positioning and quick withdrawal 
in case of a cave-in. 
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During the refining period, where the un- 


balances are small, the response is at a 
slower rate, and the speeds are a fraction of 
the maximum speed where only small ad- 
justments are required. The oscillograms 
also show that sudden unsustained varia- 
tions do not cause electrode movement. 

We certainly would agree with Mr. 
Shaad’s remarks on stability. 

The factor of stability is very important 
in any regulated system. 


Pe Oe a 


With the Rototrol system the following 
factors affect stability: 
1. Level of ampere turns in the control fields. 


2. The degree of self-energization and amplifica- 
tion. 


8. The time constants and mutual inductance of 
the various circuits. 


4. Mechanical inertia and friction of the system. 
Careful consideration of these factors in 

the regulator design, coupled with rates of 

response and electrode speeds proportional 


resulted in an “inherently 
capable of initial adjustment 1 
tion best with any type of | furnac : t 
Mr. Henderson is to be complimente 
the excellent results he has obtaine 
eliminating light — flicker due t uN 
loads. Use of the buffer reacto: 
nous condenser, and associated 
or apparatus of similar nature, is 
pected for problems of this type. 


Electronic Control of 


D-C Motors 


Discussion and author's closure of paper 43- 
144 by K. P. Puchlowski, presented at the 
AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
pages 870-7. 


G. A. Caldwell (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper gives a very clear and 
complete explanation of the features that 
must be added to an electronic rectifier to 
give it characteristics suitable as a power 
supply for a d-c motor. By referring to 
Figure 2 and Figure 8 of the paper, it is 
apparent that this modern unit has the 
necessary compensating devices actually to 
improve the inherent speed-torque charac- 
teristics of the motor itself, so that the 
combination of the rectifier and motor 
makes it possible to operate the d-c motor 
over a very wide range in speed with good 
speed regulation at all speeds. 

There are many applications in industry 
where such a drive is desirable. On many 
machine tools it has been normal practice 
to use a constant-speed a-c motor with suit- 
able change gears or a hydraulic mechanism 
to obtain the necessary speed range. It is 
also possible to obtain wide speed ranges by 
using a motor—generator set with a suitable 
rotating regulator to obtain the necessary 
speed range and speed regulation. 

A majority of the wide-speed-range 
applications are constant torque in their 
nature. In other words, the horsepower 
output of the d-c motor must be propor- 
tional to the speed at which it runs. The 
electronic control described in this paper 
controls the motor speed by regulating the 
voltage applied to the motor armature. 
The motor horsepower output, neglecting 
the effect of ventilation and wave form, is, 
_ therefore, proportional to the speed at 
which it runs. Hence, the electronic drive 
is ideal for these constant-torque applica- 
tions. 

Other types of wide-speed-range applica- 
tions are a combination of constant torque 
and constant horsepower; that is, the torque 
required at low speed may be three to four 
times that required at high speed. By 
introducing the feature of field control on 
thé d-c motor, which is mentioned in the 
paper and is a standard feature, the elec- 
tronic drive also can be applied satisfac- 
torily to this application. The practical 
speed range that can be obtained by field 
control is usually considered 4 tol. If we 
select a motor that has a base speed of 690 
rpm and a maximum speed of 2,760 rpm by 
field control, the drive gives constant horse- 
power over this range, and then by using 
armature voltage control below 690 rpm, 
the drive can be extended down to approxi- 
mately 50 rpm at constant torque. A 
number of such applications have been 
made, as well as those using motors without 
field control. 

Some wide speed-range drives are almost 
constant horsepower in nature, which means 
that the torque requirements of the drive 
increase in proportion to the decrease in 
speed. When the speed range is wider than 
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can be obtained by motor field control, then 
the entire drive must be oversize to obtain 
sufficient torque at low speeds. Conse- 
quently, the drive is larger than necessary 
for the upper speed range, just as is the case 
when a motor—generator set is used. 

As previously indicated, the same type of 
characteristics can be obtained with adjust- 
able voltage drives when a motor—generator 
set with rotating regulator is used, but on 
certain types of applications the electronic 
drive has advantages. An important ad- 
vantage is that the electronic drive has no 
moving parts and, therefore, is not a source 
of vibration. This is very important on 
such applications as grinders, where the 
surface finish is affected by any source of 
vibration. 

It is also usually simpler to mount the 
electronic drive than the motor—generator 
set required in the adjustable-voltage 
scheme of control. ; 

With the electronic control, the speed- 
adjusting mechanism is a small potenti- 
ometer which is much easier to mount and 
also to operate than the speed-control rheo- 
stat used in the adjustable-voltage scheme 
of control. On certain machine-tool appli- 
cations it is desirable to control this speed 
from a push-button station, and the poten- 
tiometer of the electronic scheme can be 
mounted in the same station as the push 
buttons. To accomplish similar results 
with the motor—generator-set scheme of 
control requires the use of a motor-operated 
rheostat. 

This small potentiometer also is much 
easier to incorporate into any scheme of 
control in which the speed must be varied 
from some mechanical mechanism in going 
through an automatic sequence of operation. 

This form of electronic control promises 
to be a very useful tool to an industry and 
an important member of the electroni¢ 
family. 


G. E. Walter and H. H. Leigh (General 
Electric Company, Schenectady, N. Y.): 
As an ingenious approach to the problem of 
obtaining accurate and useful control of d-c 
motors by electronic methods, the circuit 
arrangement discussed in this paper war- 
rants close study. The author’s list of 
characteristics of present-day rectifier drives 
is noteworthy, in particular, for its complete 
and detailed presentation of the advantages 
to be expected in such systems. 

His citcuits and the diagrams illustrating 
their operation contain certain features and 
apparent discrepancies, however, to which 
we would like to call attention. 

Two of the circuits deserve careful func- 
tional scrutiny. Although the description 
of the JR compensating circuit’s operation 
is quite clear in the text of the paper, its 
actual performance is rather obscured by 
Figures 2, 8, and 9 of the paper, in which a 
startling discrepancy occurs. Figure 2 
clearly confirms the author’s statement of 
the d-c motor equation by showing a con- 
stant slope of the speed-load line regardless 
of the no-load speed of the motor. If the 
same speed is desired at all loads, the motor 
equation can be rewritten as 


nc =k —IR=constant 


indicating that the terminal voltage of the 
machine must be increased by an amount 


. 
Discussions 


equal to the JR drop of the armature circuit, 
if the speed is to remain unaffected by the 
load. The parallel lines of Figure 2 of the 
paper show distinctly that the speed of a 
certain motor operated from a d-c source 
will drop by 125 rpm from one ampere to 4.3 
amperes armature current at any setting of 
no-load speed. 

Figure 8, with its flat speed-load lines, 
creates the impression that the author’s 
electronic drive automatically increases the 
terminal voltage on the motor by an amount 
very nearly equal to the internal JR drop at 
any load. Since the JR drop depends only 
on armature current, the curves of Figure 8 
should be produced by increases in terminal 
voltage which are the same from zero to full 
load at each speed. In other words, the 
compounding of a d-c motor with constant 
field should be independent of speed so long 
as armature reaction effects are negligible. 

However, Figure 9, purporting to display 
the actual voltage characteristics that 
caused the flat speed-torque curves of 
Figure 8, claims that such curves can occur 
with voltage increases ranging from 13 volts 
at 90 rpm to 4 volts at 1,000 rpm. Our 
experience and test records on thyratron 
motor control indicate that the voltage 
characteristics of Figure 9 could not produce 
the speed characteristics of Figure 8. It is 
interesting to speculate on the possible dis- 
position of this internal TR drop, particu- 
larly at 1,400 rpm, where a perfectly flat 
characteristic in Figure 8 is caused appar- 
ently by no increase at all in the voltage of 
Figure 9. 

The current-limiting circuit is the other 
circuit deserving special attention. It 
operates fundamentally by placing on R2a 
voltage signal in addition to the one already 
present as an indication of motor speed. 
Tube 3, therefore, responds to a grid voltage 
which is the algebraic sum of the signals 
from the motor armature, the current-limit 
circuit, the JR compensating circuit, and the 
setting of the speed-control potentiometer 
Pl. To retard the firing point of the 
armature thyratrons, and thus limit the 
current, the signal on R2 produced by tube 5 
(in the current-limit circuit) must increase 
at least at the same rate as the signal on R2, 
caused by the armature voltage, is decreas- 
ing. The only possible way for this to 
occur is for the armature current itself to 
increase at the same time. 


In addition, the effect of the JR compen- 
sating circuit is to oppose the effect of the 
current-limiting circuit. Although the lat- 
ter eventually overwhelms all its opposition, 
the net result is shown in Figure 11, where 
the current-limit circuit becomes operative 
at four or five amperes but allows eight 
amperes to flow when the motor is stalled. 
Between these limits the armature current 
is a complicated and subtle function of 
motor speed and the settings of four poten- 
tiometers—P1, P2, P4,and P6. A change 
in any one of these will affect the armature 
current. There is, as a result, no sharp 
limit to motor current and torque. 


The particular effect of speed on the 
armature current shown in Figure 11 of the 
paper, where the current varies over a 2 to 1 
range as the motor speed increases from 
zero to its preset value, also presents an 
interesting contrast with Figure 12, In 
this latter set of curves the armature current 
is constant allegedly for an appreciable 
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period while (he motor is accelerating; yet 
Figure 11 clearly states that if the speed 
chariges while the current-limit cireuit is 
operating, the current also will change, 
Obviously, Figure 12, to be true, must be 
based on a constant current limit inde 
pendent of speed, which Figure 11 shows is 
not produced by the author's cirenits, 
Mnally, although the paper mentions 
automatically controlled reversals, it does 
not deseribe the operation of the current 
limit circuit for negative speeds, This is 
the situation confronting the electronic 
civeuits at (he instant the motor armature is 
reversed by contactors and reconnected to 
ihe rectifier, Study of the current-limit 
circuit discloses that it should beeome al 
most useless under this condition, since the 
signal from the armature voltage on 22 
actually opposes the signal on A2 from the 
ourrent-limit eireait, Instead, the “anti 
plugging’ feature mentioned by the author 
may play an important part in the auto 
matically controlled reversals to whieh he 
refers, coneeivably in deeelerating by 
dynamic braking or a similar method, 


K.P. Puchlowski: Theremarksol Mr, Walter 
and Mr, Leigh concerning the alleged dis 
erepaney in characteristics shown in Pigures 
2,8, and 9 of my paper seem to indicate that 
the authors of the discussion have analyzed 
the subject from a very general and con 
ventional angle only, In faet, it may be 
stated that no diserepancy whatever exists 
if careful serutiny is applied to the whole 
phenomenon, Obviously, in any drive the 
TR drop of the motor will be a funetion of 
load current only, and there is no need, 
therefore, to speeulate on its disposition at 
different speeds of the motor, The authors 
of discussion, however, have overlooked the 
very important factor of armature reaction, 

Tt is stated plainly in the paper that 
igure 2 is a graphical illustration of the 
equation 


H=—IR 

Mh (1) 
ob 

under the following assumptions; 2 « 


constant, R = constant, and @ © constant; 
whereas, Figures 8 and 9 represent actual 
operating characteristics, where the effeet 
of armature reaction is well pronounced, 
In fact, equation t may be rewritten in 
the following form: 
= Cnd+-IR (2) 
Vor ® m constant and » as a parameter 
equation 2 obviously will represent a family 
of straight lines parallel to one another, as 
shown in Tigure 2 of the paper; Under 
acttial conditions, however, @ is not con. 
stant because of the armature reaction but is 
itself a funetion of the armature current, 
» = F(Z), and equation 2 will become 
= Crk D+-LR (3) 
Careful analysis of equation 8 will reveal 
that the armature voltage consists of the 
sum of two terms, the seeond of whieh 
represents a straight line independent of the 
speed mn, The first term, however, which is 
also a funetion of the armature current J, is 
directly proportional to the speed; and tor 
different speeds the sum of the two terms 
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will represent a family of curves, 2 = f (2), 
which are not parallel to one another, The 
curve, @ = F (7), has normally a negative 
slope as compared with the positive slope of 
the straight line representing the term JR, 
so that the voltage increase necessary to 
maintain constant speed will be reduced 
with respeet to the case @ = constant, 
Iurthermore, the negative slope of the curve 
representing the first term of equation 8 will 
vary with speed, namely, will be greater for 
higher value of », and, consequently, the 
voltage increase necessary to maintain con- 
stant speed will be reduced more for higher 
speed, In other words, the voltage increase 
will decrease gradually with increasing 
speed, a phenomenon which can be observed 
very nicely in experimental curves plotted 
in Figure 9, Thus, Walter's and Leigh's 
statement, that voltage characteristics of 
Figure 9 could not produce the speed char- 
acteristics of Figure 8, is incorrect, 

Walter's and Leigh's interpretation of the 
current-limiting circuit) seems to be in- 
correct as well as confusing, ‘The principle 
of any current-limiting action is based 
obviously on the fact that, when the rising 
current attains a definite value, the current- 
limiting device starts to operate, and its 
operation results in a more or less sharp de- 
crease of voltage while current is still in- 
creasing, so that soon a final limit of current 
is reached, ‘This current limit would corre- 
spond to the maximum possible torque, that 
is, locked armature with a low voltage ap- 
plied to it, Henee, the implications that 
the current-limiting circuit being dis- 
cussed has a disadvantage consisting of the 
fact that the armature current must in- 
crease during the process of current limita. 
tion is surprising, 

Besides, the authors of the discussion 
seem to have overlooked the basic fact 
plainly stated in the paper that the ampli- 
fier consisting of tube 5 and associated cir- 
culls is characterized by a sharp cutoff and 
high gain, When the value of the resistance 
R2 is made sufliciently high, the sharpness 
of increase of voltage across R2 produced by 
(ube 6 and the corresponding sharpness of 
decrease of armature voltage are high 
enough to produce a sharp current-limiting 
action, Tt is apparent that an infinite 
sharpness of the speed-current curves at the 
limit value of current is impossible, since 
this would be contrary to the principle of 
continuity of physical curves, In other 
words, the current-limiting action can be 
made more or less sharp but never infinitely 
sharp, : 

The fact that the action of the 7k com- 
pensating cireuit opposes that of the cur- 
rent-limiting circuit is of no consequence, 
since, as it is stated plainly in the paper, the 
ratio of change of the effective voltage pro- 
duced by tube 5 to that produced by tube 4 
is very high, 

Thus, the shape of curves shown in Figure 
Ll, and, in particular, the effect of current 
limitation shown thereon is contrary to 
what the authors of discussion seem to be- 
lieve, Tt is not a result of the inherent prop- 
erties of the circuit but of the selection of 
the circuit constants and, in particular, of 
resistances RL and R2, 

If the aforementioned is summarized, 
Walter's and Leigh's eriticism concentrated 
around the sharpness of current limitation 
and the two particular graphs shown in 
Migure LL seems to be immaterial, since, in 
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the first place, such a thing as a ‘constant 
current limit independent of speed’ does 
not exist; in the second place, the extent to 
which the actual conditions will approach 
this idealized situation has not been specified 
by the authors of discussion to constitute a 
reference for comparison; and, in the third 
place, characteristics shown in Tigure 11 
do not imply that a higher degree of sharp- 
ness of the current limitation cannot be , 
obtained with the current-limiting circuit 
in Figure 10. 

Curves shown in Figure 12 were intended 
to demonstrate graphically the principle of 
current limitation, and, rigorously speaking, 
no current-limiting device ever will produce 
a strictly ‘constant’ starting current, but 
the flat top of curves 2 and 8 in Figure 12 
always will have a slight slope, so that this 
so-called by the authors of discussion ‘‘con- 
stant current limit’? will be decreasing 
actually with increasing time, : 

During the rapid reversing of contactors, 
when the rectifier system becomes for a 
limited time an inverter, and regenerative 
braking takes place, the voltage across R2 
produced by the armature voltage of the 
motor actually changes its polarity and 
opposes the voltage produced by the cur- 
rent-limiting tube 5, as Walter and Leigh 
have stated rightly. However, it should 
be remembered that, although this signal 
voltage has an opposite sign with respect to 
the voltage produced across R2 by tube 5, 
the sign of the rate of change of the two 
voltages is the, same, and, therefore, the 
current-limiting action during the rapid re- 
versing remains fully effective. Thus, 
Walter's and Leigh’s statement that ‘it 
should become almost useless’’ is incorrect, 


A New-Type Carrier 
Relay Protection 


Discussion and authors’ closure of paper 


43-147 by E. M.' Wood, H. W. Haber, and 9 
F. A. A, Baily, presented at the AIEE na- > 
tional technical meeting, Salt Lake City, © 


Utah, September 2-4, 1943, and published in 
AIEE TRANSACTIONS, 1943, December 
section, pages 774-9, 


M,. J. Brown (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa,): The departure from conventional 
carrier-current schemes described in this 
paper is interesting as an example of the 
type of system which can be developed to 
meet the requirements of a particular power 
system, 

Of special interest is the transmission of 
carrier at time of fault to dnitate tripping 
at the distant end, The transmission prob- 
lems associated with this condition have 
made its general use restricted, However, 


it is used as a means of clearing transformer 


tf 


of the transformer and a high-voltage 


faults when a transformer is included with a 
line between a local breaker on thé low side 


breaker at the distant end of the line, 
Should a fault develop in the transformer, 
its presence is indicated by differential re- 
lays which trip the breaker on the low side 
of the transformer and transmit coded car-. 
rier to a code receiver at the distant end of 
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the line to trip the breaker there. A line 

- trap is inserted between the line and the 
transformer in the phase conductor used 
for carrier. 

It will be an interesting supplement to this 
paper to have an account of actual per- 
formance after operating experience with 
the system has been acquired. The condi- 
tions that appear to be most unfavorable 

\\for carrier transmission during fault are as 
follows: 


1. Close-in fault. A minimum. of coupling be- 
tween phases will exist if the fault is near the coup- 
ling capacitor. 


2. Fault at odd quarter-wave-length points on 
line. A line short-circuited at a quarter-wave- 
length point o ffers high impedance at its terminals. 
Line input current would be reduced, and trans- 
fer of energy through magnetic coupling with other 
phase wires would be reduced. 


3. Fault at half-wave-length points on line. A 
line. short-circuited at a half-wave-length point 
offers low impedance at its terminals. Line input 
watts would be reduced because of the mismatch, 
and the transfer of energy to other phase wires 
would be reduced. At 205 kilocycles the quarter- 
wave-length points are 1,200 feet apart. In the 
20 per cent end zones of the longest line, a distance 
of 40 miles at each end, these will be a total of 352 
quarter-wave-length points. 


Offsetting the aforementioned conditions 
are: 


1. That fault resistance will mitigate reflections 
when trouble occurs at quarter-wave-length points. 


2. That the high-transmitter power can produce 
an appreciable signal at the receiver through con- 
siderable a'ttenuation in addition to that offered by 
the normal line. 


The high-transmitter power requirement 
will limit the application to a very small per- 
centage of installations, because the cost 
of such equipment will handicap unfavor- 
ably its application in competition with the 
now widely used systems employing trans- 
mitters of moderate power output. 


T. A. Cramer (General Electric Company, 
Schenectady, N. Y.): The authors of this 
paper have described an interesting appli- 
cation of carrier-current equipment which 
illustrates the flexibility of this tool for 
power-system engineers, whereas the stand- 
ard. blocking-type carrier equipment is a re- 
lay channel with a telephone attachment, 
this equipment is essentially a telephone 
channel with a relaying attachment. 

I would like to ask the authors if the 400- 
watt carrier-output figure was determined 
by the results of the field tests mentioned 
in the paper? : 

A modern blocking-type carrier relay 
equipment has a power output of approxi- 
mately 15 watts, employs about eight elec- 
tron tubes, and operates directly from the 
60-cell-station storage battery. It is obvi- 
ous that the equipment described in the 
paper is operated from an a-c source. Is 
the station service considered satisfactory 
for this purpose, or is a motor generator 
operated from the station battery to supply 
power to the equipment? 

Our specifications for the blocking-type 
carrier relaying have always contained the 
requirement that faults fed from only one 
end of the line section should be tripped at 
high speed to avoid unnecessary disturbance 
to the system when a faulted line is closed 
on. It appears that this specification is not 
met by the relay arrangement described in 
this paper. When the line is closed on a 
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fault in the remote end-zone tripping will 
occur on the second-zone time delay, since 
the remote relays will not be energized be- 
cause of the breaker being open at that 
point. 

When high-speed reclosing is applied to a 
transmission line, it is important that both 
ends of the line be tripped simultaneously at 
high speed, and the blocking-type carrier 
always trips in this manner. With the 
transferred-trip type of carrier a fault on 
the coupling phase near the station can 
block the tripping impulse and will result 
in one breaker tripping in the second-zone 
time which usually is too long for a successful 
reclosure. 


F. M. Rives (General Electric Company, 
Schenectady, N. Y.): Since its introduction 
approximately ten years ago the use of the 
blocking-signal-type of carrier relaying has 
become so widespread that the equipment 
designs and application technique associated 
with this system have become well standard- 
ized. Asaresult other possible carrier relay 
systems have not received the attention 
they may well deserve. When an art 
reaches this stage the stimulus of a new ap- 
proach or new point of view is often very 
helpful. We are indebted to the authors of 
this paper for supplying this stimulus. 

In the development design and applica- 
tion of carrier channels for relaying one of 
the fundamental axioms, heretofore rigidly 
observed, is that the carrier channel shall 
not be required to transmit the tripping or 
blocking signal through the line section in 
fault. In fact the primary purpose of the 
line traps, invariably used with relay chan- 
nels, is to prevent any possibility of the 
fault interfering with the proper transmis- 
sion of carrier on the sound sections. Here 
is a system the usefulness of which admit- 
tedly depends on the transmission of the car- 
rier signal over the line section in fault. 
The statement of the paper referring to 
tests made to determine whether or not the 
required signal could be transmitted through 
a fault definitely is inconclusive. It would 
appear that the success or failure of trans- 
mission would depend on several factors, 
such as the nature and location of the fault 
and the carrier frequency used, as well as 
transmitter power. Simply increasing the 
transmitter power from 15 to 400 watts 


may not be sufficient to insure transmission;: 


in fact, it is doubtful if several times this 
power would insure transmission. 

It} would be of interest to know why the 
equipment was designed for operation in the 
frequency range of from 145 to 205 kilo- 
cycles. The increase in line attenuation in 
this range of frequencies as compared with 
the 50- to 100-kilocycle range on the long 
sections may be greater than the gain ob- 
tained by increasing the transmitter output 
power from 15 to 400 watts. For example, 
the line attentuation of the 300-mile line 
from Leaside to Beauharnois figures to be 
approximately 14 decibels at 50 kilocycles, 
20 decibels at 100 kilocycles, 30 decibels at 
150 kilocycles, and 45 decibels at 200 kilo- 
cycles on an interphase basis. Phase-to- 
ground operation may be some 20 per cent 
higher. The gain of 14.26 decibels obtained 
by increasing the transmitter power thus is 
less than would be gained by changing fre- 
quency on the 300-mile line from 150 to 50 
kilocycles. 


Discussions 


From the description of the carrier equip- 
ment it would appear that it was designed 
primarily for the telephone-communication 
function with the relaying as a secondary 
function. It would be of interest to know 
what the operating experience has been with 
the telephone equipment. Offhand it would 
seem that the time required for the control 
functions involving tandem relays would re- 
sult in an undesirable amount of clipping 
and confusion for certain users. In the 
development of standard types of single- 
frequency-duplex telephone equipment, em- 
ploying voice-actuated control circuits, it 
has been found necessary to obtain higher 
and higher speeds for the control functions 
with a result that the over-all start time or 
the interval between the time a sound enters 
the microphone of the transmitter and the 
time it emerges from the receiver has been 
reduced to less than ten milliseconds. This 
high-speed control has been found necessary 
to minimize clipping, so that the system will 
function satisfactorily for all types of voices. 

In the conclusions the authors state as one 
of the advantages provided by their system 
that only one carrier set is required at each 
station. While this may be true where the 
number of lines involving a single carrier 
channel is relatively small, there is a definite 
limit to the number of audio-frequency chan- 
nels that can be accommodated above the 
voice-frequency band. It would be of in- 
terest to know what the authors consider to 
be the maximum number of audio channels 
or lines that can be handled on a single car- 
rier-frequency channel. Using a single 
carrier set for several lines and for joint 
operation of relaying and communication 
has the operational disadvantage common 
to many joint or multiple-use schemes in 
that service interruptions for tube replace- 
ments or for normal maintenance will inter- 
rupt all of the functions associated with a 
single set. It would appear also that the 
complexity of equipment and perhaps the 
over-all cost required to provide this joint 
operation are somewhat greater than would 
have resulted if separate relaying and com- 
munication channels using standard com- 
mercially available equipment and con- 
ventional blocking-type relaying had been 
established. 


L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): The authors’ state- 
ment ‘‘If the carrier should fail... in no case 
would the incorrect operation or failure in 
the carrier system be detrimental to the re- 
lay system...” reminds me of the often 
criticized relay-operation report classifica- 
tion, ‘“‘correct but undesired.’’ We are in- 
terested, however, not in relay operation as 


Planned but relay operation which will 


maintain service. If the relay operation is 
correct, but system stability is lost and load 
interrupted, then we seem to need a new 
definition of “correct.” 

The essential difference between the sys- 
tem described and most of the previously 
installed carrier-relay systems is that in this 
new system the carrier signal must be trans- 
mitted through or around a short circuit, 
whereas in the past the signal has been trans- 
mitted over an ideal carrier channel, namely, 
a sound section of power line isolated from 
external influence by a high impedance 
(line trap). 

The paper indicates that carrier-trans- 
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mission tests were made with one- and two- 
wire-to-ground faults, and that these were 
successful, but it fails to indicate what 
phases were involved in the faults and what 
phase was used for the carrier transmission, 
Neither does the paper indicate the fault 
location for these tests. It hardly seems 
possible that successful transmission of the 
tripping signal could be obtained even in 
the case of a single wire-to-ground fault if 
the fault were on the coupling phase and 
close to the transmitter. 

The authors have indicated that 0.25- to 
0.30-second clearing is necessary for sta- 
bility in the case of three-phase and two- 
phase-to-ground faults. But by using a 
tripping system it would not be obtained 
for 20 per cent of the three-phase faults and 
perhaps for 13.3 per cent of the two-phase-to- 
ground faults (two thirds of the 20 per cent 
end zone). 

In the paper by A. H. Frampton and E. 
M. Woods the percentage of three-phase 
faults occurring on this system is given as 
15 and the percentage of two-phase-to- 
ground faults as 26. Thus it would appear 
probable that the high-speed action would 
not be obtained on 6.6 per cent of all faults. 
However, since the high-speed action is 
required only for multiphase faults (in this 
case 41 per cent), we find that of these faults 
16 per cent may fail to give the desired ac- 
tion. Hence, even if every relay element and 
carrier element operates correctly we can 
never achieve 100 per cent correct operation 
from a system viewpoint. 

With modern carrier installations from 
about 1937 or 1938 there is no evidence that 
the blocking-type of carrier relaying has 
failed because of transmission difficulties. 
If the operating record with the new system 
should show that the tripping signal can be 
transmitted successfully through all kinds 
of faults, then we would have data which 
would show general parity with the blocking 
system. 

If we concede that the transmission of the 
signal is of equal reliability, then we could 
compare the relative merits of the blocking 
system with fast but possibly incorrect 
tripping to the tripping system with correct 
but delayed tripping in case of random 
failure. There scarcely seems to be enough 
advantage in favor of the tripping system to 
justify. the complications of a 400-watt in 
stead of a 15-watt transmitter and a some- 
what greater number of relay units. 

Since there seem to be grounds for reason- 
able doubt as to the reliability of the carrier- 
tripping channel when most needed, it would 
be sensible to await more data showing the 
operating experience and particularly the 
record showing the success of the transmis- 
sion with all kinds of faults near the trans- 
mitters. If the data indicate successful per- 
formance on this score, we then can deter- 
mine properly whether the greater complica- 
tions are justified. 
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The following, in part, answers the ques- 
tions raised. 

As stated in the paper, we had primarily a 
communication problem and also a desire 
to improve the relaying time. 

In trying out the trip-transfer scheme for 
relaying we had two points in mind. 

The transfer-trip scheme, if it would work, 
was considered more sound fundamentally 
in that failure to transmit the carrier impulse 
does not cause incorrect tripping; it merely 
fails to give the desired improvement. 

We have the disadvantage that we trans- 
mit our transfer-trip signal over the faulted 
line. However, on the job in question we 
have alternate route lines over which we can 
transmit the transfer-trip signal as shown 
in Figure 2 of our paper, and, although we 
have made tests to prove that the carrier 
signal will pass through grounded trans- 
mission circuits, it is not essential, as the 
carrier signal can operate through the other 
two sides of the triangle. 

With the blocking scheme using low- 
power carrier sets, we doubted the relia- 
bility of transfer across the very long lines; 
failure to transmit actually would allow 
incorrect tripping. There also is a problem 
in contact racing inherent in the blocking 
schemes. Our own experience with that 
type on another line during the past season 
indicates that this is a real problem. 

The frequency range assigned in Canada 
for power-line carrier, except for low-power 
sets, is 145-205 kilocycles. A basic design 
of high-power transmitter receiver in this 
range suitable for application of tones being 
available was used. 

With the present available design the 
upper limit of the audio-frequency circuits 
without distortion is roughly 6,000 cycles, 
and to avoid using tones which might have 
second harmonics the number of usable 
tones with the present filter system has been 
designed so as not to exceed three. This is 
in no way to be taken as the maximum num- 
ber of separate tones which may be used on 
some future job which would be designed 
specially for this purpose. With adequate 
filter design and adequate transformer design 
the number of tones is limited only by the 
harmonic content of the carrier system and 
the sharpness of the cutoff of the tone-ac- 
ceptor circuits, 

At some future time it might be possible 
to design a carrier set to operate in the 50- 
100-kilocycle range and superimpose on 
this carrier audio-frequency tones up to 
10,000 cycles, which set would have a mini- 
mum of side-band cutting in the higher 
ranges. 

We had hoped before this closure to make 
some tests on tone transmission through a 
line with faults of various types, as nearly 
as we can determine, at the worst location 
near a terminal. Operating conditions have 
caused these to be postponed. 

The quality and reliability of. voice com- 
munication through all kinds of weather 
have been first class; there is some speech 
clipping which a few of the users do not 
like, but through constant usage most of the 
objectors have found it to be not too unsat- 
isfactory. Naturally, refinements in speech 
delay could be an added feature, and this 
would eliminate entirely the first syllable 
clipping. 1 

The speed of operation is suitable for our 
system. 

Power at 60 cycles for the set is supplied 


Discussions 


in some cases from existing separate 60-cycle- 
station services and in others from ten-kilo- 
watt flywheel-type motor-generator sets 
driven from the 25-cycle-station service. 
Where the latter is used there is a stand-by 
supply for low-power communication, only 
from a smaller set fed from the station 
battery. 


Dethermalizing Arc 
Quenchers 


Discussion and authors’ closure of paper 
43-142 by Lloyd F. Hunt and Fred H. Cole, 
presented at the AIEE national technical 
meeting, Salt Lake City, Utah, September 2—4, 
1943, and published in AIEE TRANSAC- 
TIONS, 1943, November section, pages 
720-4. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.): The authors of this 
paper are to be congratulated for presenting 
to the industry this record of logical and 
orderly development in connection with 
circuit-interrupting devices, particularly 
since it is supplemented by such interesting 
field-test and field-service data. 

This contribution is noteworthy in that it 
provides additional recognition of the 
mobility of oil and the effectiveness of the 
movement of such a mass of cool oil across 
arcing contacts. This fundamental prin- 
ciple has already been discussed, and it is 
now evident that the destrable end result 
may be accomplished by a variety of physi- 
cal arrangements of contacts and other 
parts. 

Test performance and field experience 
seem to speak well for the designs discussed 
by the authors. However, it is doubtful if 
the typical drooping characteristic of arcing 
time against current justifies the unqualified 
assumption that ‘‘breaker performance will 
improve at higher interrupting capacities.” 


W. M. Leeds and A. W. Hill (Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa.): It is with 
some surprise that we learn in this paper 
that a method has been found for inter- 
rupting arcs under oil with the formation 
of no carbon whatsoever! Our experience 
has been that there is a fairly close corre- 
lation between the amount of free carbon 
liberated and the energy dissipated in the 
arc. 

It is stated in the paper that common 
operating practice requires the inspection 
of an oil circuit breaker after each auto- 
matic operation. Although this may be a 
justified procedure for high-voltage circuit 
breakers of very early design, there are 
many modern circuit breakers in service 
which are not looked into until after 10, | 
20, or in some cases as many as 50 auto- 
matic operations. 

The dethermalizer assembly in an insu- 
lating tube, as illustrated in Figure 6 of the 
paper, shows the stationary contacts bridged 
by horizontal insulating surfaces. Have 
the authors noted any tendency for carbon 
deposits on these surfaces to affect. the 
dielectric strength of the insulation? 

In the companion paper by F. H, Cole 
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and C. P. Garman it is shown that the 
opening of the middle pressure-generating 
contact one-half cycle in advance of the 
end contacts gives a definite improvement in 
performance. Was this used on the 230-ky 
dethermalizer design tested at the Laguna 
Bell substation? Figure 7 of the paper 
would indicate that the contacts all parted 
simultaneously. 
\Know the reason for grading the width of the 
ports, starting with small openings at the 
top. Since the heavy currents are inter- 
rupted with shorter contact separation, it 
would seem that the grading should be in 
the reverse direction so as to allow expansion 
for the heavier pressure surges and higher- 
velocity oil flow through the first few 
channels. 


Lloyd F. Hunt and Fred H. Cole: It is grati- 
fying to have such good discussion on our 
paper. Mr. Leeds and Mr. Hill bring out the 
point that carbon is formed by arcing; how- 
ever,in our tests, after many short-circuit in- 
terruptions, there was no measurable amount 
of free carbon caused by the low arc energy. 
In their second paragraph it is possible for 
us to talk only about things we have had 
experience with, which include 110 230-kv 
oil circuit breakers of many makes. It has 
been necessary to give almost all of these 
switches a great deal of maintenance. In 
fact, as a result of many short-circuit 
clearances, the switches have not been in 
operating condition until they are,repaired. 
We are happy to state that the development 
during the last year will allow us to fit up 
our switches with modern are quenchers 
that will allow the large number of opera- 
tions. With reference to their third para- 
graph, we have stressed the insulation of the 
dethermalizers by repeated line-dropping 
tests and have found no evidence of de- 
terioration of the dielectric strength of the 
insulation. In their fourth paragraph they 
ask about the parting of contacts. The 
three contacts in each dethermalizer part at 
the same time. Also, it has been shown by 
Leeds’ work, as well as by these tests, that 
a certain contact separation is necessary at 
are extinction to prevent restrikes; there- 
fore, it is important not to force all the oil 
out of the ports before this separation 
occurs. If the top ports were too large this 
would occur, and good arc extinction would 
not result. The pressures and amount of oil 
flow have been calculated for this correct 
operation, and field tests have substantiated 
the calculations. 

In answering Mr. Strang’s discussion, we 
wish to agree with him that the movement 
of cool oil across the arcing contacts is 
fundamental for good arc extinction. When 
we said ‘‘Breaker performance will improve 
at higher interrupting capacities,’’ it was 
intended to mean within the rating of the 
switch. Ifthe switch is rated at 500,000-kva 
interruption duty, it means that the per- 
formance of the breaker improves up to 
that point. This is necessary, as the design 
is such that pressures developed in the 
quencher are controlled by the ports and 
are so arranged to give most effective arc 
extinction at that rating with the proper 
factor of safety. Should the switch be 
rated at 2,500,000-kva interrupting capacity, 
the ports would be so designed that the 
maximum arc extinction would occur at 
this value and also be designed to with- 
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It would be interesting to, 
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stand the internal pressures with the usual 
factor of safety. This is why the de- 
thermglizing arc quenchers improve in 
operation up to the duty for which the 
switch is designed. 

We appreciate the interest shown in our 
paper and thank those who took part in the 
discussion. 


A New One-Cycle Direc- 


tional Overcurrent Relay 


Discussion and author's closure of paper 
43-143 by W. C. Morris, presented at the 
AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
November section, pages 725-7. 


S. L. Goldsborough and S. C. Leyland 
(Westinghouse Electric and Manufacturing 
Company, Newark, N. J.): There is an 
implication made in this paper that high- 
speed directional overcurrent relays with 
satisfactory contact co-ordination have not 
been available in the past. This is entirely 
incorrect. Relays of this type have been 
used for years for phase protection, ground 
protection, and in several carrier-current 
schemes, and have had a service record 
requiring no apologies. 

The prime requirement for correct contact 
co-ordination in any high-speed relay is the 
use of elements which inherently have co- 
ordinated time characteristics. For many 
years correct contact co-ordination has been 
obtained between a high-speed floop-type 
directional element and a balanced beam- 
type impedance element in the impedance 
relay. By the proper use of the beam con- 
struction for the overcurrent element in a 
directional overcurrent relay using a high- 
speed loop-type directional element, correct 
contact co-ordination is obtained. This 
combination has been used in a directional 
overcurrent carrier-ground relay with com- 
plete success for the last six years. Con- 
ventional applications of a similar relay have 
been made also. Directional overcurrent 
relays utilizing a plunger-type overcurrent 
unit and a loop-type directional relay also 
have a highly satisfactory operating record. 
This type of relay has been available for at 
least ten years. 

The author states that ‘For the protec- 
tion of most of the lower-voltage lines, dis- 
tance relaying has generally been considered 
to be too expensive.”’ Yet, in this relay he 
uses the same elements that are used in some 
distance-type relays. A single-zone dis- 
tance-type relay need have no more ele- 
ments than the author’s single-zone over- 
current relay. Such a distance relay has 
the added advantage of operating for the 
same distance when wide variations in sys- 
tem generation (magnitude of fault cur- 
rents) are encountered. In evaluating cost 
of protection, it is necessary to consider all 
factors involved. A relay which will pro- 
vide better protection under all system 
conditions certainly has more value than 
one whose effectiveness varies with changes 
in generating capacity. 

In the synopsis Mr. Morris mentions the 
common practice of adding instantaneous 
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trip attachments to directional overcurrent 
relays but bemoans the many incorrect trip- 
outs. Apparently he has encountered many 
questionable applications of instantaneous 
trip attachments. This certainly has not 
been our experience, for the instantaneous 
trip attachment, when properly applied, has 
an operating record as high as any other 
type of protective relay or relay scheme. 
It is hoped that the statement in the paper 
will not discourage the use of instantaneous 
trip attachments. One reads further with 
the anticipation that this application prob- 
lem, if it really isa problem, is to be solved 
within the simplicity and price class of the 
common directional overcurrent relay but 
finds only one more version of a relay type 
which has been in service for years. 

The only new feature which the author 
has introduced in his paper is directional 
control of a high-speed relay, and direc- 
tional control solves only half of the prob- 
lem. It is still necessary to have elements 
which will co-ordinate inherently for the 
other half of the problem, and such elements 
have been in common use for many years. 


C. L. Smith (Rochester Gas and Electric 
Corporation, Rochester, N. Y.): The relay 
described by Mr. Morris is a welcome sur- 
prise to me. Not so many years ago large 
numbers of induction-disk directional over- 
current relays were installed throughout the 
utility industry. The directional elements 
were characterized as “instantaneous,” and 
then, after the first severe fault either hung 
on too long or failed to clear at all, we woke 
up to the fact that the inverse time-current 
characteristic of the overcurrent element 
was being nullified neatly and completely 
by the inverse-voltage characteristic of the 
directional element. The addition of a 
directional-control feature did not improve 
the situation much; it just cascaded the 
over-all time of both elements. In due 
time, faster and better directional elements 
were developed, and, when they were used 
with high-speed overcurrent elements, they 
provided high-speed directional overcurrent 
protection at normal voltage and reasonably 
fast operation at low voltage. Contact co- 
ordination became a difficult problem. In 
many cases the only solution was the use of 
auxiliary interlocking or short time-delay 
relays. These remedies were more or less 
effective but did nothing to cure the funda- 
mental trouble. We still had overcurrent 
elements that speeded up and directional 
elements that slowed down as the severity 
of the fault increased. 

Apparently in this relay complete co- 
ordination has been accomplished by 
eliminating this basic difference in perform- 
ance of the two elements. At the same 
time, performance at low voltage has been 
improved greatly. If my memory is correct 
this is the first time that any designer has 
submitted time-current curves and oscillo- 
grams of single-phase directional-element 
performance based on one per cent of normal 
voltage. It would be interesting to see 
similar curves based on normal voltage. 

I should like to ask Mr. Morris what 
provision has been made for current cali- 
bration of the overcurrent unit; also, does 
he contemplate developing a similar relay 
having a three-phase directional unit co- 
ordinated with three single-phase overcur- 
rent units? 
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G. B. Dodds (Duquesne Light Company, 
Pittsburgh, Pa.): The relay described in 
the paper undoubtedly will fulfill the re- 
quirements where an instantaneous over- 
current power directional relay is required. 
The number of places where it can be used 
can be determined only by experience. 

The widespread use of instantaneous 
overcurrent elements for the first zone pro- 
tection of transmission circuits has come 
about by the ease and little expense of in- 
stalling instantaneous overcurrent devices in 
the cases along with the time-delay and 
directional elements. There are a. great 
many locations on systems where co- 
ordination between the instantaneous over- 
current elements and the directional element 
is not required, because the fault current in 
the direction desired to be tripped by the 
instantaneous overcurrent element is greater 
than that in the opposite direction. Of 
course this condition can exist on only one 
side of a station. Undoubtedly, many 
applications have been made where co- 
ordination should be required and is not 
obtained, and the new relay will be applica- 
ble in such places. 

The question arises, however, if, with a 
directional element that is separate from 
that used for time-delay protection on a 
circuit, and with an overcurrent element 
that, along with the directional element, 
requires a separate relay case from that used 
for time-delay protection, a further step 
might not be taken and an instantaneous 
directional impedance relay be used at little 
or no greater cost than the directional over- 
current relay described. Use of the im- 
pedance protection would avoid entirely any 
variation in operation due to variation in 
fault current caused by generation capacity 
or by system connections. 

A further thought is that, if the relay 


described in this paper is used for instan- ~ 


taneous overcurrent protection of a circuit 
in place of distance relays, a variation ob- 
tained in fault current will occur, depending 
on whether the fault is single-phase or three- 
phase. As a great many faults are single- 
phase short circuits rather than three-phase 
short circuits, could the difference in 
measurement be eliminated by adding a 
second-phase current to the instantaneous 
overcurrent element as is done in the ohm 
unit of the reactance relay to obtain the 
same current under both fault conditions? 

Information on the relay burden and on 
the available current pickup taps would be 
of interest. 

The relay described undoubtedly will 
prove a valuable addition to the existing 
protective relays, although its field of wide 
application is not immediately apparent. 


G. A. Powell (New York Power and Light 
Corporation, Albany, N. Y.) and A. J. 
McConnell (General Electric Company, 
Schenectady, N. Y.): The problem of co- 
ordination of the contacts of instantaneous 
overcurrent and high-speed directional re- 
lays is an old one which has not received 
proper attention heretofore. Mr. Morris 
describes a relay which solves the problem 
in a manner that eliminates the application 
effort normally occasioned by the possi- 
bility of an adverse contact race. Once the 
need for an instantaneous overcurrent relay 
is established, the application work is simply 
the determination of the overcurrent setting. 
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The New York Power and Light Corpora- 
tion has successfully circumvented this 
problem by the use of a polyphase, direc- 
tional relay with polyphase-voltage re- 
straint in conjunction with high drop-out 
plunger-type instantaneous overcurrent re- 
lays. The same directional relay is used 
with the time-delay overcurrent relays. 

The voltage restraint eliminates the con- 
tact race caused by load current, both at the 
inception of the fault and during the opening 
of the adjacent circuit breaker. The con- 
tact race occasioned by reversal of short- 
circuit current is also eliminated if, after the 
nearby circuit breaker opens, the impedance 
around to the fault is greater than the im- 
pedance setting or reach of the directional 
relay. Any infeeds between the relay and 
the fault serve to increase the apparent im- 
pedance at the relay location. 

It is granted that the polyphase direc- 
tional relay with voltage restraint entails 
more application work than does the relay 
described by Mr. Morris. In addition to 
determining that the directional relay will 
not operate on the current reversal, it is 
necessary to check that the reach of the 
directional relay is sufficient during a phase- 
to-phase fault. It must be borne in mind 
that a polyphase directional relay with 
voltage restraint has approximately twice 
the reach during a three-phase fault that it 
has during a phase-to-phase fault. How- 
ever, it has been determined that, if the im- 
pedance setting is less than twice the line 
impedance from the relay around to the 
fault (after the nearby circuit breaker has 
opened), the contact race is avoided. This 
generally provides adequate margin for 
desired operation during a phase-to-phase 
fault. If not calculation will usually indi- 
cate that the impedance setting can be in- 
creased considerably and still avoid the con- 
tact race. 


F. S. Benson (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): A high-speed 
one-cycle directional overcurrent relay that 
has positive operation when the fault is in 
the nontripping position will be of great 
benefit to relay engineers, as it has been 
necessary in the past to prevent incorrect 
operation of such a relay by the installation 
of other types of relays to provide a re- 
straining action. The use of capacitors in 
the watt element to produce a voltage for 
one cycle after the circuit voltage has fallen 
to a very low value during a short circuit is 
indeed a clever idea and should provide the 
necessary torque to insure correct operation 
of the watt element. 

The arrangement of a current phase-shift 
circuit, the poles of which are magnetically 
coupled in the overcurrent element to pre- 
vent its operation until the auxiliary contact 
in the watt element is closed, should provide 
the necessary time delay to prevent the 
overcurrent-element contacts from closing 
until the power flow is in the correct direc- 
tion. This arrangement should prevent 
effectively the race between the contacts of 
the watt element and the overcurrent ele- 
ment from closing indiscriminately and 
should insure a correct sequence of contact 
closing. 

It would be interesting to know the type 
of contacts used, whether or not a definite 
pressure is required, before sufficient current 
flows to operate the holding coil, whether or 
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not they have ample wiping action, or 
whether they are of a nonbouncing design. 
The relay test man and inspector who must 
set and service these relays in the field would 
prefer to have adjustments that could be 
made to ‘he relay in the field, such as chang- 


ing the location of the core with relation to © 


the magnetic field and some provision for 
changing the magnitude of the current- 
through the phase-shifting arrangement of 
the overcurrent element. Since the over- 
current element (one-half cycle) may be 
closed instantaneously, it seems that taps 
should provide a range similar to that used 
with instantaneous overcurrent relays. No- 
mention of such taps is made in the paper. 

A description of the relay assembly would 
be quite timely, particularly the method of 
mounting the assembly within the case. It 
would be advantageous to be able to remove 
the complete assembly from the case when 
the relay is mounted on a switchboard, 
thereby making it much easier to make 
minor repairs or complete inspection. No 
mention is made with regard to relay test 
equipment, whether or not that will be 
included within the case, or whether the 
customer must provide his own relay-testing 
assembly. 


W.C. Morris: Mr. Goldsborough and Mr. 
Leyland state that relays of this type have 
been available for years and have a service 
record requiring no apologies. The good 
service record is easily understood, if one 
stops to figure out the applications which are 
allowed after all the limitations, given in 
their current handbook section covering the 
relay they refer to, are imposed. The only 
applications which are allowed are those in 
which the load current cannot close the 


directional-unit contacts, and fault current — 


can only close the directional-unit contacts 


when the fault is in the protected section. — 
These limitations apply to single lines, loop _ 


circuits, or parallel lines. 

Another limitation imposed by the hand- 
book section is that the pickup of the over- 
current unit must be set ‘‘above the maxi- 
mum instantaneous asymmetrical fault 


current for a fault at the next bus with © 
This limi- 


maximum connected capacity.” 
tation means that, on the usual system with 
the X/R ratio equal to 10, the instantaneous 
peak after one-half cycle is 1.74 times the 
peak of the symmetrical wave; therefore, an 


overcurrent element set for 90 per cent of — 
the line length on an asymmetrical current _ 


basis would cover a much smaller portion of 
the line on a symmetrical current basis. — 


As the induction-cylinder element oper- — 
ates on the a-c component, it is not neces- 


sary to set its pickup on the asymmetrical 
fault-current basis, but it can be set to 
protect 90 per cent of the line, regardless of _ 


whether the fault current is symmetrical or — 


asymmetrical. ‘i 


We do not believe that operation in con. 
nection with carrier-current equipment is __ 


comparable, because there is a time delay 


of the order of a cycle during which the — 


elements have time to position themselves 
correctly. We believe the diverse view- 
points shown by different discussers merely 
prove again how long unsatisfactory opera- 


are found and the faults eliminated. It is 


admitted that distance relays have added 
advantages, but the cost of a distance relay 
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is considerably more than that of an in- 
stantaneous directional overcurrent relay. 

We too hope that the use of instantaneous 
trip attachments will not be discouraged in 
places where they can be applied properly. 
As a general rule, they can be applied every- 
where with overcurrent relays, but we cau- 
tion against using them in directional over- 
current relays. 

In} the closing paragraph Goldsborough 
and Leyland state that the only new feature 
of this relay is directional control of a high- 
speed relay. Directional control of a high- 
speed relay is not new, as instantaneous 
plunger relays have been controlled direc- 
tionally by short-circuiting their operating 
coil. The new feature of the relay is the 
proper co-ordination of the contacts which 
allows the relay to be applied anywhere, 
even if load current is in the direction to 
close the directional-unit contacts. 

Mr. McConnell has very kindly provided 
the information and method of determining 
when voltage-restrained directional relays 
ean be used with high-speed instantaneous 
overcurrent relays, and, since we believe it 
adds materially to the subject, we are in- 
cluding it. 


CO-ORDINATION OF INSTANTANEOUS OVER- 
CURRENT RELAYS~- WITH A POLYPHASE 
DIRECTIONAL RELAY WITH VOLTAGE 
RESTRAINT 


Assume instantaneous overcurrent relay 
at R set at maximum current for fault at X1. 
This is when line Zp is out and with Z, a 
minimum 

i 
YA B min +Z Cc 


With both lines in and a fault at X2 


Ir max = 


Zp 
" Za(Zot+Zn)+ZcLZp 
and R will operate if J > Iz max or when 
Zp 1 
Zi ZotZ)+ZoLp Zymin +Z¢ 
Zp(Zgmin +Z¢) =Z4(Zo+Zp)+ZcZp 


ZpZp min=Z,4(Zc+Zp) 


K=1 (1) 


With breaker at Y 2 open and a three-phase 


fault 
Er=lp'Zo+IpZp 


and the apparent impedance viewed from 


: ER Ip 
ee =7 42; 
RT et D7, 
Z, 
but See 
ZatZcot+Zp 
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Figure 1 


Z 
or Ze=Zo+5 (Za+Zco+Zp) 


A 
Ze 
Zr-ZetfZoty (Zo+Zp) (2) 


Z is substituted from 1 in 2 


Zp(ZetZp)(ZotZp)K 
eae gee r(Ze p)( g 4D 
ZpZpmin 
K(Z,4+Z¢) 
Zam (Zo+2n)( 1482420 ) 
Zp min 


Zp mint R20 R20) 


Zp, min 


ZR =(Zot20) 


Insofar as Zz and K are concerned, Zp 
appears to be a minimum when Z, is a 
minimum (=Z,)min and when K =1 (mini- 
mum relevant value for K, since the over- 
current relay would not operate in equation 
fon ik <1). 

Minimum 


Zp 


which means that the directional relay 
would not operate if set for less than the Zp 
of equation 8. 

We believe that Mr. Smith’s comments 
represent more nearly the true operating 
experience with adding instantaneous at- 
tachments, and we are grateful for his con- 
tribution, particularly in commenting on 
this being the first time information on one 
per cent of normal voltage has been pre- 
sented. We hope to continue this practice 
and regret that we do not have time to sup- 
ply him with similar curves on normal volt- 
age at which, of course, operation is many 
times faster. Mr. Smith and other dis- 
cussers asked for information on how the 
current pickup was adjustable. This is 
done by loosening a clamp on a collar which 
carries the spring and then by rotating the 
collar. A four-to-one adjustment range is 
provided, and it is possible to get any inter- 
mediate value desired. A three-phase 
directional unit co-ordinated with three 
single-phase overcurrent units, about which 
he inquired, has not been drawn up, but if 
there is a demand we should be glad to 
undertake this development. 

We thank Mr. Benson for his comments. 
In answer to his question, the contacts used 
are our nonbounce billiard-ball type. No 
definite contact pressure is required to make 
contact, as in any induction relay, and as 
soon as trip current flows the holding coils 
assure adequate contact pressure so that no 
burning can occur. The core of the relays 
can be adjusted in the field, but it is not 
expected that this ever will be required. 
Incidentally, a smooth core is used in these 
relays, and it is the intention of the design 
to require no adjustment. Mr. Benson’s 
request for a description of the relay case 
assembly can be answered simply by stating 
that the relay is mounted in our standard 
drawout case; we believe this satisfies all 
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the requirements mentioned in his last 
paragraph, including testing facilities. 

Mr. Dodds brings out a good point in that 
this relay is in the class immediately below 
one-step distance protection. We have not 
thought that it would be worth adding 
double windings to overcome the 15 per cent 
difference in measurement for three-phase 
and phase-to-phase faults, but this can be 
done easily. We appreciate the suggestion. 
He asked about the relay burden which is of 
the order of 0.8 ohm (20 volt-amperes) for a 
4-to-16-ampere relay, and for a ground relay 
of one-half-to-two-amperes rating it is 
approximately 50 ohms. 


Aircraft Transformers— 


Small and Light 


Discussion of paper 43-146 by O. Kiltie, 
presented at the AIEE national technical 
meeting, Salt Lake City, Utah, September 2-4, 
1943, and published in AIEE TRANS- 
ACTIONS, 1943, pages 899-902. 


J. E. Yarmack (Federal Telephone and 
Radio Corporation, East Newark, N. J.); 
E. C. Wentz and C. C. Horstman (both of 
Westinghouse Electric and Manufacturing 
Company, Sharon, Pa.): Mr. Kiltie’s 
paper on aircraft transformers is indeed a 
valuable contribution to the electrical art 
serving the aviation industry. With the 
advent of 400-cycle power system there is 
no doubt that there will be more and more 
requirements for aircraft transformers light 
in weight and small in size. 

Our respective companies have collabo- 
rated in the design and manufacture of 
several aircraft transformers, and the results 
have been very gratifying. They concern the 
three-phase 400-cycle air-blast-cooled units 
used in the rectified a-c-d-c power plants 
generating from 200-ampere to 800-ampere 
28.5-volt output. 

The weights of these transformers are 
illustrated in Figure 1 of this discussion. 
Curve A is a typical weight characteristic of 
the three-phase transformers employing the 
Hipersil cores. By working these trans- 
formers up to 300 degrees Fahrenheit 
temperature, the weight could be reduced 
considerably. The conservatively estab- 
lished relation, however, is as shown by 
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Figure 1. Weight relation of the aircraft 


transformer to the kilovolt-ampere rating and 
the rectified d-c output 
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7.5-kva three-phase 400-cycle air- 


Figure 2. 
blast-cooled aircraft transformer 


curve A, One should not overlook the 
efficiency merits of these transformers as 
related to the output rating, With the 35- 
kva transformer a 97 per cent efficiency is 
readily obtainable; whereas, the 7.5-kva 
transformer will give an efficiency in the 
neighborhood of 92 per cent, Figure 2 of 
the discussion illustrates the view of a 7.5- 
kva 400-cycle three-phase transformer em- 
ploying seven-mil Hipersil core. Its volume 
is 125 cubic inches and weight is 9'4 pounds. 
With forced-air ventilation to the amount of 
250 cubic feet per minute, its maximum 
temperature rise is in the neighborhood of 85 
degrees centigrade, 

Mr, Kiltie’s statement in reference to the 
transformer-rectifier unit attracts our atten- 
tion in particular, He states that the de- 
velopment work is well advanced on self- 
regulating transformer-rectifier units of 
3-kw and 6-kw ratings. He also states 
that the 6-kw rating unit is within 40 
pounds weight, and that very close regula- 
tion is accomplished by a control reactor, 
three-phase high-temperature transformer, 
variable resistor, and selenium rectifier, 

We have explored various means towards 
the design and construction of the aircraft 
unit in question, The system that Federal 
Telephone and Radio Corporation has de- 
veloped recently is the varying input at the 
primary of the transformer, This adjust- 
ment is accomplished by means of electronic 


regulator and the associated mechanism, 
The rectified output voltage is compared 
with the standard one. If the output volt- 
age is higher than the predetermined value, 
the difference between this and the standard 
one affects the adjustment in the primary of 
the transformer and thus reduces the input 
into the rectifier. With the low output 
voltage the process is reversed. Figure 3 of 
this discussion illustrates the complete unit. 


It essentially consists of Hipersil-core trans- | 


former and autotransformer, selenium recti- 
fier, cooling system, and electronic voltage 
regulator with its component parts. The 
equipment is housed in a sturdy lightweight 
case. The complete unit weighs approxi- 
mately 41 pounds. The equipment oper- 
ates from a 200-volt 400-cycle three-phase 
power supply. The output voltage can be 
selected anywhere between 26 and 30 volts 
and is held constant within plus or minus 
three tenths of a volt at any output current 
from zero to 200 amperes. 


Parallel Operation of 
Airplane Alternators 


Discussion and author's closure of paper 43- 
149 by D. W. Exner, presented at the AIEE 
national technical meeting, Salt Lake City, 
Utah, September 2-4, 1943, and published in 
AIEE TRANSACTIONS, 1943, December 
section, pages 755-60. 


Cyril G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Mr. Exner’s paper discusses what is proba- 
bly the most important single consideration 
in the use of a-c systems for aircraft. As 
pointed out by him, there are three impor- 
tant factors to be considered: 

1. Characteristics of the prime mover. 

2. Characteristics of the control system. 


3. Design characteristics of the alternator. 


Since alternator design plays such an im- 
portant role, it is in order to point out some 
of the lessons learned from the design of the 
12.5-kva alternator of Figure 2 of the paper 
and the 40-kva alternator illustrated in 
Figure 6 of the paper. 

The specifications for the 12.5-kva alter- 
nator imposed two requirements not con- 
ducive to minimum weight of active elec- 
trical parts. Rated speed was fixed at 


Figure 3.  Arjircraft 
transformer — rectifier 
unit of 6-kw rating. 
The unit weighs 41 
pounds and is 20 
inches long, 73/4 
inches wide, and 
91/9 inches high. 
It contains  trans- 
former with the pri- 
mary winding ar- 
ranged for variable 
input, cooling sys- 
tem, selenium recti- 
fier, and electronic 
regulator 
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3,430 rpm, and appreciable flywheel effect 
was demanded. When the 40-kva alter- 
nator was requested, the rated speed was 
fixed at 6,000 rpm. Moreover, the alter- 
nator designer was given practically a free 
rein in the choice of the most favorable pro- 
portions without regard to flywheel effect. 
A comparison of the results achieved is P 
startling. The 40-kva alternator develops  __ 
three times as much output per pound of ; 
active material, that is, copper and mag- r 
netic material, as its predecessor. (In 
this comparison, the output of the older ; 
machine was taken as 12.5 kva of load Fi 
plus the excitation power.) The improve- E 
ment in output per pound, of course, 
is due partly to the increased speed. But 
even after correction is made for the dif- 
ference in speeds, the 40-kva alternator 
delivers nearly twice the output per pound 
per revolution. This important gain is due 
to a number of factors: ; 


1. Absence of the flywheel-effect restriction. is 
2. Increase in rating. ‘ft 
3. Progress in design art. q 
These comparisons teach an important les- 


son to those who specify the alternators as 
well as to those who design them. 

Perhaps even more remarkable is the out- 
put per pound of total weight of the alter- 
nator. If we exclude the weight of the 
exciter (which is an accessory) the weight of 
the alternator is less than one pound per 
horsepower of output at the five-minute 
rating. Even when the weight of the ex- 
citer is included, the weight is only of the 
order of one pound per horsepower. These 
figures compare very favorably with similar 
figures for the main engines. 


W. K. Boice and L. G. Levoy (General 
Electric Company, Schenectady, N. Y.): 
This paper presents an excellent discussion 
of problems which are part of the a-c power- 
supply program initiated by the Army Air 
Forces and which are now receiving very 
active attention from the major electrical 
manufacturers. 

A low short-circuit ratio indicates that 
the reactances of the machine are relatively 
high. If one of the engines driving paral- 
leled alternators accelerates suddenly, the 
alternator driven by this engine will acceler- 
ate also, until the governing system can 
restore normal alternator speed. During — 
this time the alternators will swing apart in — 
angle, and an electrical torque, called the 
synchronizing torque, will resist the in-— 
crease in angle. The value of this torque is 
dependent upon the reactances, particu- 
larly the transient reactance of the machine, 
and is comparatively low in the case of a — 
machine with relatively high reactances. — 
Because of time lags in the excitation sys- 
tem, the exciter will not be able to increase — 
the alternator excitation quickly enough to 
offset the effect of higher reactances during — 
the initial stages of the disturbance, and, — 
therefore, higher displacement angles will y 
result for a given disturbance. Hence, a 
machine with a low short-circuit ratio, being 
less able to resist sudden changes in angle, — 
will have, in general, less transient stability 
than a machine with a higher short-circuit 
ratio. The ability of a machine to remain 
in synchronism during other momentary 
disturbances, such as electrical faults, is 
similarly affected by the short-circuit ratio. 


As Mr. Exner points out, alternators 
with a short-circuit ratio of 0.60 have been 
used successfully when driven by auxiliary 
engines. Experience is yet to be obtained 
on the effect of the relatively poorer tran- 
sient-stability characteristics of such alter- 
nators when driven by variable ratio trans- 
missions from,main engines. The paper 
emphasizes that the high acceleration rates 
of thése engines accentuates the problem of 
maintaining synchronism between paral- 
leled alternators. 

While the maximum engine accelerations 
impose severe requirements on constant 
speed drives, governors, and alternators, 
data now available indicate that accelera- 
tions normally encountered will be mate- 
rially less than the maximum possible 
values. 

The choice of the method of synchronizing 
to be used on any airplanes must take into 
account the weight and complexity of 
equipment, as well as the extent of the 
operator’s duties. : 

Parallel operation has certain disadvan- 
tages as well as the advantages outlined in 
the paper. These include the following: 


1. Additional control equipment required. 


2. More severe requirements for governor per- 
formance. 


3. Routine attention given by operator to balanc- 
ing of loads. 


4. The fact that a disturbance to a paralleled a-c 
system disturbs the entire electric system on the 
airplane. 


5. Larger fault currents, requiring larger and 
heavier circuit breakers. 

It is questionable whether or not parallel 
operation is essential even for combat 
planes, although it is desirable from an 
operating standpoint. A-c systems should 
take into account possible nonparallel 
operation, even of systems normally to be 
paralleled. 

Mr. Exner mentions the savings in wiring 
weight obtained at higher voltages. The 
effect of system voltage on weight of power- 

‘ distribution-system copper is illustrated by 
the following figures, based on the same 
power, transmission distances, and current 
density. 


27.5 volts direct current with ground return, 100 per 
cent, 


_120 volts direct current with ground return, 22.9 
per cent. 


120 volts direct current two-wire, 45.8 per cent. 


120/208 volts, three-wire, three-phase alternating 
current, 0.75 power factor, 30.5 per cent. 


These figures demonstrate why aircraft 
equipment for higher voltages, both a-c and 
d-c, have been developed. 


D. W.Exner: Boice and Levoy state that a 
low short-circuit ratio indicates that the 
reactances of the machine are relatively 
high. Apparently, they have based this 
somewhat broad statement on experience 
with the more conventional 60-cycle designs. 
Actually, a lightweight 400-cycle design 
which has a lower short-circuit ratio and a 
considerably higher direct-axis synchronous 
reactance Xq has a transient reactance Xq’ 
approximately one half as great as the values 
commonly existing in 60-cycle machines. 
Hence, the stability during short-time speed 
or load transients may be assumed to be 
good. Nevertheless, the transient time 
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constant 7,’ on these lightweight alternators 
is in the order of 0.01 second, so that the 
high transient synchronizing torque is 
effective in only the initial moment of the 
longer transients. It may help in releasing 
the overrunning clutch on a slow alternator, 
and it should give material stiffness in 
opposing engine-torque pulsations, as these 
involve principally upwards of 30 reversals 
per second. 

More experience with these lightweight 
alternators, driven fromm the main engines 
through constant-speed drives, is necessary 
before the importance of the various design 
factors can be evaluated correctly. As I 
have pointed out in the paper, the condition 
of main engine drive introduces certain 
difficulties which are not encountered with 
auxiliary engine drive. This emphasizes 
the importance of co-operation in the design 
of the constant-speed drive and governor to 
minimize the natural rigidity of this coup- 
ling. I have mentioned the desirability of 
incorporating in the drive some degree of 
softness or slip proportional to load. This 
need not involve a direct power loss if it is 
obtained by a change in ratio. In some of 
the proposed drives this may be done by 
taking advantage of the inherent torque 
reaction upon the ratio-changing mechanism. 

Boice and Levoy list certain disadvan- 
tages of parallel operation of a-c power 
units. The alternator control and governor 
weights are somewhat greater, but the in- 
crease must be considered in the light of the 
following factors: 


(a), Improved alternator load factor, particularly 
in starting the larger motors. 


(6). Improved fault-clearing ability, because more 
current is available to burn faults clear or to isolate 
the faulty section by blowing limiters. 


(c). Weight of additional load-transferring equip- 
ment required for strictly nonparallel operation. 


It is implied further that difficulty will be 
experienced in dividing load between paral- 
leled a-c units. There is no reason for ex- 
pecting a degree of load division which is 
inferior to that obtained with the present 
low-voltage d-c systems, as this function of 
the governor does not present a particularly 
difficult design problem. The paralleling 
control system, which is being developed, 
merely provides a convenient facility for the 
flight engineer to exercise a vernier adjust- 
ment of load division, if he so wishes, with- 
out having to leave his flight station. 

The wiring weight figures given by Boice 
and Levoy show clearly why the larger air- 
planes vitally need a high-voltage distribu- 
tion system. The higher weight given for 
the 120/208-volt a-c system is the result of 
the power factor. Because, at a voltage of 
120 volts above ground, line drop is not a 
major factor, wire sizes may be selected on 
the basis of temperature rating. For this 
reason each of the three a-c line wires may 
have less than one third the copper section of 
the 120-volt d-c system because of the im- 
proved heat dissipation from the smaller- 
sized cable. Of course, this same principle 
may be applied to the d-c wiring by the use 
of multiple circuits in parallel. 

In regard to Mr. Veinott’s interesting 
comparison of alternator weights, he in- 
cluded an allowance for the self-excitation 
power amounting to approximately two 
kilowatts at the five-minute rating. This 
figure includes the losses of the electronic 
regulator. 


Discussions 


High-Voltage-Ignition-Cable 
Design for Aircraft 


Discussion of paper 43-145 by H. H. Wer- 
mine, presented at the AIEE national technical 
meeting, Salt Lake City, Utah, September 2-4, 
1943, and published in AIEE TRANS- 
ACTIONS, 1943, November section, pages 
716-19. 


F. O. Stebbins (General Electric Company, 
Schenectady, N. Y.): Mr. Wermine’s 
paper describes the present problems met 
in the design and manufacture of satisfac- 
tory high-voltage aircraft ignition cable and 
points out that a method for simulating 
flight conditions by cycling cable tests at 
operating temperatures under vacuum is 
proving of*great value in determining what 
aircraft ignition cable will and will not do. 
The problem of mechanical breakage of the 
insulation on the ignition wire and the 
effects of corona in causing the ignition wire 
to deteriorate rapidly are described. The 
difficulties of removing defective ignition 
wire from the ignition-shielding assembly 
are also referred to. 

The failure of high-voltage aircraft igni- 
tion cable to meet the stringent require- 
ments of aircraft applications has been rec- 
ognized for some time. Since it was 
recognized several years ago that a con- 
siderable period of time would be required 
before these problems are solved, a method 
for building ignition-shielding assemblies 
for airplane engines using wire subject to 
mechanical and altitude difficulties, which 
reduces the effects of these difficulties to a 
minimum, was developed and is described 
herewith. 

Figure 1 of this discussion shows an 
ignition-shielding assembly for an 18- 
cylinder aircraft engine. This assembly 
consists of two parts, the manifold and the 
36 flexible leads. The manifold contains 
high-voltage aircraft ignition cable and is 
filled with gel, so that it is one solid mass of 
cable and gel without any inclusions of air. 
This prevents movement of the ignition 
cable due to vibration and protects the in- 
sulation from mechanical stresses, and, 
since there is no air present inside the 
manifold, the formation of corona inside the 
manifold with resultant destructive effects 
on insulation cannot occur. The flexible 
leads which run from the manifold to the 


Figure 1 
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spark plugs are not protected from corona 
at high altitude and may, therefore, fail 
from this cause. Such a failure, however, 
is not difficult to repair, because these flexi- 
ble leads are detachable from the manifold 
and can be replaced easily. 

We believe that this ignition-shielding- 
assembly design presents a good solution to 
the high-voltage-ignition-cable problem on 
aircraft at the present time. The manifold 
is permanently mounted on the aircraft 
engine with the ignition cable protected 
against mechanical failure and corona, and 
the parts of the ignition-shielding assembly 
which cannot be protected suitably against 
these difficulties are replaceable easily in 
case of failure. 


A. M. Ross (General Electric Company, 
Bridgeport, Conn.) : Perhaps a further com- 
mentonthesimulated enginetester mentioned 
in Mr. Wermine’s paper may be of interest. 
This instrument was developed in its es- 
sential form by H. H. Race, GeneralElectric 
Company research laboratory, Schenectady, 
N. Y., and owed its subsequent evolution to 
the co-operative efforts of the ignition-cable 
manufacturers’ technical advisory com- 
mittee under Mr. Wermine’s able chairman- 
ship. Introduced at a time when the causes 
of ignition-cable failure were obscure and 
the road to progress not apparent, it 
promptly pointed a path to the very satis- 
factory improvements already described to 
you. 

In its early stages the low-pressure high- 
temperature high-voltage tester exposed the 
serious weaknesses of lacquered-braid-cov- 
ered cables, demonstrating that charred- 
cable terminations of conventional structure 
had suffered even more from tracking and 
arc-over than from the high temperatures 
encountered in spark-plug wells. Lac- 
quered-braid cables rarely withstood as 
much as ten hours of testing under the 
procedure first used, whereas some of the 
earliest Neoprene-sheathed cables tested 
exceeded 100 hours of life! 

With the development of cyclic heat and 
pressure the simulated engine tester, never a 
Tespecter of persons, proceeded to expose 
faults in almost all parts of the ignition wir- 
ing system: plugs, connectors, grommets, 
and boots as well as cables, and it has stimu- 
lated notable improvements in the design of 
many of these components. 

Doctor Race’s equipment has yielded 
information so far on approximately 400 
samples of various cables involving more 
than 13,000 sample hours of ‘“‘flight’’ be- 
tween sea level and 40,000 feet! With the 
latest developments of technique and equip- 
ment it is indicated that 80 per cent of the 
Neoprene-sheathed cables have lives longer 
than 100 hours of test, whereas only 20 per 
cent of the conventional lacquer-braid types 
survive this period. This estimate assumes, 
however, the most careful gasketing and 
latest improved connectors. A survey of 
the years’ work indicates a somewhat less 
favorable comparison. If all types of setup 
and testing used are taken into account, but 
short-time failures of plugs or connectors 
are excluded, we have: 


1. For 48 tests on lacquered-braid cables an aver- 
age life of less than 22 hours. 


2. For 64 tests on Neoprene-sheath glass-braid 
cables an average life of more than 131 hours. 
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It may be said-now that the simulated 
engine tester is well on the way to becoming 
a reasonably precise means of evaluating 
aircraft ignition cables and should be indis- 
pensable to the development of improved 
cable constructions. 

The success thus achieved may be credited 
to workers of the General Electric Company, 
Detroit Edison Company, Electric Autolite 
Company, Packard Electric Division of 
General Motors Corporation, and Belden 
Manufacturing Company who contributed 
to various phases of the equipment design 
and operating technique. The notable 
improvement in cables already accomplished 
is owed in considerable measure to many 
frank discussions among the cable manu- 
facturers, the engine builders, and the vari- 
ous government agencies meeting in com- 
mittee. 


Radio-Noise Elimination 


in All-Metal Aircraft 


Discussion and author's closure of paper 


43-140 by Fred Foulon, presented at the 
AIEE national technical meeting, Salt Lake 


‘City, Utah, September 2-4, 1943, and pub- 


lished in AIEE TRANSACTIONS, 1943, 
pages 877-91. 


C. W. Frick (General Electric Company, 
Schenectady, N. Y.): The excellent analy- 
sis of the problem of radio-noise elimination 
in aircraft presented in the paper, which pic- 
tures the chain from the influence source to 
the point of radio reception, brings out quite 
clearly the need for co-operation among the 
three groups: the aircraft builders, the 
radio manufacturers, and the _ electric- 
apparatus manufacturers. As stated in the 
introduction to the paper, the solution of the 
problem “‘requires that these components be 
considered conjointly and that each party 
accept his part of the total responsibility.” 

The electric-apparatus manufacturer’s 
part in this solution is concerned with the 
radio-influence characteristics of apparatus 
as furnished to the aircraft builder. He 
does not install the wiring in the aircraft 
and thus has no control over such measures 
as might be employed therein to minimize 
the apparatus influence. Yet he must have 
some way of knowing whether his apparatus 
is or is not acceptable from the radio-noise 
standpoint. There should be a standard of 
acceptability based on some quantity which 
can be measured directly on the apparatus 
circuits in the factory by recognized 
methods. In many respects the radio- 
influence voltage (RIV), measured with the 
accepted radio-noise meter at the apparatus 
terminals, seemed to fulfill this require- 
ment. The use of this quantity has been 
extensive and quite successful in connection 
with broadcast reception. Considerable 
RIV data have been taken on aircraft appa- 
ratus with the expectation that such in- 
formation would meet the requirements. 
It may be noted that the author of the paper 
concludes that apparatus RIV cannot be 
applied, because it does not give a measure 
of receiver-noise output unless a direct 
correlation has been made. He points out 
that the over-all coupling between influence 
source and radio receiver varies widely from 
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one installation to another. This situation ' 
has been overcome in another case by ob- 
taining enough data on coupling to yield a 
representativeaverage. Similardataonthe 
aircraft case would be useful. Also, his 
objection that situations are encountered, 
particularly at higher frequencies, wherein 
noise coupling is functional with current 
rather than voltage does present a real 
problem. I have encountered such condi- — 
tions in tests at ten megacycles and above. 

With regard to the author’s conclusion 
that measurements in the output of a radio 
receiver are the most accurate with respect 
to actual evaluation of the effects of radio- 
influence sources, I would like to point out 
that this reasoning is applicable only to the 
combination of apparatus and radio re- 
ceiver as installed in aircraft. It has been 
my experience that measurements by the — 
receiver-noise-output method are very use- 
ful for checking the over-all installation in 
an aircraft but are not applicable to the 
testing of individual pieces of apparatus in 
the factory. To get results which could be 
duplicated, many details pertaining to the 
radio set, the antenna, the circuit dimen- 
sions and spacings would have to be stand- 
ardized, and the tests made in a screened 
room. Tests with radio sets and antennas 
to pick up noise produced by apparatus were 
tried in the early days of broadcasting but 
were never very successful and were aban- 
doned when radio-noise meters became — 
available. All this experience indicates — 
that the receiver-output method does not 
meet the requirements for providing a 
basis of acceptability for apparatus. 

It seems that the best way to proceed — 
would be to add to our present technique 
whatever additional factors are required to 
apply the present radio-noise-meter methods 
to the measurement of apparatus in such © 
manner as to make results significant to air- 
craft operation. A voltage basis has been 
used successfully in other situations. For — 
example, in the co-ordination of power and — 
telephone systems the telephone influence 
factor (TIF) of the voltage is the basis for — 
the acceptability of rotating machines, even — 
though the inductive effects are known to be 
associated with both voltage and current. 

The first step would be to obtain as many ~ 
data as possible with existing methods and 
equipment, including measurements with 
radio-noise meters on apparatus and on air- 
craft circuits as well as radio-receiver noise- — 
output measurements, and to study these 
data jointly in order to determine the next © 
step. It is highly desirable to bring the 
three parties together through some joint — 
committee or other agency, so that each 
party may be given an opportunity -to 
bring out his viewpoint. This has been 
done in other situations. For example, the — 
co-ordination of power systems with wire 
communication systems has been carried — 
forward successfully by joint committee 
organizations which were set up about 20 
years ago and are still functioning. Possi-_ 
bly some existing committee in the aircraft — 
field could undertake this activity either 
directly or through a subcommittee. It 
hoped that the discussion of the subject at 
this time will stimulate interest and lead to _ 
some definite action. _ aa 


‘ 


! 


F. O. Stebbins (General Electric Company, — 
Schenectady, N. Y.): The radio-noise prob- | 


lem has always been difficult to solve, 
wherever it has made an appearance, and 
the methods:of travel which radio noise uses 
in arriving at its ultimate destinations have 
in some instances appeared to be uncanny 
and mysterious. Radio noise travels along 
copper wires and metallic objects in the 
same manner as ordinary d-c power and a-c 
power. However, it seems to violate Ohm’s 
law, when it passes from one insulated wire 
to another wire, when it travels right 
through an open switch, and when, after 
every effort has been made to suppress it, 
the radio receiver is still unusable from ex- 
cessive noise caused by a resonance condi- 
tion and oyerlooked coupling circuits, and so 
forth. 

There are two reasons why radio-noise 
phenomena are confusing to the ordinary 
layman. ; 


1. The frequencies involved are very much higher. 


2. The amount of power is very much less than is 
encountered in most other electric fields. 


It may be said, approximately, that 
ordinary power frequencies are of the order 
of one cycle, audio frequencies are of the 
order of 1,000 cycles, and radio frequencies 
are of the order of 1,000,000 cycles. This 
difference in frequency for radio frequencies 
-as compared with ordinary power fre- 
‘quencies of 1,000,000 to 1 causes effects 
which appear to be mysterious. For ex- 
ample, the open switch previously referred 
to can be considered as a condenser with a 
very small number of microfarads between 
the blade and the pole. The impedance of 
this condenser to ordinary power frequencies 
is very high but is only 1/1,000,000 of this high 
value to radio frequencies. This is a very 
-appreciable reduction in impedance, and in 
some instances the amount of noise in the 
radio receiver has been very little different, 
whether the switch was open or closed. 

The inductive reactance of a choke coil is 
proportional to the frequency of the power 
flowing through it. At first thought it 
-would seem that the choke coil would be the 
ideal suppressor of radio noise, since its im- 
pedance should be approximately 1,000,000 
times as great at radio frequencies as at 
power frequencies. There is just one little 
gremlin in such a solution. Every choke 
coil consists of turns of wire, and between 
-any two turns in the coil there are a minute 
number of microfarads. These microfarads 
-are essentially in parallel with the induct- 
ance of the coil. Even though the inductive 
reactance is increased 1,000,000 to 1 with 
radio-frequency power, the condensive re- 
actance in parallel with the inductive react- 
ance decreases 1,000,000 to 1. This con- 
densive reactance, unless the coil is of 
special design, provides a low-impedance 
path across the coil. Choke coils must, 
therefore, be designed to have a minimum of 
distributed capacitance, and one simple de- 
sign that is being widely used is a single- 
layer coil. 

Since radio-noise frequencies are about 
1,000,000 times ordinary frequencies, and 
induced voltage is proportional to fre- 
quency, the ability of wires exposed to those 
carrying radio noise to pick up that noise is 
increased about 1,000,000 times and is 

_ independent of the insulation between the 
two wires. This explains the ability of 
tadio noise apparently to pass through in- 
-sulation. 
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The second outstanding difference be- 
tween radio-noise power and _ ordinary 
power is the actually very small amount of 
power involved with radio noise. For ex- 
ample, radio-noise voltage is measured in 
microvolts which are millionths of a volt. 
If radio noise as great as a few microvolts 
appears on the antennas of the radio re- 
ceiver, radio reception may be impossible. 


‘The volume of this radio noise gives the 


person hearing it the impression that the 
amount of power involved is large, that is, of 
the order of watts or perhaps kilowatts. 

In conclusion, it may be stated that per- 
sons working on radio-noise problems must 
always keep in mind that the frequencies 
involved are many times higher than those 
encountered on ordinary circuits, and that 
the amount of power involved is minutely 
small if a solution to the problem by rational 
methods is to be obtained. 


Fred Foulon: A careful reading of C. W. 
Frick’s discussion of my paper will disclose 
the fact that he confirms rather than dis- 
putes the major contentions of the paper. 
The remaining issue seems to be that, while 
the paper attacks the problem from the 
standpoint of the evaluation of the installed 
radio equipment (which is the only one of 
real value to the aircraft manufacturer who 
must guarantee tadio performance), Mr. 
Frick wishes to attack the problem from the 
electric-apparatus standpoint. In seeking 
a valid yardstick for the determination of 
the radio-noise influence of electric appa- 
ratus, he says, ‘““To get results which could 
be duplicated, many details pertaining to 
the radio set, the antenna, the circuit dimen- 
sions and spacings (that is, coupling factors) 
would have to be standardized....” “. 
this experience indicates that the receiver- 
output method does not meet the require- 
ments for providing a basis of acceptability 
for apparatus.’ He points out further that 
the author’s reasoning, that measurements 
in the output of the receiver are the most 
accurate with respect to actual evaluation 
of the effects of radio-influence source, “‘is 
applicable only to the combination of appa- 
ratus and radio receiver as installed in air- 
craft” but is “‘not applicable to the testing of 
individual pieces of apparatus in the fac- 
tory.”’ This is only another way of stating 
the author’s contention that a measurement 
made on electric apparatus is no measure of 
actual racdio-noise output, unless all coupling 
factors are known. This contention ex- 
tends even further. RJ V measurements are 
of little yalue when made on aircraft wiring 
or terminal points. They may begin to be 
of value when made on the antenna circuit 
of the receiver in question, but then only if 
the receiver is calibrated in terms of input 
noise voltage. The present evaluation in 
terms of sine-wave voice-frequency input 
still leaves an undetermined correlation 
between noise-wave and sine-wave output 
with which to reckon. 

The measurements of coupling factors 
and determination of values of RIV, he 
suggests, have already been made to a 
certain point. This work has shown defi- 
nitely that the nature and complexity of 
these factors and their variation is such 
that only basic rules can be laid down for 
their control, and that the degree to which 
these rules must be followed again varies 
greatly with the installation. The realistic 
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fact is that there simply has not-been time 
enough to organize this work through co- 
ordinating committees, as he suggests, and 
to obtain the standardization necessary to 
achieve the required control over apparatus, 
wiring practices, and design of radio equip- 
ment, 

He is quite correct in stating that 
very extensive work is yet to be done, 
with respect to the determination of the 
various coupling factors involved between 
radio-noise-influence sources and actual pro- 
duction of radio noise in a certain receiver, 
could well be done through the medium of 
joint committee organizations. He cites 
the co-ordination of the radio-noise work 
between power systems and wiring com- 
munications systems as having been carried 
by joint committee organizations that were 
set up 20 years ago. The work of the joint 
co-ordination committee on radio reception 
of Edisen Electric Institute, National Elec- 
trical Manufacturer’s Association, and 
Radio Manufacturer’s Association and an 
analysis of contemporary writers on this 
subject! discloses the fact that an enormous 
amount of time has been spent on the meas- 
urements of noise-influence voltages with 
respect to field strength of electric appa- 
ratus and its associated wiring; but not 
until 1942 has a real correlation been made 
between these sources of radio-noise influ- 
ence and their actual effects in terms of 
radio-noise output of receivers. The deter- 
mination of these coupling factors, as given 
in the AIEE paper by Mr. Frick, “‘“Measure- 
ments Pertaining to the Co-ordination of 
Radio Reception With Power Apparatus 
and Systems,” is the first evidence in some 
time that the final link (all coupling factors 
combined) in this very difficult chain is 
about to be evaluated. It is obvious that, 
until the final link is evaluated, satisfactory 
radio performance cannot be predicted by 
radio-noise-influence measurements made 
at any point outside the receiver. 

The aircraft manufacturer finds himself 
working from the other end of this long 
chain, in that he must guarantee the per- 
formance of the radio equipment. Former 
specification requirements which stipulated 
the use of much bonding and shielding were 
supposed to provide an automatic guarantee 
of noise-free radio performance but were 
found unusable and burdensome to the 
aircraft manufacturer and services alike. 
The test “by fire” of having to make the 
radio equipment work has simply proved 
that the approach must be from the stand- 
point of cutting the noise chain at the point 
it can be done most economically. Many 
hundreds of measurements of RIV through- 
out. the airplane has given us the average 
picture for which Mr. Frick is looking. 
This picture has told us simply that there 
are certain things we can do to avoid RIV 
coupling in the first place by proper design 
and layout of our wiring and radio equip- 
ment, and that some unanticipated trouble 
items must be hunted down in the first 
complete installation. We have then 
available to us certain simple means of 
suppressing the leftover noise troubles. 
Such correction is simple enough not to 
hold up the production of the airplane. 
Separately encased filters are used as a 
stop-gap measure where insufficient filtering 
has been incorporated in* the equipment 
affected. These filtering elements can later 
be incorporated integrally in the equipment 
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affected. In airplanes not having the 
benefit of the all-metal shield the coupling 
between wiring and antenna is undoubtedly 
more difficult to reduce to a satisfactory 
point. In this case a greater consideration 
must be given the actual effect of the RIV 
source. 


In a specific case where extreme coupling 
exists between the antenna and a RIV 
source (and the frequency range under 
consideration is very wide), it is possible 
that a filter of several pounds weight repre- 
senting a large percentage of the weight of 
the RIV source may be required. The 
samne source may operate with no effect of 
radio noise in another installation. Hence, 
it is obvious that if the conditions of in- 
stallation can alter the situation to such a 
degree that any RIV limits for apparatus 
determined as acceptable must take these 
factors into consideration. 


The obvious solution is to obtain the 
lowest possible RIV output of any given 
design by avoiding practices known to pro- 
duce high RIV but to avoid expensive sup- 
pression means until proved necessary in a 
specific installation. Co-ordination be- 
tween the equipment manufacturer with 
the user of the equipment hence, is indi- 
cated at this point. To attempt to utilize 
suppression means that will be certain to 
meet all requirements is simply uneco- 
nomical and probably unattainable. 


In answer to Mr. Stebbins discussion with 
respect to my paper, it may be noted that 
there is only one contention which has a 
bearing on the material of the paper. Mr. 
Stebbins holds that the problem is one of 
keeping the radio-noise-influence power on 
the airplane circuits at low values. It is 
exactly this approach which is untenable 
when all of the considerations of electric- 
equipment design, aircraft electric-circuit 
layout, and receiving equipment are’con- 
sidered in the fabrication of the airplane. 
That this approach may work well from 
the standpoint of the industrial radio-inter- 
ference interaction among industrial equip- 
ment, communication circuits, and ground- 
based receiving circuits is not at all to say 
that it will work in the airplane where the 
relationships of noise influence producing 
electric equipment, aircraft wiring, and re- 
ceiving equipment are entirely different. 
It is held that it is simpler to cut the chain 
of RIV coupling some place than to attempt 
to control the manifold RIV sources. This 
point is more fully developed in the preced- 
ing rebuttal to C. W. Frick’s material. 


Mr. Stebbins also fails to differentiate 
between radio noise which may or may not 


result from radio-noise influence of electric , 


apparatus. It is not correct to assume that 
the determination of RIV at one point or 
another establishes the fact that radio noise 
will result in connected receiving equip- 
ment. The statement that “radio noise 
should be kept at a sufficiently low level so 
that the signal can be received” is quite 
correct; but the statement that ‘‘the prob- 
lem is really one of keeping the power at 
radio frequency on the airplane in the order 
of microvolts” is definitely not in accord 
with the author’s findings based on many 
tests. 


REFERENCE 


1, References 13, 14, 15, and 16 of the paper. 
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The Automatic Welding- 
Machine Starter and Its 
Relation to Maximum 
Utilization of Power 
and Facilities 


Discussion and author's closure of paper 
43-139 by Noel E. Porter, presented at the 
AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
November section, pages 728-30. 


Abe Tilles (University of California, Berke- 
ley, Calif.): Mr. Porter effectively presents 
an important and timely subject. Anyone 
creating additional power-supply facilities 
in effect out of thin air is indeed the man of 
the hour. It would be of interest if he 
would compare initial expenditure for 
added facilities and for starters, not only in 
dollars but also in pounds of copper, steel, 
and rubber. 

As I am engaged in development work at 
Kaiser Company Richmond yard three 
(sister yard to the one with which Mr. 
Porter is associated) on control units of the 
general nature discussed in his paper, I 
have some comments and questions falling 
under the headings of cost, timing, and 
psychological factors. 


Cost 


The cost figures are good as representative 
figures. The facilities’ first cost per kilo- 
volt-ampere appears conservative, that is, 
low. Under present conditions high-con- 
tinuity distribution systems might well cost 
more, perhaps more than twice the figure 
cited. On the other hand, our power costs 
figure even lower than the figure cited. 
At the low rates that have been on file for 
many years by the efficient utility serving 
our yard, and at the high load factor which 
we are able to maintain (above 80 per cent), 
we are reduced to the paltry expedient of 


saving machine-idling power at a total © 


incremental cost of 5.63 mils ($0.00563) per 
kilowatt-hour. 
At current rates for labor, three minutes 


of an operator’s time cost more than power’ 


charges for three hours of a machine’s idle 
operation. If the operator could not make 
two round trips in three minutes, it would be 
tineconomical for him to shut off his ma- 
chine, quite aside from other possible objec- 
tions. If such a machine is to be stopped 
for less than a half shift of idleness, it must, 
therefore, be stopped automatically. For- 
tunately, very inexpensive control units can 
be assembled. 

It is to be expected that maintenance of 
motor main-line contactors will be increased 
by increased number of stops. It is also the 
consensus of opinion that decreasing idle 
generator operation will noticeably de- 
crease the commutator maintenance re- 
quired, and that this saving will outweigh 
other maintenance items. What is Mr. 
Porter’s experience in this regard? 

Although his general conclusions on power 
saving and number of machines simultane- 
ously in operation are clearly sound, it 
would be of interest if Mr. Porter could cite 
a direct comparison between his probability 
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of 


i 
calculations and observed data, prefer 
on a large number of machines. 


TIMING 


In discussing the timing, one might use the 
term “‘idle time’ to refer to substantial pe- 
riods of idleness, for example, periods of more 
than three minutes, and work time to periods 
when the machine is substantially in use. 
That is, work time is used here to includé’ 
both arc time and pauses, the brief nonare 
intervals normally alternating with arc 
time. Normally, arc times from one- 
fourth to two minutes in duration alternate 
with pauses from one-half to one minute in 
duration. During these pauses the welder 
moves to a new spot, raises his hood to 
inspect the weld, brush off slag, insert a new 
rod, and so forth. Distinct from these 
pauses included in the working time and 
taking up about half of it are the large 
intervals of machine idle time, when the 
operator takes off his hood and engages in, 
or waits for, other essential steps of the 
fabrication process, such as grinding down a 
surface; cutting work with a torch; lifting, 
measuring, and clamping additional work in 
place. 

Study of records shows that on some work 
the pause, as defined previously, reaches one 
minute. That is, practically all the numer- 
ous nonarcing intervals are less than one 
minute. Practically all nonarcing intervals 
greater than one minute are the initial 
portions of much longer idle times. On 
other types of work the pause may be less 
than one-half minute. Our observation is 
that the length of the pause varies between 
operators and for various kinds of work but 
usually ranges from one-half to one minute. 
Mr. Porter’s experience in this regard would 
be of interest to all. 

It seems clear that the average delay 
setting desired of an automatic control unit 
is an interval somewhat larger than the 
pauses encountered. This delay should be 
preferably not too much larger than the 
pause interval, but in this regard the adjust- 
ment is not critical. 

It has been our observation that an aver- 
age delay setting of two to three minutes is 
entirely satisfactory. Some possibility of 
adjustment within this interval, and also 
beyond, is obviously desirable in a secondary 
way, as for the psychological satisfaction of 
operating departments involved. Precision 
in setting thisdelay interval, while it may be 
a source of some satisfaction, is in no way 
essential to materializing the benefits to be 
obtained from the control unit. Mr. 
Porter’s conclusions in this regard would be 
of interest. 

We found that satisfactory delay settings 
gave on the order of 15 stops per shift, and 
the machine disconnected 60 per cent of the 
total time. If Mr. Porter could give 
similar data on number of stops and per cent 
of time saved as a function of delay setting: 
that would be of great interest. 

What does Mr. Porter estimate as an 
over-all delivery time for control units in 
quantity, if one starts from “scratch,” 
ordering - component relays, and so forth? 


PEYCHONOGIGAL Facrors 


A sensibly instantaneous’ start at all 


times is, as Mr. Porter points out, a psycho- 
logical prerequisite. 
countered any classes of work on which 
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Has Mr. Porter en-. 
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reasonable objections have arisen to the 
presence of a good control unit? 

In introducing units in quantity, what 
type of instructional program was used to 
avoid such difficulties as having operators 
“borrow’’ machines “because they weren’t 
Tunning anyway?” 

Knowledge that a foreman on the upper 
deck, can tell whether he is working or not 
by looking at his machine should tend to 
exert a slight steady pressure on the operator 
to keep busy. This alone might prove a 
most valuable item. 

It is, of course, possible to go a step further 
in this direction and include an arc-time 
totalizing equipment within the control 
unit. Conceivably, this might apply such 
pressures as to arouse strong uncontrolled 
resentments, competition among operators 
for easy continuous work, and soforth. Its 
suitability in a yard where the total basis of 
operation is hour work and not piecework 
seems open to question. 

As Mr. Porter has had experience with 
both of the previously mentioned degrees 
of incentive, his comments on this point 
will be of interest. 


R. R. Dysart (United States Maritime Com- 
mission, Oakland, Calif.): As electrical 
engineer for the United States Maritime 
Commission on the West coast, part of my 
duty has been to study and analyze the 
benefits derived from the use of automatic 
welding controls. You and I have often 
heard the expression, ‘““Oh, what do we care 
about expenses. The Government pays for 
it anyway.” Of course that is neither 
patriotism nor horse-sense economy, but 
hundreds of people are saying it every day. 
But don’t forget, each sum of money wasted, 
whether large or small, comes out of our 
own pockets. 

Thanks to engineers and the electrical 
industry for the low-cost power available 
for public use. In some types of ships that 
are being built on a production basis, the 
cost of electric power is less than one per 
cent of the total cost of labor, but, neverthe- 
less, if the one per cent represents several 
thousand dollars, it is to our mutual benefit 
to give due consideration to economies where 
possible. In no case should speed of ship- 
building be sacrificed for economies which 
would be overshadowed greatly by pro- 
longation of the war even by a single day or 
hour. 

Actual performance-test data obtained 
from a group of controls operating in con- 
nection with an area in the shipyard where 
detailed observations have been made pre- 
sents the following benefits: 


1. Conservation of critical materials, represented 
by areduction in 

Kilowatt demand. 

Kilowatt-hours used. 

Generating capacity and transmission facilities. 
Maintenance. 

Power-factor improvement. 

_It may be seen readily that each of the preceding 
represents real savings in dollars. The savings, as 
pointed out by Mr. Porter in his paper, have 
actually been realized; therefore, the investment 
in the control device contributes a saving not only 
in present-day critical materials but in dollars as 
well. 


2. Conservation of critical man power. 


The arc-time totalizer, which contributes 
to increasing production efficiency, cannot 
be evaluated in as simple terms as the auto- 
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matic start and stop feature of the coutrol 
device. However, tests are beginning to 
show and the welder’s personal response is 
beginning to indicate that production 
efficiencies are increasing materially. The 
entire welding department is beginning to 
realize how easy it is to increase its output 
and to retain that improvement. A rela- 
tively small increase in footage welded per 
man per day represents savings in dollars 
and critical man-hours far greater in magni- 
tude than the direct savings outlined in the 
foregoing text. Therefore, it is considered 
that both the automatic-control feature and 
the arc-time totalizer are very important 
contributions to the industries using welding 
in our all-out war program. 


Noel E. Porter: The author thanks Doctor 
Tilles and Mr. Dysart for their constructive 
and interesting discussions on the paper. 

It is believed that Doctor Tilles’s analysis 
of are time and normal working pauses is 
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Figure 1. Number of starts versus time-delay 
setting during eight-hour period 


Figure 2 
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correct, particularly for horizontal welding. 
For vertical and overhead work, however, 
the normal working pauses may often be 
more than one minute in duration. A 
further substantiation of Doctor Tilles’s 
analysis was shown in test conducted for 
average welding conditions with various 
time-delay settings. At three-minute de- 
lay, the number of starts was found to be 17 
per eight-hour shift. With a delay of one- 
half minute the number of starts increased 
to an average of 80. The curve of starts 
versus time-delay setting bends noticeably 
at the 1!/,-minute-delay setting point, so 
that the number of starts increases rapidly 
with settings below this value. Only a 
slight variation was noted in the number of 
starts as the average are time was varied 
from 20 to 30 per cent. See Figure 1 of this 
discussion, 

Matters of impulse records, timing, wear 
and tear on contacts, and other specific 
properties of the components of various 
types of starters have been studied and are 
undergoing considerable investigation at 
this time. However, the very rapid in- 
crease in number of starts with reduced 
time-delay setting would lead one to believe 
that accuracy in delay setting is a pre- 
requisite of a satisfactory unit. Pre- 
liminary results from an accelerated life test 
on two types of starter units reveal that 
wear and tear on the welding-machine line 
starter will exceed by far wear on the con- 
tacts of the automatic-starter relay con- 
tacts. Whether or not the reduced wear on 
the commutator due to lower total operating 
time will offset entirely the increased main- 
tenance cost on contactors is yet to be 
determined fully. It is somewhat probable 
that the two factors will balance on a 
maintenance-cost basis. 

H. S. Doolittle, in a recent report to the 
management of the Permanente Metals 
Corporation and to the United States Mari- 
time Commission, gives the test results on 
185 welders equipped with automatic 
starters. With an average arc time of 35 
per cent, welding power was reduced 22 per 
cent. These results check favorably with 
the method of calculation outlined in the 
paper. In general, for arc times up to 30 
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per cent, machines with starters will run 
for a total period equal to twice the arc 
time. Thus, for 25 per cent are time the 
machines are disconnected for 50 per cent of 
total time. Above 30 per cent arc time, 
starters save half or slightly more than half 
the normal no-load running time. 

Mr. Dysart’s comments on the impor- 
tance of arc time to increased production are 
being substantiated rapidly in our experi- 
ence. Incentive systems based on arc time 
have been used successfully for many years. 
In our plate shop an arc-time board in 
plain view gives the average arc-hours per 
man for the previous day for each shift, as 
shown in Figure 2 of this discussion. _Com- 
petition is between shifts and is based-on the 
total number of welders for each shift and 
corrected to an equivalent eight-hour basis 
for all shifts. After this control system was 
instituted, in one month’s time average 
production per man increased nearly 20 per 
cent. Similar control boards are being in- 
stalled now in other welding production 
areas. 

The possible detrimental psychological 
effects resulting from the use of arc time as a 
basis for welding checking and production 
control are contingent entirely upon the 
manner in which it is presented and upon 
labor relations and local conditions. It is 
believed that are-time control, when prop- 
erly applied, will increase inevitably weld- 
ing production per man, because, in general, 
it gives the fairest index to actual welding 
work performed. 


Effect of Frequency on 
Let-Go Currents 
(43-134) 


Effect of Wave Form on 
Let-Go Currents 
(43-135) 


Discussion and author's closure of paper 
43-134 by Charles F. Dalziel, Eric Ogden, 
and Curtis E. Abbott, and paper 43-135 by 
Charles F. Dalziel, pieienicd at the AIEE 
national technical meeting, Salt Lake City, 
Utah, September 2-4, 1943, and published 
in AIEE TRANSACTIONS, 1943, December 
section, pages 745-50 and 739-44, 


J. J. Smith (General Electric Company, 
Schenectady, N. Y.): Dalziel, Ogden, and 
Abbott have given us interesting data on 
the measurements of the magnitude of let-go 
currents on a large number of subjects. 
Their results indicate that the value let-go 
current is about nine milliamperes for men 
and six milliamperes for women. These 
values are based on 60 cycles voltage and 
cover 99.5 per cent of the cases tested. 

In their conclusions, the authors make the 
following statement based upon the forego- 
ing results: 


“The reasonably safe 60-cycle current for most 
normal healthy adult men is about nine milliam- 
peres; the reasonably safe 60-cycle current for 
most normal healthy adult women is about six 
milliamperes.”’ 
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In a paper, ‘“‘The Effect of Electric Shock 
on the Heart”’ by Ferris, King, Spence, and 
Williams,! the following statement is given 
in conclusion 3: 


“A current just below the threshold for ventricular 
fibrillation is the maximum to which man safely 
may be subjected. Based upon numerous tests on 
animals of several species comparable in size with 
man, this maximum current is about 0.1 ampere, for 
a duration of one second or more and a pathway 
between an arm and a leg.” 


Obviously, the safe current referred to in 
the Ferris paper is not the same type of safe 
current referred to in the present paper. It 
seems, therefore, more appropriate to refer 
to them as limiting values of current. It 
may be noted also that in the present paper 
some of the human subjects were shocked 
up to 25 milliamperes, and when the cur- 
rent was removed they suffered no ill effects. 
This would indicate that there is another 
limiting value of current which is of interest 
and which is considerably higher than the 
values in the conclusion of the paper, 
namely, that which may be applied before 
the effect on the human system is such that 
artificial resuscitation is necessary. Ferris 
and his colleagues suggest that this value 
is below the threshold for ventricular fibril- 
lation but give no data on this point. 

The fourth type of limiting current might 
be regarded as the threshold of feeling in 
connection with electric shock. This is of 
importance in connection with the design of 
electrical apparatus for the home. As an 
illustration, I recollect a case where a woman 
received a shock by having one hand on an 
electric mixer, which she was using, and the 
other hand on the door of the refrigerator. 
Being alone at the time, she decided, wisely, 
that the kitchen was alive and would not 
enter it again until an electrician had looked 
over the situation. Investigation showed 
that the maximum current that she could 
have received was about one milliampere, 
and this was due to a capacitor which had 
been placed on the device to reduce radio 
interference. The installation of a smaller 
capacitance for this purpose eliminated the 
sensation of shock. This example, however, 
indicates clearly that a limiting value of 
current for such household appliances 
should be based upon the threshold of feel- 
ing rather than let-go currents or any other 
type of current. A joint committee of the 
Edison Electric Institute, National Elec- 
trical Manufacturers’ Association and Radio 
Manufacturers’ Association? has studied 
this question and recommends, so as to 
avoid the possibility of a shock which may 
be felt, a limiting value of 0.3 milliampere 
for the maximum current which may flow 
through such a capacitor to the frame in de- 
vices which normally are used ungrounded. 

Thus, we have at least four types of cur- 
rents which we are interested in having defi- 
nite data on: 


1. The threshold of feeling: 


This is of interest in connection with the design of 
electrical apparatus for general use. The value of 
this has been given by EEI, NEMA, or RMA as 
not to exceed 0.3 milliampere. 


2. The let-go currents discussed in this paper: 


These are of prime importance when we are inter- 
ested in situations, such as electric fences, where it is~ 
desired to shock the subject but not to such an ex- 
tent that there is danger to him if he should be 
alone and become unable to disconnect himself 
from contact with the circuit. 


3. The maximum current which the subject may 
be able to stand without becoming unconscious and 
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_ physiologists on the stimulating effect of 


thus necessitating recourse to artificial respiration: 
This value is of importance in connection with the 
work of electricians and engineers who, in their work, 
are subjected necessarily to greater possibility of 
contact with electric circuits and, with this knowl- 
edge, may be expected to work under conditions 
which will safeguard them as far as possible, I 
have been unable to locate any definite information 
on this value in the literature, but Ferris and his 
colleagues suggest it lies below the threshold value 
for ventricular fibrillation. It would be interesting 
to have some definite data on this subject, and I 
hope some of the workers in this field can fill this 
need, 


4. Finally, the value which produces ventricular 
fibrillation: 


This, of course, is of great interest, since the experi- 
ments indicate that artificial respiration will not 
help in the case of the subject who has reached this 
stage, and that, if recovery is to be achieved in such 
cases some additional measures, such as counter- 
shock, must be applied. Ferris and others give 100 
milliamperes as the value for this current. 


It should be noted that the foregoing 
values I have given are those which apply 
to a normal adult. If the correlation which 
has been indicated in certain papers be- 
tween the size of the subject and the amount 
of current is valid for all types of shock, 
these values would have to be reduced for 
the case of children. In fact, there is on 
record a case® studied by the Oregon Agri- 
cultural College, where a current of not 
more than nine milliamperes electrocuted a 
four-year-old boy. 

The subject of the effects of electric 
shock is quite important, and I believe it — 
will profit us materially in our studies if we _ 
subdivide it into the four divisions that I~ 
have outlined previously, each of which is 
important in its own connection. Those 
who have a problem in this respect then will — 
have authoritative information available, 
and it could be used to good advantage in 
dealing with any other phases of this sub- 
ject. 
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H. B. Williams (Columbia University, New 
York, N. Y.): The conclusions on the effect _ 
of frequency are in line with the findings of 


electric current at various frequencies Re 
isolated living tissue, such as nerve. 

In view of the fact that sudden death — 
from contact with low-voltage circuits i 
most often caused by ventricular fibrillation, — 
and that the currents which have been — 
found by animal experimentation to be — 
necessary to produce this condition when 
passed from a foreleg to a hind leg on ani- ~ 
mals with chest dimensions similar to those - 
of man are considerably larger than the let- 
go currents for the same frequencies, the — 
conclusion reached by the authors that the “ 
let-go current should be regarded as the 
maximum to which human beings may be. 
exposed safely seems to be a sensible one 
There seems to be no question but that cer: 
tain individuals may be killed by currents 
insufficient to stop the movements of 
respiration. Currents at the let-go level — 
are painful and hard to endure even for 
short time. If they are continued long 


i 
: 


which throws strain on the heart. In per- 
sons with a damaged heart this may result 
in inability of that organ to maintain the 
circulation, and death may then occur. 

The effects at frequencies above the usual 
commercial power frequencies are of par- 
ticular interest in connection with the in- 
creasing use of electronic devices in which 
current of higher frequencies is often pro- 
duced, often at comparatively high voltage 
and with the possibility of delivering rela- 
tively large currents. Although the finished 
equipment is usually well protected, there 
may be danger to personnel engaged in 
development work who have to work with 
energized equipment without protective 
structures. 

At the higher frequencies large currents 
may pass without causing stimulation of 
muscle or nerve, and these may cause deep 
heating effects. Since the heat-sensitive 
mechanism is located in the skin, there is 
the possibility of damage to internal organs 
by high-frequency currents, even though no 
very unpleasant sensation may be apparent. 
The currents necessary to produce this ef- 
fect probably would be of the order of an 
ampere or more. 

Not only the general public, but also elec- 
trical workmen should be cautioned against 
careless contact with any power line. The 
impedance between points of the human 
body beneath the skin is of the order of 
300 to 400 ohms for 60-cycle alternating 
current. Hence, it is evident that the only 
thing which protects against severe and 
dangerous electric shock on contact with a 
120-volt power line is the high resistance of 
the dry uninjured skin. 

Knowledge that thorough wetting of the 
skin lowers its impedance and produces a 
hazard is becoming general, but it should 
be emphasized that cuts, scratches, or 
abrasions of the skin, or broken blisters, 
may have an even greater effect in lowering 
resistance than mere wetting. Electrical 
workers should protect carefully such minor 
injuries. 

Much can be done for the protection of 
the general public by correct design and 
construction of equipment, but those whose 
duty it is to install and maintain such 
equipment must be aware not only of the 
well-known danger of contact with circuits 
of high voltage, but also of the exceptional 
but still not uncommon, conditions which 
make contact with any power circuit 
hazardous. 

With reference to ‘‘Effect of Wave Form 
on Let-Go Currents,” where alternating cur- 
rent of frequency 100 cycles or less is super- 
imposed on direct current, it undoubtedly 
is true that the stimulating effect depends. 
on the crest value. In attempting to predict 
the effect of current pulses of very short 
duration we must take account of the fact 
known to physiologists that as the duration 
of a current diminishes its strength must be 
increased in order to produce stimulation, 
and as the duration becomes very small this 
increase must be very great, finally becom- 
ing so great that destruction of living sub- 
stance occurs before it can respond. Sinu- 
soidal currents of frequency half a megacycle 


' and upward are used for heating living tissue 


without stimulation. This might lead one 


to stispect that single-current pulses lasting - 
‘but a few microseconds might be harmless, 


and even their repetition might not stimu- 
late. This is not true when the peak voltage 


1943, VoLUME 62 


and peak energy of such pulses are high and 
when they are repeated about 200 times 
per second. In view of the extensive use of 
electronic equipment generating such pulses, 
it is important that personnel be protected 
from contact. It is especially important to 
guard engineering personnel engaged in de- 
velopment of such equipment, since they 
have to work on exposed circuits. The 
dangerous character of such pulses has 
been determined by animal experiment. 
When the war is over,it would seem highly 
desirable to investigate the effect of alter- 
nating and pulsating currents which depart 
very greatly from the sinusoidal form and, 
particularly, of pulses of approximately 
square-topped form of short duration, but of 
high peak voltage and energy. 

It would be desirable also to investigate 
the effect of condenser discharges with 
various time constants. Underground power 
cables operated at 10,000 volts are capable 
of delivering a powerful shock, and even 
after momentary grounding a considerable 
afterdischarge may be delivered. 


H. W. Bousman (General Electric Com- 
pany, Schenectady, N. Y.): We all are 
indebted greatly to the authors for their per- 
sistence in measuring let-go current on 
enough subjects to get information which 
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LET-GO CURRENT 
RMS MILLIAMPERES AT 60 CYCLES 


Figure 1.| Per cent of adults with 60-cycle 
rms let-go current less than value shown 


Redrawn from Figure 1 of “Effect of Fre- 
quency on Let-Go Currents”’ 


can be treated by statistical procedures. 
These data will be used undoubtedly as a 
basis for design where electric-shock hazard 
must be controlled. There are two points 
arising in the interpretation of these test re- 
sults which I should like to discuss: 


1. The authors have based their conclusions on a 
value to protect 99.5 percent. This leaves one half 
of one per cent unprotected. It may not be feasible 
to protect every person, but it seemed desirable to 
see how the current might vary ifa different value 
for the percentage protected were taken. By ex- 
tending Figure 1 of the paper to 99.99 per cent, we 
find that for this value of protection the current for 
men at 60 cycles should be approximately six milli- 
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‘field for several years. 


amperes which is appreciably below the value of 
nine milliamperes given by the authors. 


2. In Figure 1 of the paper the results on the sub- 
jects who withstood least current and most current, 
respectively, depart most from the best straight 
line. This suggests that some function other than 
linear correspondence should be used to describe the 
physiological response to stimulus by electric cur- 
rent. When the precedent is used that responses to 
stimuli of other sorts, such as light and sound, show 
approximate proportionality to the logarithm of the 
stimulus, it seemed worth while to replot in terms 
of the logarithm of the current. Figure 1 of this 
discussion is so plotted and shows the points, in- - 
cluding the extremes, to lie very nearly on a straight 
line, thereby empiricially justifying the assumption 
of logarithmic response. By so replotting in Figure 
1, we find the let-go current which will protect 
99.5 per cent is ten milliamperes and that which will 
protect 99.99 per cent is eight rms milliamperes. 
The corresponding limits for women are seven and 
five milliamperes. This discussion refers to adults 
only. It is probable that children would experience 
a considerably lower limit of let-go current, 


J. E. Wise (nonmember; the State of Wis- 
consin fndustrial Commission, Madison, 
Wis.): The information presented by Dal- 


ziel, Ogden, and Abbott is very interesting, 


especially in view of the regulations with re- 
gard to electric fences which have been adop- 
ted by the Industrial Commission of Wis- 
consin, Our earlier study of the problem 
was limited almost entirely to fence con- 
trollers delivering an alternating or a pulsat- 
ing current. A study of the literature with 
regard to hazards of electric current and 
consideration of the available units resulted 
in the rules which, with an interrupted a-c 
controller, limit the current to 25 milliamp- 
eres with a shock interval of not to exceed 
0.1 second and an “‘off”’ period of at least 
0.9 second. For a battery-operated unit of 
the inductive-discharge type, the maximum 
peak current of 500 milliamperes and a total 
current-time product of three milliampere 
seconds have been specified. For the ca- 
pacitor-discharge unit we have the same 
general requirements and have indicated 
that the current between shocks shall not 
exceed five milliamperes. Complaints have 
been made that this current is so small as to 
make it impossible to maintain a charge on 
the capacitor in cases where there may be 
a leakage due to either vegetation or moisture 
on insulators. 

It seems, from the material presented in 
this paper, that it may be possible to increase 
the allowable current between shocks with- 
out the danger of a person or animal being 
‘“‘frozen’’ to the fence, and by proper regula- 
tion of the charging current the discomfort 
may be reduced. 

A further study of the paper undoubtedly 
will be of great interest and will aid in pre- 
paring workable regulations. 


J. A. Dickinson (nonmember) and F, B. Sils- 
bee (National Bureau of Standards, Wash- 
ington, D. C.): The pair of papers by Pro- 
fessor Dalziel and his colleagues on the effect 
of the frequency and of the wave form of an 
electric current on the shock felt by a human 
victim forms a valuable rounding out of the 
work which he has been carrying on in this 
It is to be hoped 
that, when peace permits the resumption of 
such researches, these studies on continuous 
currents will be supplemented by similar - 
work on electric transients of short dura- 
tion. There is at present a serious dearth 
of information on the tolerance limits and 
physiological effects of such transients. 
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With modern techniques using the cathode- 
ray oscillograph, it should be possible to 
measure such effects and to correlate them 
with various times in the heart cycle. 

A rigorous mathematician might question 
the validity of concluding as a general 
theorem that “‘let-go currents were con- 
trolled by the peak of the current wave’’ on 
the basis of only four types of wave. 


1. Sinusoidal. 

2. ‘Triangular, 

3. Peak produced by third harmonic only. 
4 


Dimple produced by third harmonic only. 


For instance, would a sharp peak of a few 
microseconds’ duration superposed at the 
crest or at the zero of the main wave be 
felt? However, such freak waves seldom 
would be encountered. 

The deductions made regarding safe or 
“reasonably safe’’ currents for children 
would appear to be based on very limited 
data. Admittedly, it is hard to get children, 
particularly small children, to serve as 
human guinea pigs. If we are to assume 
that a healthy child can stand the same 
current density through an arm or leg as 
can an adult and assume geometrical simi- 
larity, the comparison of a child weighing 
«30 pounds with an adult weighing 150 
pounds would predict a factor of almost 1 to 
3 between their let-go currents. Further, a 
child’s skin is thin and generally more moist 
than that of an adult and would, therefore, 
have a lower-contact resistance. It would 
seem to us that a factor of 3 or 4 would be 
more in order than the factor of 2, which 
the authors have suggested between the safe 
currents for children and for adults. 

Small children are inherently curious and 
often mischievous. The most dangerous 
age as far as traffic accidents are concerned 
has been found to be the four-to-five-year- 
old group. Such children are active, 
prone to run about and climb, but have yet 
to learn caution. Electric circuits (rural 
supply wires as well as electric fences) must 
be kept safe from children as young as this. 
Further, in the case of electric fences, the 
worst possible exposure must be antici- 
pated. The death of a small girl in the 
West who was killed through contact with 
an electric fence while her feet were in an 
irrigation ditch, and the similar fatality of 
a small boy in Pennsylvania who lifted a 
charged fence wire while crossing a brook, 
indicate the type of exposure which must 
be considered in designing electric-fence 
controllers. It would not seem desirable 
from the data available to set the “‘safe”’ 
value for children as high as 50 per cent of 
that for adults. 

The reader of these papers should be 
careful to avoid the pitfall of considering 
that the stimulus in the case of superposed 
alternating current and direct current is 
dependent solely on the crest values shown 
at A in Figure 1 of paper 43-135. Points on 
the upper curve of Figure 2 (43-135) do 
not correspond to a constant value of this 
crest, but to a value which is less, as the 
a-c component forms a greater part of the 
total. : 

An interesting point brought out by the 
deviation curves of* paper 43-134 is that 
the “founding fathers of our nation’? were 
somewhat wrong in their postulate that ‘‘all 
men are created equal,” since some men 
can let-go twice as much current-as others. 
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However, in the d-c trials of Figure 12 of 
this paper, where the criterion is mental 
rather than physical, all men do show up 
more nearly alike. 


Charles F. Dalziel: The many helpful sug- 
gestions and interest given this research are 
appreciated greatly. Suggestions of new 
topics worthy of consideration will be given 
attention when conditions brought about by 
the war permit resumption of the investiga- 
tion. Because of time limitations, the 
author is unable to comment in detail on the 
controversial and interesting points raised 
by discussers. For discussion of thresholds 
of feeling by the writer, refer to reference 1. 
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A New Simple Calculator of 
Load Flow in A-C 
Networks 


Discussion and author's closure of paper 
43-152 by Waldo E. Enns, presented at the 
AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 
December section, pages 786-90. 


W. Ridgway (General Electric Company, 
Schenectady, N. Y.): The calculator de- 
scribed in this paper is designed to give 
direct readings of real and reactive power 
flow in the resistance network representation 
of an a-c network. The method of a-c net- 
work analysis by resistance networks has 
been described previously in papers by W. C. 
Hahn! and Waldo E. Enns.* The methods 
outlined in these papers differ in the values 
set up in the resistance networks, but both 
depend on the basic concept of resolving the 
a-c network into two resistance networks to 
which inphase and out-of-phase currents 
are applied to obtain voltage drops and real 
and reactive power flow. Direct readings 
of real and reactive power avoid the lengthy 
calculation necessary to obtain these quanti- 
ties when this method of analysis is applied 
on a d-c board. 

In order to obtain real and reactive power 
it is necessary to solve the following equa- 
tions: 


Real power =3E,( V,>/M+ V,/N)+ 
3E ql Vo/ M —Vp/N) 
Reactive power =3E,( V,/M—V,/N) — 
8E((Vp/M+ V,/N) 


In the calculator these equations are solved 
by using a special wattmeter to perform the 
indicated operations. This requires a com- 
plicated connection and switching arrange- 
ment which must be set up for every prob- 
lem. 

The analysis of an a-c network by this 
calculator depends on the assumption of the 
correct values for E, and Fy at all generator 
and load busses. There is only one correct 
value of E, and E, everywhere to give the 
correct solution for assumed values of loads 
and generation. The initial adjustment of 
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; P ve 
ae 
the network for a previously unexplored 
problem would be very difficult, since all 
values of E,'and E, are interdependent and 
may not converge rapidly. 

No provision is made for direct measure- 
ment of current flow in the calculator. 
Under this condition short-circuit studies 
cannot be made. 

There is no doubt that the resistance net- 
work method of a-c network analysis has 
merit for problems of limited scope. How- 
ever, the calculator described, with its 
complicated connection and switching ar- 
rangement and the difficulty in obtaining 
correct values of E, and E,, would appear 
to offer little advantage over the previously 
discussed resistance network analysis of a-c 
networks using the d-c board, particularly 
since short-circuit studies are possible on the 
d-c board and cannot be made on this 
calculator. 


4), 
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F. C. Poage (Ebasco Services, Inc., New | 
York, N. Y.): In discussing this paper by 
Mr. Enns, because of its approach to the 
subject of power-system network analysis 
via the consideration of voltage drops, I 
wish to call attention to a much-neglected 
feature of all network analysis, namely, 
checking the results. Further, I wish to 
present a simple method of check and ad- 
justment which can be applied to the results 
of any power-system flow analysis. This 
method can be applied regardless of how the 
analysis was made, whether by a complete 
a-c calculating-board study, wherein all 
parts of the system are set up and loaded 
simultaneously on one of the few large 
analyzers available in this country, by 
piece-by-piece board studies such as these 
described by Mr. Enns in this and his previ- 
ous paper, by detailed computation, or by 
outright guess. 

The check consists of determining how 
nearly the algebraic sums of the inphase 
and quadrature voltage drops measured in 
one direction around each loop of the net- — 
work add up to zero. The adjustment con- 
sists of determining the separate inphase 
and quadrature amperes or volt-amperes 
which must be circulated in the respective 
loops to balance the loop voltage-drop com- 
ponents to zero. The inphase and quad- — 
rature circulating amperes or volt-amperes 
thus found are added algebraically to the — 
loads in each part of the loop to determine 
the correct loads in the various sections of 
the loop. + : 

As an example, assume the simplest 7 
cases, two parallel lines 1 and 2 connecting 
busses A and B and operating at 40 ky to 
neutral, or approximately 66 ky. Copper 
sizes, conductor spacings, and_ route mile- 
ages are such that line 1 has 8 ohms resist- 
ance, 6 ohms reactance, and 10 ohms im- — 
pedance. Line 2 on a shorter route and — 


sistance, 4 ohms reactance, and 5 ohms — 
impedance. The load is 5,400 kw and 
3,600 kiloyars from A to B. wane 
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Table | Table IV 
Inphase Drop Quadrature Drop Power Reactive 
Line (Kilowatts) (Kilovars) 
Tp1Ri=15X8 120 jIp:Xi=15X6 = 90 1 Pen: eget ee BOL est ran trate 840 
Tp2R2= —30X3= —90 jlp2X2= —30X4=—120 Peake oats aaa BI ae Aa 2,760 
Iai.Xi1=10X6 =-—60 —jIlqaRi= —10X8= —80 
To2 X2=—20X4=—80 —jlq:R2=20X3 = 60 Totals Acton. seer cp 10 400l gins. < gat 3,600 
Errors (volts) 10 —50 
checkup becomes more complicated, because 
Table Il the various loops must be considered one 
3 after another, and the readjustments may 
have to be repeated. The process may be 
Inphase Drop Quadrature Drop likened to that of determining the value of a 
mathematical series in which successive 
TpiRi=15X8 = 120 gl Pi xx =15X6 = 90 terms give smaller and smaller increments, 
ae = Sera = len pl <o5 Br ao re and the practical value of the series is deter- 
Qi Ai = = —jlqaRi=— = = 3 
foikay==20X4 = BH Ereskee20xS 60 mined by the first two or three terms. 
In cases where neither component of the 
Errors (volts) 10 —50 voltage drop across the loop exceeds a small 
value, say, five per cent of line voltage, it is 
= = A XL=3X10= 30 4 i 4 
peat es oak casieabd al eae practical to use values of kilowatts and kilo- 
43 —20 vars instead of inphase and quadrature 
ArIgXL=-—3X10= —30 — MIQ@RL=3X11= 33 amperes. 
3 13 13 
AsIpRL=—1.2X11= 13.2 AiIpXL=—1.2X10= —12 Glenn W. Bills (Bonneville Power Adminis- 
Final errors (volts) —0.2 negligible 1 negligible tration, Portland, Oreg.) : Mr. Enns = to be 
AlIp=1.8 amperes congratulated for his ingenuity in designing 
AIg=—3.0 amperes a calculator which is not only easy to use 
but has the merit of being fairly accurate. 
Although only the actual solution of net- 
Table II! work problems with the aid of this calculator 


— = 


Inphase Drop 


Quadrature Drop 


IpiRi=16.8X8 = 134.4 
Ip:R2:= —28.2X3 = —84.6 
Tai X1=7.0X6 = 42-0 


192 X2= —23.0X4 = —92.0 


Final errors (volts) —0.2 


jIpiXi= 16.8X6= 100.8 

jlp2 X2= —28.2X4= —112.8 

—jIq@Ri=— 7.0X8= —56.0 
—jIQ@2R2= 23.0X3= 69.0 
1.0 


The first and simplest assumption is that 
both components of the load divide between 
the two lines in the ratio of 2 to 1, that is, as 
the reciprocals of the impedances. Under 
this assumption the currents are as follows: 


Line 1 =7p,=15 amperes 
Line 2=/ p, =30 amperes 
Line 1=J9,=10 am- 
peres 
Line 2=Ig,=20 am- 
peres 


Inphase current 
Quadrature current 


The voltage drops around the loop can be 
written as shown in Table I. 

It is obvious that if a current of proper 
magnitude and phase is circulated around 
the loop and is superimposed upon the 
assumed currents from A to B, the errors 
found in the voltage-drop check may be 
cancelled, and correct current values deter- 
mined for each line. 

Since, in this example, the greater error is 
in the quadrature drop, and the greater part 
of this drop is in the JpX group, the first 
_ step is to divide the volts, +50 necessary to 
reduce the error in this column to zero, by 
the loop reactance 6 + 4 = 10 ohms, which 
gives a correction current of Alp = 5 
amperes to be applied. This can be multi- 
plied by the loop resistance R, = Ri+R2=11 
ohms, which gives a correction of +55 
volts to be added to the error of the inphase 
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drop and +50 volts to be added to the 
quadrature-drop error. 

By this correction we have wiped out the 
error in the quadrature drop, but we have 
increased the error of the inphase drop to 
volts. Inspection of this result indicates 
that we obviously have overshot our in- 
phase current correction, and, also, that we 
must make a similar correction of opposite 
sign in the quadrature current. 

If we designate the loop resistance as Ry, 
the loop reactance as X,, and the successive 
corrections by Ai, Ae, and so forth, and add 
them to those in Table I, the work sheet for 
determining these corrections looks about as 
shown in Table II. 

The corrected values for the inphase and 
quadrature currents in each line are thus 


In line 1 Jp =16.8 amperes, [g =7.0 amperes 
In line 2 [p=28.2 amperes, Ig=23.0 am- 
peres 


When these corrected values are used, the 
original list of voltage drops can be repeated 
as indicated in Table III. 

If the original assumption of division of 
power and reactive between the two lines is 
corrected, the corrected division is as indi- 
cated in Table IV. 

In more intricate cases, such as that shown 
by Mr. Enns in his Figure 1 in which one 
circuit is part of two or more loops, the 
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can verify it, I believe Mr. Enns’ analyzer 
will save much time in determining voltages 
and load flow in a system, as compared with 
the usual analytical method involving a 
cut-and-try process. From experience on 
an a-c network analyzer I know that board 
operators can become very proficient in 
estimating terminal conditions on a-c net- 
works, and the same thing should apply to 
this simple calculator. A very nice feature 
of the calculator is that, once the complete 
connection diagram is set up, only switches 
must be manipulated to obtain readings, 
even though only a few resistors are neces- 
sary. 


Waldo E. Enns: The author expresses his 
appreciation to W. Ridgway, F. C. Poage, 
and Glenn W. Bills for their fine discussions. 
Mr. Ridgway refers to the paper by W. C. 
Hahn which also outlines a method by 
which load-flow problems may be solved 
with resistance networks using the usual 
form of d-c board. However, it should be 
noted that the method employed by Mr. 
Hahn was very different in concept from 
that employed by this new calculator. 

Reference is made by Mr. Ridgway to the 
complicated connections and switching ar- 
rangement required for this new calculator. 
This may appear to be the case when one 
looks at the complete diagram; however, it 
should be noted that the plugging or con- 
nection diagram for this type of calculator 
is simple, so that the actual setup of a net- 
work would be an easy matter for the 
operator. As may be noted in the paper, 
the speed with which an operator can con- 
verge to the correct values of Zp and E, to 
obtain the desired loading condition on a 
network under study cannot be known until 
the calculator is built and the best tech- 
nique developed. 

The discussion by Mr. Poage is of interest 
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and demonstrates a technique of com- 
puting load flow in loop circuits which may 
be used to good advantage when a network 
is not too complex. 

The discussion by Mr. Bills indicates that 
he believes that this simple calculator may 
prove capable of saving much time as com- 
pared with the usual analytical methods, 
and the writer believes that he is correct in 
this conclusion. ‘ 


Lightning Surges Transferred 
From One Circuit to 
Another Through’ 


Transformers 


Discussion and author's closure of paper 
43-133 by P. L. Bellaschi, presented at the 
AIEE national technical meeting, Salt Lake 
City, Utah, September 2-4, 1943, and pub- 
lished in AIEE TRANSACTIONS, 1943, 


December section, pages 731-8. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The principal 
value of the paper is that once more the 
electrical profession is made aware of the 
fact that transformers are not a barrier to 
lightning surges passing from the high- 
voltage lines to the low-voltage circuits. 
The principal simplification of equations 
given in the paper appears to be in the omis- 
sion of the surge impedance of the primary 
lines. As shown in Figure 5 of reference 1 
of the paper, this is permissible provided the 
transformer ratio is of the order of 4:1 or 
higher. For lower ratios the calculation 
will give values which are too high. Ina 
previous paper! I have given three simple 
equations with two charts which allow for 
computing transferred maximum voltages 
as well as rate of voltage rise on the second- 
ary side for different fronts and tails of the 
applied wave. I wish to make a correction 
at this time. Equation 3a of that paper 


should read 

(Br Zi/1°Zs 
a? ee 3 Z/r?+Z, 
ww? TZ. 


In my paper it is clearly pointed out that, 
so far as the electromagnetic component is 
concerned, only the normally known values 
of per cent reactance, frequency, kilovolts, 
and kilovolt-amperes are required, besides 
an approximate knowledge of the primary 
and secondary surge impedances. 

I believe it is also worth while to call 
attention to the work of L. V. Bewley? with 
respect to this topic. While his paper is of a 
much more theoretical nature, it is well to 
include it in a bibliography for those who 
wish to study the subject more intimately. 

It would seem that Mr. Bellaschi con- 
siders a rotating machine winding as an in- 
ductance, so far as the transfer phenomena 
are concerned. It seems that most investi- 
gators of transient behavior of generator 
windings are agreed that these windings act 
primarily as a surge impedance.’ Since 
surge travel is relatively slow in machine 
windings (about 100 feet per microsecond), 
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the surge-impedance character should per- 
sist in most machines during the length of 
time represented by a lightning wave. 

The calculated and experimental test 
values of Table IV of the paper would check 
much more closely if the capacitance be- 
tween high-voltage and low-voltage winding 
were taken into account, and the first crests 
of the oscillation were used in all cases (see 
Table I of this discussion). 

Although the electrostatic component has 
been mentioned in Mr. Bellaschi’s and most 
other papers on the subject, one phase of it 
has not been given sufficient attention. 
Under certain conditions of transformer 
operation, the low-voltage winding and the 
connected apparatus are not connected to 
ground through resistance. If the capaci- 
tance of the low-voltage network is low, 
then the electrostatic transfer of voltage 
from high-voltage winding to low-voltage 
winding becomes the predominant factor. 
The capacitance relation cannot be deter- 
mined customarily from the usual known 
transformer specifications. In most cases 
the electrostatic voltage thus transmitted 
may exceed by a large amount the electro- 
magnetic component, and the voltage in- 
duced in the low-voltage winding may ex- 
ceed considerably that calculated by using 
the ratio of the insulation test levels, par- 
ticularly when the turn ratio of the trans- 
former is high. In all such cases particular 
attention should be given to the insulation 
level chosen for the low-voltage winding 
and its connected apparatus. Special pro- 
tection in the form of grounding resistors, 
arresters, or capacitors may be required in 
such cases. 
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P. L. Bellaschi: The simplifications to 
which Mr. Hagenguth refers are recognized 
in the paper but certainly can stand further 
stressing. For instance, a surge transferred 
from the low-voltage side to the high-voltage 
side of a transformer is a possibility, and, in 
such case, it is apparent from the paper and 
the appendix that the more general solution 
is required. The question of high induced 
electrostatic effects does, of course, arise if 
the terminals are floating, as shown in 
Figure 12 of the paper, or, for instance, if 
simultaneous surges are applied to the two 
terminals, as illustrated in Figure 13 of the 
paper. Whether rotating machines can be 
considered as an inductance after a certain 


Discussions 


a, ' Ze e3 4 : a 
~ +t x 
7 at s 


length of front is attained, theoretically mdy 
still be a question of discussion which hardly 
can be disposed here. 
I heartily agree with Mr. Hagenguth in 
emphasizing the potential hazard seemingly 
nonexposed circuit can be subject to as the 
result of transferred surges. This condition 
has been recognized by the AIFF lightning 
arrester subcommittee in its recent report.! 
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1. REPORT ON APPLICATION OF LIGHTNING PRO- 
TECTIVE DEvICcES IN Wartime, AIEFE lightning 
arrester subcommittee. AIEE TRANSACTIONS, 
volume 62, 1943, September section, pages 586-8. 3 


The Effects of Mutual 


Induction Between Parallel 
Transmission Lines on 
Current Flow to 


Ground Faults af 


Discussion and authors’ closure of paper . 
43-151 by John I. Holbeck and Martin J. f 
Lantz, presented at the AIEE national tech- : 
nical meeting, Salt Lake City, Utah, Septem- ' 
ber 2-4, 1943, and published in AIEE 
TRANSACTIONS, 1943, November sec- 
tion, pages 712-15. 


Waldo E. Enns (Portland General Electric 
Company, Portland, Oreg.): This paperisa 
valuable contribution, because it proves by 
means of actual examples that the mutual 
effect between parallel transmission circuits 
cannot be neglected in many instances 
without getting into difficulty with incorrect ~ 
relay settings. 

As is indicated in the paper, it is possible 
to use a d-c board for short-circuit studies 
involving mutual induction, when the 
parallel circuits are operating at the same 
voltage. However, when parallel lines are 
operated at different voltages, it is necessary 
to use the a-c board for the setup or to make > 
an analytical study of considerable com- 
plexity. : 

Those of us who do not have ready access 
to an a-c board for this type of study should _ 
bear in mind that, when the mutual effects 
are neglected on the d-c board, there may 
be sufficient error in the distribution of the 
current to result in relay settings which will 
give false tripping. When this is known, 
if faulty relay action does occur at points 
where the mutual effects have been neg- 
lected, it would appear advisable thata study — 
should be made on an a-c board to deter- _ 
mine the correct current distribution, so 
that more nearly correct relay settings may _ 
be determined. 


John I. Holbeck and Martin J. Lantz: With 

reference to the closing remarks in Mr. 
Enns’ discussion of our paper, we wish to 
point out that the present d-c*calculating — 
board of the Portland General Electric 
Company could be changed to a-c operation . 
provided suitable meters are obtained. In 
this connection, a modified d-e board con- — 
verted to a-c operation has been developed — 
by the Bonneville Power Administration 


. AIEE Transactions 


_ Light, City of Los Angeles, Calif.): 


and is described in a paper entitled, ‘“Bonne- 
ville Power Administration’s Short-Circuit 
Calculating Board,” by Martin J. Lantz and 
Orin A. Demuth. This paper was pre- 
sented before the Portland chapter of the 
AIEE, in the technical papers competition 
in May 1943. 

Whenever one of two parallel lines (same 
voltage) are tapped, it is necessary to use an 
a-c twork analyzer to determine the 
current values for a single phase-to-ground 
fault on the tapped line after one end of the 
line has opened by relay. As mentioned in 
our paper, an a-c network analyzer must 
also be used to determine the magnitudes of 
the ground currents for those cases in which 
two or more lines of different voltages 
occupy the same right of way. 


Application of 720-Cycle 


Carrier to Power- 
Distribution Circuits 


Discussion and author's closure of paper 
43-141 by J. L. Woodworth, presented at 
the AIEE national technical meeting, Salt 
Lake City, Utah, September 2-4, 1943, and 
published in AIEE TRANSACTIONS, 1943, 
pages 903-15. 


R. J. Schonborn (Bureau of Power and 
Mr. 
Woodworth’s paper describes very ably and 
completely the theory of the application of 
720-cycle carrier to 60-cycle power-distribu- 
tion circuits under both the shunt- and 
series-type of coupling. 

The Bureau of Power and Light of the 
City of Los Angeles has in operation three 
installations of 720-cycle carrier-current- 
control equipment, two of the shunt-coupled 


type and one of the series-coupled type. 


¢ 


The three distributing stations in which 
the transmitters are installed are supplied 
with energy at 34,500 volts, 60 cycles, 
which is transformed to 4,800 volts three- 
phase, three-wire, for distribution over under- 
ground and overhead radially connected 
feeders. 

The two shunt-coupled carrier transmit- 
ters were placed in operation in the sum- 
mer of 1934 and are installed one in each of 
two distributing stations located in the 
Hollywood district. 

One of these distributing stations has an 
installed transformer capacity of 35,000 
kya, 23 feeders, and a connected load of 
1,315 kw of constant-current street-lighting 
transformers; the other station has an in- 
stalled transformer capacity of 22,500 kva, 
ten feeders, and a connected load of 926 kw 
of street-lighting transformers. 

Each shunt-coupled carrier transmitter 
derives its energy from a motor generator 
set consisting of a 50-kva 720/480-cycle 
three-phase alternator driven by a 75-horse- 
power two-speed induction motor. The 


_ 720-cycle frequency is used remotely to 


control ornamental street-lighting circuits, 
the 480-cycle frequency being reserved for 
possible future control of water-heater load. 

The bureau’s experience with the shunt- 


~ coupled installations during their nine years 
of. operation has been very satisfactory. 
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Initially, there were a few false operations 
of field controllers due to interference be- 
tween stations, while both were transmit- 
ting simultaneously. ° This trouble has been 
corrected by operating on a schedule with 
only one station transmitting at any one 
time. 

The motor generator sets as purchased 
were connected by V belts in order to facili- 
tate the future adjustment of machine 
speeds resulting from changing the then 
existing 50-cycle system frequency to the 
present 60-cycle value. After the frequency 
change some faulty operations were ob- 
tained which were traced to low carrier fre- 
quency due to belt slippage occasioned by 
imposing the carrier on the 60-cycle system 
at time of peak load, thereby heavily load- 
ing the alternator. This trouble was elimi- 
nated by direct coupling of the motor to 
the generator, which became feasible only 
after the system was converted from 50 to 
60 cycles. 

The series-coupled installation was pur- 
chased during the present emergency and 
recently placed in operation primarily to 
provide a means of blacking out quickly a 
number of ornamental street-lighting cir- 
cuits in the event of an air-raid alarm. 
Previously, each of these circuits was con- 
trolled by a time clock, and, in case of an 
air raid alarm, the individual switch at every 
street-lighting transformer had to be opened 
manually in the field by a volunteer-citizen 
worker living nearby. 

The series-coupled transmitter installa- 
tion is located in a station having 30,000 
kva of transformer capacity, 13 feeders, and 
a connected load of 1,167 kw of constant- 
current series street-lighting transformers. 

Carrier energy at 720 cycles is generated 
by a self-driven self-excited single-unit in- 
duction-frequency converter. This single 
frequency is used not only to control re- 
motely ornamental street-lighting circuits 
for regular and black-out operation but also 
for off-peak water-heater control, so that the 
station and system peak loads will not be 
increased by the water-heater load. 

The operation to be performed is selected 
through coded impulses in the case of street- 
lighting control and through a single im- 
pulse of two different lengths for water- 
heater on-and-off control. Control may be 
exercised over feeders singly or in groups 
of three simultaneously. 

The minimum 720-cycle operating voltage 
required at the field controllers varies from 
1.25 to 1.5\volts. Tests have been made at 
eight field locations selected to represent a 
full range of distances from the transmitter 
to determine the value of the 720-cycle 
voltage actually impressed at the controller 
terminals under single-feeder and _ three- 
feeder group operations. The voltage ac- 
tually obtained varied from a low value of 
3.7. volts to a high value of 5.1 volts, de- 
pending upon the distance from the station 
and the 60-cycle load on the station. These 
values are well within the operating values 
of the field controllers. The corresponding 
voltages under single-feeder and three- 
feeder operation at each of the eight loca- 
tions differed by a maximum of 0.4 volt. 

The 720-cycle voltage impressed at the 
transmitting station during a single-feeder 
operation varies from approximately 4.75 
voltsat one-sixth feeder load to approximately 
5.4 volts at full load with somewhat lower 
values for three-feeder-group operation. 
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Extensive tests were taken under various 
operating conditions to determine the value 
of interference or stray voltages on feeders 
adjacent to those on which carrier current 
was being impressed. The interference 
voltages at the station bus varied from ap- 
proximately 0.1 volt at one-sixth feeder load 
to approximately 0.65 volt at full load. These 
values are too low to cause faulty operation 
of field controllers. 

After the values of various capacitances 
were adjusted to obtain correctly tuned cir- 
cuits, the performance of the station equip- 
ment proved to be satisfactory. The field 
controllers have been installed just recently 
and are now in the course of adjustment. 
As the coded impulses received in the field 
are of more than sufficient strength to op- 
erate the tuned circuits of the controllers, it 
is believed that after mechanical adjust- 
ments are completed the over-all operation 
will be satisfactory. 

Compared with the shunt system, the 
series system has greater flexibility and se- 
lectivity in that an operation may be trans- 
mitted over a single feeder or a group of 
three feeders, whereas in the shunt system 
all operations are transmitted over all feed- 
ers connected to the bus to which the trans- 
mitter is coupled. 


J. P. McKearin and F. R. Longley (Western 
Massachusetts Electric Company, Spring- 
field, Mass.): The Springfield division of 
the Western Massachusetts Electric Com- 
pany has for a number of years used 720- 
cycle carrier control on its street lamps. A 
single three-phase transmitter connected by 
shunt coupling to the 13.8-kv bus at a 
station near the certter of load delivers the 
control signal over a network of 13.8-kv 
underground transmission cables to eight 
stations and substations and to a low 
voltage network. At these points it is 
stepped down to the distribution lines in the 
city of Springfield, Mass., and four adjoining 
towns. The territory thus covered has a 
population of 188,000 and a combined area 
of 113 square miles. A spare and duplicate 
transmitter is maintained at another loca- 
tion in a substation also near the center of 
load. 

The present control system was installed 
in 1935, and, therefore, we have had eight 
years’ experience in its operation. Prior to 
that time, beginning in January 1931, we 
had used 720-cycle control in one substation 
area. : 

The transmitter operates the switches of 
about 5,300 lamps out of a total of 6,600 in 
the territory now under carrier control. 
Of the remaining 1,800 lamps 750 are con- 
trolled by pilot wire, which was in use be- 
fore the time of the carrier system, and 550 
are on series circuits connected to constant- 
current transformers in substations. 

_ The voltage level of the carrier signal is 
sustained well by the 720-cycle capacitance 
of the 18.8-kv cables, and it passes over 
them with almost no voltage drop, even at 
the most distant point. However, the volt- 
age drop in passing through the step-down 
transformers to the distribution busses at 
the stations and substations may in some 
cases be as high as 50 per cent. This means 
that the voltage delivered by the trans- 
mitter to its 13.8-kv bus (on the 115-volt 
base) should be about twice that required of 
transmitters connected directly to primary 
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distribution busses. We found that the 
minimum signal level at the distribution 
busses should be about four volts. This 
agrees with Mr. Woodworth’s recommenda- 
tion. At the 13.8-kv busses we need about 
eight to ten volts. 

The large voltage drop through the sta- 
tion and substation transformers can be 
caused by double transformation and by 
heavy 720-cycle loads, such as 60-cycle gen- 
erators, at the intermediate bus. At some 
stations the 13.8-kv potential is first stepped 
down to 5.5-kv busses to which generators 
and heavy industrial loads are connected 
and then down through another set of trans- 
formers to the primary distribution bus. 
At 720 cycles, the leakage reactance of trans- 
formers normally would be 12 times the 60- 
‘cycle reactance, but we have found that in 
some cases the 720-cycle reactance between 
busses is from 15 to 20 times the transformer 
60-cycle value. At substations where the 
transformation is in one step only there is 
much less voltage drop between the busses, 
and if all were of that type we could use a 
lower-voltage level at the transmitter. On 
the other hand, if the 13.8-ky interstation 
transmission system should be open-wire 
overhead lines instead of lead-covered 
cables, we would need a higher transmitter 
voltage to allow tor carrier-frequency volt- 
age drop in these lines. 

Cases of 720-cycle resonance are likely to 
be found at locations where capacitors are 
used for 60-cycle power-factor correction. 
This causes no damage to the capacitors, 
but it blows capacitor fuses, trips capacitor 
switches, and does strange things to the 720- 
‘cycle voltage levels in the vicinity. It is not 
surprising that such cases of resonance exist 
when it is remembered that at 720 cycles 
this equipment is brought 144 times closer 
to resonance than at 60 cycles. The reac- 
tance of the capacitor is reduced to 1/1) the 
‘60-cycle value, while the associated induc- 
tive reactance is increased 12 times. The 
normal 60-cycle reactance of a capacitor 
used for power-factor improvement, and 
the normal 60-cycle inductive reactance of 
its associated equipment, such as the step- 
‘down transformer to which the capacitor is 
‘connected, are such that, when the fre- 
‘quency is increased, the capacitive and in- 
‘ductive reactances approach equality and 
‘consequent resonance. 

A study was made of the probability of 
resonance of capacitor installations at vari- 
‘ous industrial plants, and it was found that 
in many cases the constants of the circuit 
aare such that at 720 cycles resonance or 
near resonance will exist. 

The capacitor is located generally on the 
secondary side of the transformer bank 
supplying the customer’s load, and the 720- 
cycle reactance of the capacitor often will be 
of the same order of magnitude as that of 
its transformer bank. When the plant is 
taking load, the load equipment in parallel 
with the capacitor may prevent the occur- 
rence of resonance but will not prevent it 
when the plant is loaded lightly. At still 
other locations a resonant condition will ex- 
ist when the plant load is at some point be- 
tween its minimum and maximum demands. 
Several interesting examples of these reso- 
nant conditions are as follows: 

A plant that manufactures machine tools 
installed a capacitor to reduce its kilovolt- 
ampere demand. They were troubled by 
persistent blowing of the capacitor fuses. 
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A curve-drawing ammeter was cut into the 
capacitor circuit, and its chart showed that 
the times of fuse operations coincided with 
the times when the street lights were turned 
on or off. A test with the fuses replaced by 
solid connections showed that the 720- 
cycle current taken by this capacitor was 
305 per cent of its 60-cycle current rating. 
The total capacitor current was 321 per cent 
of its 60-cycle rating. Calculations showed 
a distinct resonant condition at the carrier 
frequency. 

Another industrial plant with a demand 
of about 2,000 kva had a relatively small 
capacitor, rated 180 kva, connected to the 
plant bus. The load was mainly induction 
motors. The plant took its power from a 
5.5-kv feeder. The station to which this 
feeder was connected is at the farthest 
point on the system from the 720-cycle 
transmitter. At this station there were two 
transformations to the distribution bus: 


1. 13.8-kv three-phase to 5.5-kv two-phase. 
2. 5.5-kv two-phase to 2.4-kv two-phase. 


Because of the distance of the station from 
the carrier transmitter and the double 
transformation, it was expected that the 
carrier voltage on the station’s distribution 
bus would be low, especially at times of 
power-system peak load when voltage drops, 
both 60-cycle and 720-cycle, are at their 
maximum. Contrary to expectations, tests 
showed that at such times the 720-cycle 
voltage at the station’s distribution bus was 
quite high. It averaged about eight volts. 
When the 60-cycle power-system load is at 
its minimum, voltage drops are of course 
at their minimum, and it was, therefore, ex- 
pected that during these periods the 720- 
cycle voltage at the distribution bus would 
still be high, but when measured on a Sun- 
day afternoon it was found to be much 
lower than the minimum acceptable limit. 
It averaged 3.4 volts when first checked. 
Like all the low-frequency carrier voltages, 
it varied some from time to time, depending 
upon the power-system load conditions. 
It also is usual to find some phase unbalance 
of the signal voltages. On the low phase the 
lowest signal strength measured on a sub- 
sequent occasion was found to be 2.1 volts. 

In a search for the cause of these reversals 
in the normal 720-cycle voltage drops, calcu- 
lations were made of the 720-cycle imped- 
ances of the apparatus in the station and of 
the lines and customers’ apparatus in the 
territory which the station served. It was 
found that the 720-cycle reactance of the 
180-kva capacitor in the previously men- 
tioned plant was equal almost exactly to the 
sums of the 720-cycle reactances of the custo- 
mer’s step-down transformer bank, and the 
5.5 ky feeder to which the transformer bank 
was connected. Further study showed that 
the capacitor was also in 720-cycle resonance 
with the induction motor load with which it 
was paralleled. - 

These data indicated clearly what was 
happening. During weekdays when the 
customer’s plant was in operation the ca- 
pacitor and induction motors in parallel with 
it formed a 720-cycle wave trap which 
blocked the flow of 720-cycle current 
through the power station to the custom- 
er’s load. This was the largest part of the 
60-cycle load on the 5.5-kv station bus, and, 
consequently, the flow of 720-cycle current 
through the station transformers stepping 
down from the 13.8-kv bus to the 5.5-ky bus 
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oe 
it 
was small. The 720-cycle voltage drop 
through these transformers was, therefore, 
small, leaving a high signal voltage on the 
5.5-kv bus. The 720-cycle voltage drop 
through the 5.5-kv to 2.4-kv transformers 
was small at all times. Thus, the signal 
voltage at the 2.4-kv distribution bus was 
high at times of high 60-cycle power load. 
During week ends the customer’s plant 
was shut down, but the capacitor was left 
in service. 
tion motors removed the capacitor was in 
720-cycle series resonance with the custom- 
er’s step-down transformer bank and the 
5.5-kv feeder. This combination formed a 
heavy 720-cycle load on the 5.5-kv station 
bus and drew a heavy 720-cycle current 
through the 13.8-kv—5.5-ky transformers. 
The resulting large 720-cycle voltage drop 
through this transformer bank left a very 
low signal voltage on the 5.5-ky and 2.4-ky 
busses, thus, the low signal voltage on the 
distribution bus at times of low 60-cycle 
power loads was accounted for. 
Verification of this cause of low signal 
voltage was simple. On another Sunday 


-afternoon the distribution-bus carrier volt- 


age was measured and found to be about 3.1 
volts. The customer was requested then to 
open his capacitor switch, and, upon doing 
so, the signal strength on the distribution bus 
immediately jumped to 6.4 volts. That is 
not so high as the weekday voltage pre- 
viously mentioned. The difference was due 
mostly to the transmitter characteristic. 
The transmitter delivers a signal voltage 
about 10 to 20 per cent low on week ends. 


A third and last example concerns a 720- — 


kva capacitor on a substation bus. The 
capacitor switch was being tripped during 
the application of carrier voltages to the 
system. Its carrier-frequency current was 
about equal to its 60-cycle current, causing 
a 40 per cent increase in its total rms cur- 
rent. This trouble was corrected easily by 
increasing the trip-current relay setting. 
When the possibility of 720-cycle reso- 
nance at capacitor installations was recog- 
nized we determined the characteristics of 
a small reactor which, when connected in 
series with a capacitor, will prevent the oc- 
currence of the carrier-frequency resonance. 


We also recommended to the manufacturers 
that capacitors used in this territory be so 


equipped. It was recommended that the 


reactor have a 60-cycle reactance of 5.5 per — 
cent (on the base of the capacitor 60-cycle _ 
reactance as 100 per cent) withtapsat3.5per 
cent and 1.5 per cent and be designed lib- — 


erally in winding and core to allow for some 
flow of 60-cycle harmonic currents. 

The reactor taps are intended to permit 
adjustment, so that when the customer’s in- 


stallation is made nonresonant to 720-cycle — 


frequencies it will not at the same time be 


made resonant to any of the normal 60- — 
When the proper reactor 


cycle harmonics. 
tap is used, the total inductive reactance in 
series with the capacitor will lie between the 
limits of 5.5 per cent and 7.5 per cent. This 


is an optimum position between third and 
fifth harmonic resonance and well out of 
range of resonance at other harmonics. It 
is not practical to attempt to suppress com- — 
pletely the last vestige of these normal 


power-circuit harmonic currents. They will 


. show up in varying amounts in almost any 
capacitor, whether or not it is equipped with — 


a series reactor, but the reactor as recom- 


mended will limit them to harmlessamounts _ 


With the reactance of the induc- 


\, 
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4 
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« 


a 
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Smaller series inductances could be used 
to suppress the 720-cycle currents, but 
they are likely to set up resonance at other 
harmonics, especially over the week ends 
when harmonics of the power-circuit volt- 
age are usually at their maximum. For ex- 
ample, a 4 per cent inductive reactance 
would be perfect for the fifth harmonic 
resonance and could cause destructive over- 
heating of a series reactor. 

The use of the series reactors, as has been 
recommended, has corrected all 720-cycle 
resonance conditions at customers’ capaci- 
tor installations. The reactor is small in 
size, it adds only a slight amount to the cost 
of the capacitor installation, and this is 
partly offset by an increase of about five 
per cent in the capacitor kilovolt-amperes. 

At two-station distribution busses the 
720-cycle voltage was low and was raised to 
satisfactory operating levels by the installa- 
tion of capacitors on those busses. One was 
the example described here, where low volt- 
age was caused by resonance of a customer’s 
capacitor. The capacitor installed in this 
station was adjusted to increase the signal 
level about 100 per cent on the low phase 
and 75 per cent on the higher phase. 

When the power system to which the low- 
frequency carrier control is applied is inter- 
connected with other systems, a considerable 
amount of the carrier current may escape by 
way of the interconnections. The trans- 
mitter should be large enough so that its 
output can include these extra losses, or 
wave traps should be installed at the inter- 
connections. The decision is a matter of 
cost. On the other hand, it may be desir- 


able in some cases to let the energy escape ~ 


and thus increase the territory covered by 
carrier control, either for present or future 
use, In that event one should of course be 
sure that the signal voltages that appear in 
the outside territory are high enough to in- 
sure dependable operation of street-lamp 
controllers. 
' Extensive changes in the electric charac- 
teristics of the power system on either side of 
. the interconnections, such as a large in- 
crease in the 60-cycle operating voltage or 
changes in transformer capacity at the in- 
_ terconnections, also can effect material 
changes in the flow of carrier current 
through the points of interconnection. 
The power system of the Springfield di- 
vision is interconnected at two points 
through transformers to a high-voltage 


transmission system. Within eight circuit-- 


miles of the interconnections there are five 
stations and substations connected to the 
high-voltage lines. One: of these serves a 
distribution system to which carrier-con- 
trolled street lamps are connected. Its 
carrier signal is supplied by the Spring- 
field transmitter by way of the intercon- 
nections and high-voltage lines. 

In 1942 the operating voltage of most of 
the Western Massachusetts Electric Com- 
pany’s transmission lines was raised from 
66 kv to 115 kv, including the lines at the 
two points of interconnection. After this 
change had been made it was found that the 
load on the 720-cycle transmitter had in- 
creased from about 300 kva to 600 kva. 

Some of our experiences with low-fre- 
quency carrier have had their humorous 
aspects. In 1935, when the present carrier 
control was installed, extensive tests were 
made throughout the power system to deter- 
mine the signal strength at points of utili- 
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zation. “Many signals of about eight sec- 
onds’ duration were delivered by the trans- 
mitter at intervals of about 5 to 15 minutes 
for several hours at a time. In substa- 
tion transformers and voltage regulators 
the 720-cycle frequency superimposes on 
the 60-cycle hum, an audible high-pitched 
whine, not loud, but enough to attract 
attention. It is strongest in the feeder 
regulators. The signals penetrated to sta- 
tions and substations connected to the high- 
voltage lines outside the territory of the 
Springfield division and produced the typi- 
cal 720-cycle whine in their equipment. The 
operators in these stations were not aware 
of the carrier installation in Springfield and, 
hearing the strange noise, feared that some 
of their apparatus was developing incipient 
trouble and might be at the point of blowing 
up. Since the noise came from many direc- 
tions and lasted for only a few seconds at a 
time, they could not tell which piece of 
equipment was involved, whether oil 
switch, transformer, or regulator. In one 
substation a bus capacitor also tripped off 
each time the signal noise was heard. 

In short order the maintenance crew in 
the outside territory was flooded by calls for 
help and spent some hours in a frantic hunt 
to locate what was suspected of being a de- 
fective piece of equipment causing high- 
frequency voltage surges by intermittent 
internal arcing. Eventually, they checked 
with the Springfield division and were re- 
lieved greatly, but were equally disgusted, 
to learn the cause of the noise. 

Some of the engineering problems of this 
carrier installation appeared difficult when 
first encountered, but this happened mainly 
because they were new and without prece- 
dent, and seemed elusive. They now are 
better known and are handled more readily. 
The control system has provided valuable 
advantages. It has released large amounts 
of sorely needed underground duct space 
in densely loaded areas by allowing us to 
change the street lamps from the series to 
the multiple type; it has reduced street- 
lamp outages some 80 per cent; and now 
that black-outs are on us, we have perhaps 
the most convenient of all controls for black- 
out switching of street illumination. If in 
the future we should need carrier control of 
other devices, such as water heaters, sign 
lights, midnight street lamps, and remote 
operation of power switches, it can be ob- 
tained from the same transmitter at the same 
frequency by use of coded signals. 


John Bankus (Portland General Electric 
Company,| Portland, Oreg.): Mr. Wood- 
worth’s paper is a very flaluable and timely 
contribution to electric distribution and 
should do much to promote the installation 
of off-peak utilization equipment. 

The type of control which Mr. Wood- 
worth has ottlined is very flexible in its 
application. As was pointed out in the 
paper, the 720-cycle control voltage can be 
impressed on only a portion of one primary 
feeder, on one entire primary feeder, on all 
primary feeders from one substation, on a 
number of substations, or on an entire sys- 
tem. The capacity of the transmitter will 
depend on the extent of the system which is 
to be controlled. Local conditions will de- 
termine whether it is economical to install 
one large transmitter or several smaller units. 

In this connection it may be of interest to 
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see what transmitter capacity may be re- 
quired for extending the 720-cycle control 
over an entire system which covers an area 
of 2,500 square miles and has a peak of 
200,000 kw. 

Mr. Woodworth made such a determina- 
tion by setting up the Portland General 
Electric Company’s system on the a-c net- 
work analyzer at Schenectady. The re- 
sults of this study are summarized in the 
succeeding material. The Portland Gen- 
eral Electric Company prepared a complete 
720-cycle impedance diagram which covered 
its 57-kv and 11-kv network and primary- 
feeder system, its interconnections both 
with the Bonneville Power Administration 
at St. Johns and Salem, the Northwestern 
Electric Company at station L, and Knott 
substation. The load on the 11-kv inter- 
connected network amounts to approxi- 
mately 125,000 kw. The primary feeders in 
the urban areas are 2,400 volt and 4,150 
volt. In rural areas many feeders are 7,200 
volt. Four cases considered on the a-c net- 
work analyzer are described in the following : 


Case l. 720-CycLE TRANSMITTER COUPLED 
To 57 Kv at Knotr SUBSTATION 


The transmitter input (based on 11 kv) 
was 900 volts, 310 amperes, 30 per cent 
power factor lagging, 148 kw, 465 kilovars. 
The coverage was between 40 and 50 per 
cent of the total system load. This study 
showed such poor voltage on the intercon- 
nected 11-kv network that it definitely in- 
dicated the impracticability of providing 
control over the entire system by coupling 
to the 57-kv system only. It also indicated 
that traps would be required at Salem in 
order to reach locations at that end of the 
57-kv system. 


Case 2. 720-CycLE TRANSMITTER 
CouPpLeD To 11 Ky at KNoTT SUBSTATION 


The transmitter input to the 11-kv net- 
work was 900 volts, 365 amperes, 30 per 
cent power factor lagging, 175 kw, and 550 
kilovars. Sufficient voltage was obtained 
on the closer in four-kilovolt busses which 
are supplied by 11-kv network in Portland. 
At some points beyond these stations par- 
tial coverage was indicated. At more re- 
mote points the voltage was too low to be 
of any value. Indications were that the low 
reactance of 77,550-kva generators at sta- 
tion L were absorbing a great deal of reac- 
tive energy and thus reducing the voltage on 
the 11-kv network. 


Case 3. 720-CyvcLeE TRANSMITTER 
CouPLeD To 11 Ky at KNotTrT SuBSTA- 
TION WITH STATION-L GENERATORS. 
CoRRECTED BY CAPACITORS 


The transmitter input to the 11-kv sys- 
tem was 900 volts, 350 amperes, 36 per cent 
power factor lagging, 200 kw, and 500 kilo- 
vars. With this arrangement the coverage 
was better than for case 2 and was effective 
over 60 to 75 per cent of the total load. 


Case 4. 720-CycLE TRANSMITTER COUPLED- 
To 11 Kv anv 57 Kv at Knorr Sus- 
STATION WITH STATION-L GENERATORS. 
CORRECTED BY CAPACITORS AND TRAPS. 
IN 57 115-Ky TRANSFORMER BANKS 
AT ST. JOHNS AND SALEM 


The total transmitter input (on the 11- 
kv base) into both the 11- and 57-kv sys- 
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tems was 800 volts, 460 amperes, 75 per cent 
power factor lagging, 400 kw, and 603 kilo- 
vars. Of this, approximately 250 kw was 
delivered to the 57-kv system and the re- 
mainder to the 1l-kvy. Adequate voltage 
for carrier control was obtained at all points 
on the 11-kv network. Also, good voltage 
was obtained at all points on the 57-kv net- 
work. This arrangement may be consid- 
ered, therefore, to be a 100 per cent solution. 


J. L. Woodworth: The discussion by Mr. 
Schonborn is particularly valuable, since it 
compares operating results obtained with 
both shunt- and series-transmitter coupling 
with 4,800-volt distribution substations on 
an interconnected system. The description 
of the initial interference obtained between 
the two transmitters using shunt coupling 
confirms the conclusions reached in the 
paper and emphasizes that 720-cycle traps 
are required to isolate each substation area 
if shunt coupling is applied at very many 
substations on an interconnected system. 


The experience with the later series- 
coupled installation confirms the conclu- 
sions reached in the paper, that, by proper 
application, the interference voltage be- 
tween adjacent feeders can be reduced to 
acceptable values at each substation, and, 
when this is done, the interference between 
transmitters at two or more substations is 
practically negligible. 

The series-coupled installation had to 
meet two somewhat conflicting require- 
ments. Control of water heaters was re- 
quired by individual feeders to obtain maxi- 
mum flexibility of off-peak load control, 
and high-speed operation was required for 
street-light control. The required flexi- 
bility was obtained when provision was 
made for controlling the feeders, either 
singly or in groups of three simultaneously. 

The discussion by Mr. Bankus describes 
very appropriately the approach necessary 
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when the chief value of carrier control is to 
permit an operator to obtain high-speed 
control and signalling simultaneously at 
many points on a large complex distribu- 
tion system having extensive networks and 
interconnections. On applications of this 
type 720-cycle traps are required usually in 
the interconnections to other power systems 
to prevent potential interference with other 
720-cycle control installations on the inter- 
connected systems. This approach has 
been favored often when potential air raids 
chiefly determine the control requirements, 
or when the chief emphasis is placed on 
street-light control. For off-peak load con- 
trol over-all economic studies usually favor 
control by individual substations or areas, 
even though 720-cycle traps may then be 
required to isolate areas if the system in- 
cludes extensive primary or secondary net- 
works. 

The discussion by Mr. McKearin and 
Mr. Longley presents valuable data cover- 
ing the operating experience with a central 
transmitter using shunt coupling to impress 
the 720-cycle voltage over an extensive net- 
work comprised chiefly of underground 
cable. The power system is considerably 
more complex than any of the systems 
studied in the paper, and the discussion 
should be extremely helpful to anyone plan- 
ning the application of carrier control to 
systems of similar complexity. 

The method described in which capaci- 
tors were installed at the substation busses 
to improve the 720-cycle voltage at certain 
low-voltage points should also prove valu- 
able on other installations. Capacitors can 
be applied frequently to improve the 720- 
cycle voltage and thus reduce greatly the 
transmitter power required. 

The discussion regarding the 720-cycle 
operating experience with power-factor- 
correction capacitors in Springfield appears 
rather formidable, until it is realized that 
it covers a five-year operating period and a 
large number of capacitor installations. 
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The use of a series reactor proved to be a 
simple and effective way to eliminate 
trouble due to series resonance between the 
capacitor and the transformer reactance. 
The practice being followed of recommend- 
ing a 5.5 per cent series reactor for every 
capacitor installed in this territory prob- 
ably was decided on, because the capacitors 
are the property of industrial customers, 
and, therefore, the capacitor application is 
not under direct control of the utility. This 
practice has the disadvantage that the ex- 
pense of the reactor is incurred not only 
when it is not required but also when its 
omission would improve the 720-cycle op- 
eration. ee 

As was pointed out in the paper, when 
capacitors give harmful 720-cycle effects, 
the use of reactors in series with some (not 
all) capacitors gives over-all beneficial ef- 
fects. The other users who have encoun- 
tered this trouble with one or more of their 
capacitors have been able to follow this more 
economical solution. ; 

Because of wide variations in distribution- 
system characteristics and in practices 
followed in applying capacitors, it is im- 
possible to make universally applicable pre- 
dictions as to the probable number of ca- 
pacitors giving harmful effects which can- 
not be overcome by proper adjustment of 
the transmitter. Assuming 720-cycle car- 
rier is used on all distribution circuits within 
its field of application, studies and operat- 
ing experience indicate that, in general, re- 
actors would be required in not more than 
ten per cent of the secondary capacitors and 
not more than 15 per cent of the primary 
feeder capacitors present on these circuits. 

Operating experience so far indicates that 
the application data quite properly include 
conservative margins to allow for unknown 
factors in the applications. As these un- 


known factors become better understood 
through additional operating experiences, 


it is probable that these margins can be re- 
duced to obtain economic savings. 


Report of the Board of Directors 


HE BOARD OF DIRECTORS of the 
, American Institute of Electrical Engi- 
neers presents herewith to the membership 
its 59th annual report, for the fiscal year 
ending April 30, 1943. A general balance 
sheet showing the condition of the Insti- 
tute’s finances on April 30, 1943, together 
with other detailed financial statements, is 
included herein. This report contains a 
brief summary of the principal activities of 
the Institute during the year, more detailed 
information having been published from 
month to month in Electrical Engineering. 


BOARD OF DIRECTORS’ MEETINGS 


The board of directors held five meetings 
during the year, four in New York, N. Y., 
and one in Chicago, Il. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the board 
of directors and the committees is pub- 
lished each month in the section of Elec- 
trical Engineering devoted to Institute 
activities. 


WAR ACTIVITIES 


The Institute has continued its general 
co-operation in many undertakings con- 
nected with the war efforts. In accordance 
with recommendations of the committee on 
planning and co-ordination, the board of 
directors approved, on August 7, 1942, a 
comprehensive statement of Institute poli- 
cies and activities under war conditions. 
It provides for the holding of national tech- 
nical meetings and District technical meet- 
ings, with the omission of all programmed 
social activities, including dinner dances, 
ladies program, and those trips which do 
not form a part of the technical program. 

Technical papers, publications, and Sec- 
tion meetings are to be devoted to subjects 
closely related to the war efforts in so far as 
practicable. Under the sponsorship of the 
standards committee, the technical com- 
mittees are reviewing many of the AIEE 
Standards in the light of wartime require- 
ments. A considerable number of guides 
for the economical application and opera- 
tion of electrical apparatus are in process of 
development by the technical committees 
under the sponsorship of the technical 
' program and standards committees. These 
will supplement many existing standards, 
and assist in the conservation of critical 
materials. In some cases, wartime stand- 
ards may be prepared. An emergency 
modification of AIEE Standard 45, ‘‘Elec- 
trical Installations on Shipboard,” has been 
completed. 

All committees are expected to conduct 
their work in accord with the spirit of these 
policies, and the committee on planning 
and co-ordination will submit new recom- 
mendations if changes become necessary. 

The committee on national defense and 
the committee on civil protection were com- 
bined to form the committee on co-opera- 
tion with war agencies, and its services 

were offered by President Osborne to the 


. 
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several government agencies most likely to 
need such assistance as it might be able to 
render. 

This committee has»rendered especially 
valuable assistance to the armed forces in 
their search for technical specialists quali- 
fied for commissions. More than 600 names 
were submitted. It appointed three sub- 
committees: one to collect and distribute 
information on conservation of critical ma- 
terials, one to serve in an advisory capacity 
on the allocation of technical man power, 
and the third to assist in building up a 
technical library in the office of the chief 
signal officer in Washington. 

A special committee was appointed to 
confer with representatives of the conser- 
vation division of the War Production Board 
on the substitution of silver for copper and 
aluminum in electrical installations. It sub- 
mitted a comprehensive report. 

In his visits with many Sections, Presi- 
dent Osborne has participated in programs 
arranged for intensive discussions of means 
of conserving critical materials in co-opera- 
tion with representatives of the War Pro- 
duction Board. 

A great many Sections have held meet- 
ings connected with various phases of the 
war efforts, including a considerable num- 
ber of production clinics intended to expe- 
dite production of war materials, held in co- 
operation with other engineering societies. 
Sections have also co-operated in local war 
activities. 

Three members of the headquarters staff 
are serving in the armed forces: G. Ross 
Henninger, editor, as lieutenant-colonel in 
the Air Service Command, Patterson 
Field, Ohio; W. R. MacDonald, Jr., as- 
sistant editor, as major in the Signal Corps, 
Washington, D. C.; and John J. Anderson, 
Jr., of the standards department, in the 
U. S. Naval Reserve, receiving training on 
the. USS Prairie State, New York, for a 
commission as ensign. 

The headquarters staff has, of course, 
continued rendering all possible assistance 
to the armed forces and divisions of govern- 
ment in response to various types of 
requests. | 


. 
| PRESIDENT’S VISITS 


President Osborne attended the summer 
convention, the national technical meeting 
in January, the North Eastern District 
technical meeting in Pittsfield, Mass., 
and the South West District technical meet- 
ing in Kansas City. In June he will attend 
the national technical meeting in Cleve- 
land, Ohio. ; 


Places Visited by President Osborne 
California 
Los Angeles Section 


San Diego Section 
San Francisco Section 


Colorado 
Denver Section 


District of Columbia 
Washington Section 
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Georgia 

Georgia Section, Atlanta 
Illinois 

Chicago Section 


Indiana 
South Bend Section 


Kansas 
Wichita Section 


Massachusetts 


Boston Section 
Worcester Section 
North Eastern District technical meeting, Pittsfield 


- 
Missouri 


South West District technical meeting, Kansas City 


Nebraska 
Nebraska Section, Omaha 


New York 


National technical meeting, New York 
Niagara Frontier Section, Buffalo 
Rochester Section 

Syracuse Section 


North Carolina 
North Carolina Section, Raleigh 


Ohio 

Akron Section 
Cincinnati Section 
Cleveland Section 
Oklahoma 

Oklahoma City Section 


Oregon 
Portland Section 


Pennsylvania 

Philadelphia Section 
Pittsburgh Section 

Virginia 

Virginia Section, Richmond 
Washington 

Seattle Section 


Wisconsin 
Milwaukee Section 


Canada 


Saskatchewan Section, Regina 
Toronto Section 
Vancouver Section 


ANNUAL MEETING 


The annual business meeting of the Insti- 
tute was held Monday morning, June 22, 
1942. The annual report of the board of 
directors for the fiscal year which ended 
April 30, 1942, was presented in abstract 
by the national secretary. A report on the 
finances of the Institute was presented by 
National Treasurer W. I. Slichter.. The 
report of the committee of tellers upon the 
election of officers for the year beginning 
August 1, 1942, was presented, and 
President-Elect Osborne responded to his 
introduction with a brief address. During 
this session there was an address by D. D. 
Ewing, head, school of electrical engineer- 
ing, Purdue University, Lafayette, Indiana. 
Also, national prizes for papers presented 
in 1941 were presented, and the Lamme 
Medal for 1941 was presented to Forrest E: 
Ricketts, vice-president, Consolidated Gas 
Electric Light and Power Company of 
Baltimore. 
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NATIONAL CONVENTIONS 


Three national conventions were held 
during the year, and a brief report on each 
follows: 


Summer Convention. The 58th summer 
convention was held in Chicago, IIl., 
June 22-26, 1942. In addition to the 
annual business meeting, and conference of 
officers, delegates, and members, there 
were 20 sessions and conferences with ap- 
proximately 60 technical papers and in- 
formal conference presentations. A general 
session on the subject of ‘‘The Organization 
and Management of Large-Scale Engineer- 
ing Works” was addressed by M. R. 
Sullivan, vice-president, American Tele- 
phone and Telegraph Company, New York, 
N. Y.; R. C. Muir, vice-president, General 
Electric Company, Schenectady, N. Y.; 
and H. B. Gear, vice-president, Common- 
wealth Edison Company, Chicago, IIl. 
Entertainment features consisted of a pre- 
convention reception for early arrivals, 
president’s reception and dancing, buffet 
dinner at the Lake Shore Club, banquet, 
and golf tournaments. The registration 
was 1,179. 


Pacific Coast Convention. The 30th Pacific 
Coast convention was held in Vancouver, 
B. C., Canada, September 9-11, 1942, with 
a registration of 245. ‘“‘Wartime National 
Efficiency’? was the topic of an address 
given by G. A. Gaherty, president, Mon- 
treal Engineering Company, Ltd., and 
Walter J. Gilson, general manager, Eastern 
Power Devices, Ltd., Toronto, gave an 
address entitled “‘International Prejudices” 
before a joint luncheon meeting sponsored 
by the Vancouver Electric Club. There 
were five technical sessions and one student 
session. Social features included a luncheon 
party, a musical program, a bridge tea, 
and a formal dance. The 22nd annual 
competition for the John B. Fisken Golf 
Trophy was won by Bernard DeM. 
Mertens, British Columbia Electric Railway 
Company, Ltd. 


National Technical Meeting. The 31st 
national technical meeting (formerly called 
winter convention) was held in New York, 
January 25-29, 1943, with a program in- 
cluding 13 technical sessions and 12 con- 
ferences, at which 62 papers were presented. 
At a general session, the two feature ad- 
dresses concerned the specialized technical 
training programs established by the Army 
and Navy in collaboration with leading 
educational authorities. Colonel Herman 
Beukema, director of specialized training 


division, United States Army, and J. W. 
Barker, special assistant to the secretary of 
the Navy, were the speakers. Discussions 
were by R. E. Doherty, president, Carnegie 
Institute of Technology, Pittsburgh, Pa.; 
R. C. Muir, vice-president, General Elec- 
tric Company, Schenectady, N. Y.; and 
George T. Seabury, secretary, American 
Society of Civil Engineers. 

At a dinner meeting, Vannevar Bush, 
president, Carnegie Institution of Washing- 
ton, and director of the Office of Scientific 
Research and Development, spoke on “‘Re- 
search in the War Effort.” At a session on 
Wednesday evening three medals were pre- 
sented: the Edison Medal to Edwin H. 
Armstrong, the John Fritz Medal to Willis 
R. Whitney, and the Hoover Medal to 
Gerard Swope. Social events and inspec- 
tion trips were omitted in accordance with 
the wartime policies adopted by the board 
of directors. The registration was 1,419. 

Concurrently with the AIEE national 
technical meeting, the Institute of Radio 
Engineers held its winter conference, which 
culminated in a joint meeting at which 
George C. Southworth, Bell Telephone 
Laboratories, Inc., spoke on “‘Beyond the 
Ultra Shorts.” Following this, there were 
talks by Sir Noel Ashbridge, chief engineer, 
British Broadcasting Company, by short- 
wave radio from London; L. P. Wheeler, 
president IRE, Arthur F. Van Dyck, IRE 
past president, and James Lawrence Fly, 
chairman of the Board of War Communica- 
tions, who spoke from Washington, D. C. 


DISTRICT MEETINGS 


North Eastern District Meeting. ‘This meet- 
ing was held in Pittsfield, Mass., April 8-9, 
1943, and included five conference sessions, 
a general session, and three technical ses- 
sions. At a general session there were ad- 
dresses by H. S. Osborne, president AIEE, 
and J. F. Burt of the Western Massachusetts 
Companies. The get-together dinner was 
followed by an address by C. E. Smith, 
vice-president, New York, New Haven, and 
Hartford Railroad, on “Railroad Trans- 
portation in the Present Emergency.’ The 
registration was 319. ; 


South West District Meeting. The ninth 
meeting of the South West District was held 
in Kansas City, Mo., April 28-30, 1943. 
It was the third held in that city. The 
principal features were a- general session 
and a symposium on critical materials and 
equipment, both held jointly with the Mis- 
souri Valley Electric Association, four tech- 
nical sessions, one student session, a lunch- 
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eon with three talks, a district executive 
committee meeting, a clinic on Section 
management and operation,.a dinner for 
men, and arrangements for student con- 
sultations with industry representatives. 
The attendance was 570, including 338 
AIEE members, students, and guests. M4 


SECTIONS 


7. Programs Connected With War Efforts. 
The Sections committee sent three letters, 
August 28, September 29, and January 15, 
to each Section to encourage participation 
in war efforts. All Sections have a keen 
appreciation of the importance of this con- 
tribution to the war effort. A great many 
programs have been devoted to conserva- 
tion of critical materials, production clinics, 
and other subjects connected with the war. 


of Central and South 
American Sections. In response to the com- 
mittee’s inquiries among members in 
Central and South America regarding the 
desirability of forming Sections in their 
countries, many favorableetters have been 
received. Certain difficulties appear to 
make the formation of regular Sections im- 
practicable at present, but the committee is 
planning to recommend to the board of 
directors a plan for a special type of organi- 
zation for those countries. : 


3. Section Territory in the United States. 
The only remaining areas in the United 
States not assigned to Sections are in 
Arkansas and Nevada. The committee and 
the vice-presidents of Districts 8 and 9 are 
recommending the assignment of the re- 
maining counties in Nevada to three Sec- 
tions. 


2. Development 


4. Subsections. The committee wrote 
each Section on December 10 regarding the 
desirability of forming geographical Sub- 
sections and on February 26 regarding the 
formation of technical groups. A new 
folder on Subsections was prepared, and 
copies were sent to the Sections in March. 
Some Subsections have been formed re- 
cently, and others are under consideration. 


5. Contact With Members in Armed 
Forces. The Sections committee was ac- 
tively interested in the development of 
recommendations upon which the board of. 
directors acted in January, providing an 
inactive membership status for members 


- and enrolled students in the armed forces 


and the merchant marine, and authorizing 
the publication committee to prepare for 
mailing to them a quarterly news letter. 


6. Section Operation and Management. 
Special plans have been developed for dis- 


Table I. Section and Branch Statistics cussions on the management of Section 
— activities and the types of information that 
For Fiscal Year Ending April 30° should be supplied to the Sections. } 
1938 1939 1940 1941 1942 1943 STUDENT. BRANCHES _ 

. B2 : 
Sections ; One new Student Branch was established 
Number of Sections............. 65 iA Ae Ne T Rene Owens TDs: Ses <n Re during the year, at Vanderbilt University, 
pune Vseeu heldesae cen CHUA Qi 635i aie TOL, dove ares TAS. 647... 598 bringing the total number to 125. 

otal attendance ses <a acta gions V10;2AS. A s855692) co hcp, SOTO 40 a, MSO RL DA ae eee 5 ; 1 
ies e 85,692 91,949 92,554 78,254. . . 66,111 The interest of the students in Institute 
Branches activities has continued very satisfactorily. 
Number of Branches............ ehh 120create foie 123), dA eae On _ There is apparently some increase in the use 
Number of meetings held,....... 1,334... .. iO Rae {edo Ree RSE 946... 942 of outside speakers and in the use of indus- 
Totaliattendance:.s a; 205.0.) 2 60,446...... B3:3B0 2. oes GALS 7 25 oe oe SOD B Bin wees 37,785... 38,227 


trial moving pictures for meetings. ‘It 
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seems that industrial moving pictures may 
assist in replacing inspection trips. On the 
whole, it seems that the Canadian Branches 
have maintained a greater degree of nor- 
malcy than the branches in this country in 
regard to meetings and inspection trips. 


Some of the District group meetings of - 


the Branches have been given up because of 
the accelerated programs in colleges and 
transportation difficulties. 

With the increasing use of staff and facili- 
ties by the Army and Navy, together with 
the strict scheduling of the student time in 
the Army and Navy, the work of the 
Student Branches may be severely handi- 
capped. It is hoped that the enthusiasm 
and diligence of the counselors may inspire 
the students whether in civilian, Army, or 
Navy life, so that the Branch activities may 
be continued. There exists a real challenge 
to bring to the future engineers a definite 
view of peacetime engineering and of the 
ideals of the profession which will stand 
them in good stead as the havoc of war de- 
creases. 


General Committees 
FINANCE COMMITTEE 


A continuance in the growth of Institute 
membership, together with a material in- 
crease in revenue from advertising in Elec- 
trical Engineering, permits the finance com- 
mittee to report for the fiscal year an excess 
of receipts over expenditures of approxi- 
mately $38,000, in addition to transfers 
made during the year of $10,000 to the 
pension fund, and $20,000 to the reserve 
capital fund. 

In its preparation of the annual budget, 
the finance committee has endeavored to 
give full consideration to probable losses 


‘in dues revenue as a result of concessions 


now being made to: members serving in the 
armed forces and merchant marine. 
Expenditures have been in accordance 


_ with a program of Institute activities in ef- 


fect during the past few years except as 
modified by any special conditions adopted 
to conform with the war effort. Particulars 
regarding the provisions of the current 
budget appear in the December 1942 issue 
of Electrical Engineering news section, pages 
617-18. 

Institute investments now reflect the 
current market trend. Upon referring to 
the financial statement accompanying this 
report, it will be noted that losses on securi- 
ties which developed in less favorable years 
have been almost entirely overcome by the 
appreciation in other security values. Ap- 
proximately 55 per cent of the Institute’s 
inyestments is now in United States war and 
other Government bonds. 

It is expected that losses in dues revenue 
resulting from concessions to members in 
service will become more evident during the 
fiscal year which began May 1, 1943, and 
that the cost of Institute activities will in- 
crease by reason of war conditions; for ex- 
ample, the executive committee of the In- 
stitute recently voted to increase the 
financial support of United Engineering 
Trustees, Inc., because of increased operat- 
ing expenses and a decrease in normal 
building-operating revenue. For this rea- 
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son, the committee expects that some of the 
recent excess of receipts over expenditures 
will be needed to meet deficiencies and in- 
creased costs. 

Haskins & Sells, certified public account- 
ants, have audited the Institute books and 
their report appears on pages 13 to 16. 


TECHNICAL PROGRAM COMMITTEE 


Technical Meetings. Three national and 
two District technical meetings, comprising 
44 technical sessions and 24 conferences, 
were held during the year. The total regis- 
tration at the five meetings was 3,497, as 
compared with 4,274 at six meetings held 
in 1941-42. The registration at the three 
national technical meetings was 2,843, as 
compared with 2,856 the year before, de- 
spite a large decrease in guest registration. 
At the national technical meeting in Janu- 
ary, the average attendance at each of the 
29 sessions and conferences was 138, com- 
pared with an average attendance of 109 at 
each of the 27 sessions held last year, and 
121 at each of the 27 sessions in 1941. 


Programs. In line with the AIEE wartime 
policy (EE, Sept. 7942, p. 477), the committee 
gave preference to subjects of immediate 
importance in the war effort, and fully one 
third of the sessions were devoted wholly 
to wartime problems. A principal theme 
of the year’s work was the promotion of 
“Conservation of Critical Materials 
Through Good Engineering”’ through the 
presentation and discussion of a series of 
wartime guides or reports and papers on the 
selection and operation of electrical equip- 
ment (EE, Oct. 1942, p. 527). Twelve such 
guides or reports were prepared or pro- 
posed (LE, Mar. 1943, p.174). It was agreed 
that these guides should be entirely educa- 
tional in character, and that they should all 
be reconsidered, and approved, revised 
formormal use, or rescinded, after the war 
emergency. A foreword to this effect, pre- 
pared by the standards committee, was 
included in all such reports prepared sub- 
sequent to April 1943. 


Civic Affairs Conferences. With a view to 
furthering the participation of engineers in 
civic affairs, especially city and regional 
planning, conferences were held at the 
Chicago and Pittsfield meetings. The 
Pittsfield conference, held during the North 
Eastern District technical meeting, on 


April 8, brought together six civic authori- 


Table II. 


ties and experts who are actively engaged 
in planning work. Their addresses followed 
an address by President Osborne on “The 
Engineer’s Interest in City Planning.” 
A similar conference has been proposed for 
the national technical meeting to be held in 
Cleveland. 


Committee Policies. To minimize time and 
travel, the committee held only three meet- 
ings during the year. These three meetings 
were attended by 56, 50, and 66 per cent 
of the committee members or duly ap- 
pointed representatives. 

In view of the increasing importance of 
electronics, the committee recommended 
and the board of directors approved giving 
the joint subcommittee on electronics full 
status as a technical committee. Because 
of the expanding use of carrier current for 
multiple purposes, which are in the fields 
of several technical committees, a joint 
subcommittee on power system applications 
of carrier current has been appointed con- 
sisting of representatives of the committees 
on protective devices, automatic stations, 
power transmission and distribution, and 
communication. 

To aid the war effort and to encourage 
reports on the latest .developments, re- 
strictions on the closing dates for the receipt 
of papers have been relaxed. This, to- 
gether with the preoccupation of most 
authors and reviewing committee members 
with war work, has led to an increase in the 
length of the average paper to a figure of 
6.28 pages, the highest figure in the past 
five years, 


General Sessions. General sessions have 
dealt with the broader aspects of the pro- 
fession as related to the war effort and post- 
war problems. The general session for the 
meeting in Chicago was on the subject of 
“The Organization and Management of 
Large-Scale Engineering Work.” The 
general session of the January meeting was 
devoted to ‘‘Technical Man Power in the 
War Effort.” Plans are being made to de- 
vote the general session of the meeting in 
Cleveland to the engineering aspects of 
Latin-American relationships. 


PUBLICATION COMMITTEE 


The Institute’s principal technical pub- 
lications were produced during the year 
on the same general basis as during the 
preceding year, no change in publication 


Statistics of Technical Programs for Last Five Years 


YearEnding Year Ending 


Year Ending YearEnding Year Ending 


April 30, April 30, April 30, April 30, April 30, 
1943 1942 1941 1940 1939 

Number of national technical meetings Orananieia!s Baia Bitaeterers 2. ada got ar 3 
Number of District technical meetings. . NET sistant BR yr ittes Pa teeta Ns Di eters 3 
Registration at national meetings and 

Dis@icti meetings. asian ale aroun «se BeaO Tete la rays b SOTA facies ASS OO) cress at Oy 4 Okc eteraoaey 4,100 
Number of papers presented..........- U6Sier. capes CEQ Fe ate TO Stevan ras VT So aera ct 184 
Number of papers recommended for 

PUGET Bh OS ahs Be GuPOLIAT OOD A FORO Ae Fo obanorti aie DSO adetatate VOTicayp mracents al oe Wad ne 169 
Estimated number of pages required 

for printing papersin Transactions... 886*.......... 807*...... Ot leer ere aa SBOP ns a 986* 
Average length of papers recom- 

mended for Transactions........... Gy 2B Ee Mirela dine isyeko Ld UPN BAT Deeks R80) te) age 5.83 
Number of technical sessions.......... Bache Sieantny he 0) ators ten: EA eacsthe, Oneoe ye evens a. 50 
Number of technical conferences... ... A al age ee PEE cee Roe ge kena ih LO} around? 12 
* Partly estimated. 
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Table III. Membership Statistics for Fistal Year Ending April 30, 1943 
Honorary Six-Year 
Members Fellows Members Associates Associates Subtotals Totals 

Membership April 30, 1942...... PE, POD ce tee AOS ey sares CHG onions Tp0 DS are ethan cyto a Dacre ao 18,944 
Additions 
New members qualified..............0. gma LLG << sertneis, ¢ aa ree 1,628) cst 1,745 
Fomer members re-instated 

Orxe-clect€d ise os yun cet cae Re ae patton 7 LS ee 2 51 ies Ob tere 3 237 

Suibfotalsyea.cacsace ved «series eats Sersiaee LOSS sets a gror een L733 eam 1,982 
SLrangstergnc i antowbien ican 1 aaa AB homie PAN a ors TL Like artes Castes aaa 1,070 

Motalsy, esc t awa teat eee Aes crete oh Ee Cee 445. BO2hrs ceca TRIER cities 3,052 
Deductions 
Died tee oe tinge tee aro < fares a BD crate ates Di ecatavt e's BOS sates Ee ine 129 
MXC Cats bon nins Sore oo pe oaneas as. Sepatiene OT doe: Sas 112 ae CLUS ee 222 
Dropped saris sonnei aan an ew ho area Ze Sah BA rad Alon 1B2ercre A208 3 alee 414 

Stibtotals se sitihe vhaa.o vic serene am eniane LO acts fore bie See SLA ict S10 a see 765 
EITANSLEYS Aiea sicicis otal ei ovale ie kde oe Mena Lise hee TeLe 4oF cere 21Geacr B06 iece ome 1,070 

ED ObatS'y  crctennstey«. eal Sih eiete kta hen, peer 2Opeteac.. 160. Soe SSDs tater L125 oes 1,835 
INetriChan pean; arte ote.cit- tae Serena Blac ar OBE cae PLAS AE Cre OUR L8 wees 1,217 
Membership April 30, 1943...... Giteratas BO Sr aera SS VAS rat ters OH rahe re separ, Tg HO a aes cearn niente ay 20,161 


policy having been enacted in the interim. 

The 1942 Transactions volume marked the 
completion of the transition to the improved 
publication procedure adopted in August 
1940, and included only 1942 technical 
papers and related discussions. Publica- 
tion of technical papers continues on a 
month-by-month basis, in a segregated 
Transactions section of Electrical “Engineering, 
with discussions and a few long technical 
papers published in the two semiannual 
“Supplements to Electrical Engineering— 
Transactions Section.” 

Subject matter of both technical papers 
and general-interest articles published in 
Electrical Engineering is now closely related to 
the war effort, in accordance with the war- 
time policies adopted by the Institute’s 
board of directors in August 1942. First 
preference is given those papers and articles 
directly aiding the war effort, and those 
not meeting this requirement constitute a 
minor part of the total program. 

Two factors are now limiting the amount 
of technical material published: 


1. Areduced amount of available material, probably 
a result of the employment of the majority of electrical 
engineers in war work that cannot be publicized. 


2. Governmental restrictions on the use of paper. 


However, efforts are being made to main- 
tain the publication of technical material 
at the highest possible level. 

In addition to the usual technical-paper 
pamphlets produced for national and Dis- 
trict meeting programs, special pamphlets 
which were published in the year included: 


1. “Bibliography on Circuit Interrupting Devices, 
1928-40,” prepared by the AIEE committee on pro- 
tective devices, May 1942. 


2. “Bibliography on Electrical Safety, 1930-41,” 
prepared by the AIEE committee on safety, July 1942. 


3, “Bibliography on Automatic Stations, 1930-41,” 
prepared by the AIEE committee on automatic sta- 
tions, December 1942. 


4. “Advanced Methods of Mathematical Analysis as 
Applied to Electrical Engineering.” This is a con- 
solidated reprint of five lectures published in Elec- 
trical Engineering, originally presented as a symposium 
under auspices of the basic science group of the New 
York Section, 
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In addition to the special publications al- 
ready mentioned, the board of directors at 
its January 1943 meeting authorized’ the 
publication of a news bulletin for AIEE 
members in the armed services and the 
merchant marine. The first issue is now in 
preparation. 

Governmental censorship regulations 
have continued in effect as reported last 
year. Measures have been taken to avoid 
publication of censorable material, and 
manuscripts dealing with restricted subject 
matter have been cleared with designated 
authorities before publication. Shipments 
of publications to members and subscribers 
in foreign countries have continued on the 
same basis as reported last year. No ship- 
ments are made to enemy territory or to 
enemy-occupied or controlled territory. 
Distribution to other foreign destinations is 
being made under export-license control 
and rigorous limitations imposed by the 
United States Office of Censorship and the 
Office of Export Control of the Board of 
Economic Warfare. 


MEMBERSHIP COMMITTEE 


The Institute membership stood at 
20,161, April 30, 1943. This compares 
with a membership of 18,944 on April 30 
last year. The goal set by the membership 
committee was 20,000. It was never quite 
clear, because of the abnormal conditions 
which prevailed, whether this objective 
would be attained. There have been many 
mixed influences throughout the past year 
resulting from the readjustments of all 
engineers to war conditions. It is a tribute 
to the loyalty and determination of every 
Section membership committeeman that 
we have been able to forge ahead at all 
when almost every reasonable sign pointed 
in the reverse direction. As in past years 
our best source of leads for new members 
was the very fine response to the chairman’s 
letter of September 16, 1942, to the entire 


membership. Some 896 names of candi- 


dates were submitted. The membership 
committee herewith expresses its gratitude 
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to those members who sent in suggestions 
for new members. — 3 
As- usual several tables have been in- _ 
cluded to show what has been happening — 
to the Institute membership, comparing 
this year’s results with those of previous 
years. 4 Ks 
In Table III it is seen that the gross 
additions to membership were 1,982 while 
the deductions were 765. The net increase 
in membership was 1,217. Last year the 
net increase amounted to 1,058 members. 
This year’s net increase of 1,217 members 


Table IV. Number of Applications Re- 
ceived From Enrolled Students and From 


All Others 
Year Ending 
April 30 Students All Others Total 
LES 5 tat tea Teen Acie 1,43 eres 2,214 
L942 oes acre we Lee tara tet can 130310. in eee 2,002 
1941 inde. LR Bir ee 1,011) Gea 1,898 
£940 Sees SUT Anes. 518). hie eae 1,829 
LO BOF saree B49 Ny. eters 872 ere caer 1,721 
2 7) ‘ 
Table V. Number of Enrolled Students 
as of April 30 
New 
Year Applications Renewals Total 
1943 5 ite aim 2,512 3, 3,200 sonra 5,712 
1942 Noo sone. ODOD riers «teat 35377. - sete 5,962 
1941 ise ee P Sessey Wie: Take OF Ce BUSS area 5550) 
1940. So ac VVC VRUA RS an 2,992).tieg eames S517, 
Sk 5 eae DTA! iis emaretee ey a ire coe 5,242 
Table VI. Number of Delinquent Mem- 


bers in Section Territory Reinstated 


August 1, 1942 to April 30, 1943.00... eset 323 - 


Year beginning August 1, 1941......,......,....318 
Year beginning August 1, 1940..............00- 383 
Year beginning August’ 1,-1939.,..... 2. sommes 302 
Yeat beginning August'1}'193B. 2). .2. «ee 354 
Table VII. Status of Membership Dues 


as of April 30 Ne 


—— ar 
Members Fully Paid 


_ Total 
Year Membership Number Per Cent — 
LO4S | sites ee ZOLTGtA Te oka 18;247 9%. ge 90.5 
TOAZ Dee TGS94AS is ose 16;922005. concen 89.3 t 
Oy Renee 17,886 T5772: 0 coe 88.2 
1940 Re eer 17,213 14,997 rr aoa 87.1 
1930 see 16,605 14 ST sane 86.5 


“ Of the 20,161 members reported for April 30, 1943, 
771 names are being carried upon the membership rolls 

in an inactive status, in accordance with the paras 
tions adopted by the board of directors in the inte: 

of members in the military service of the United Sta 

or allied countries, or members located in suchen 
countries unable to remit membership dues at this 
time: ee) 


1. Members owing dues toApril 30, 1942.4. 496 a 
2. Members owing dues to April 30, 1943..... Ki yA18 ~ 


(During the rari May 1 to May 17, | 1943, 297 
members have paid dues to April 30, 1943, reducing . 
the number not fully paid to 1,121.) oe 


** Including 936 Members for Life; and- the 771 
mentioned above who are not currently paid up, but 
from whom no payments are expected during the war. | — 


eee 


is the largest ever recorded except for the 
year ending April 30, 1921. 

Table IV indicates the number of ap- 
plications received from enrolled students 
and others for the past five years. The 
Humber of applications from enrolled 
students is lower than that reported last 
year, principally because those in the armed 
forces and merchant marine were given the 
opportunity to continue their student 
affiliation while.in service. The increase 
of 400 applications this year as compared 
with last year from other than students 
reflects wider employment of engineers and 
a general increased need on the part of 
engineers to keep abreast of latest develop- 
ments in the field of electrical engineering. 

It should be pointed out that no direct 
check can be made between Tables III 
and IV, because applications received are 
not all acted on before the close of the fiscal 
year. 

Table V shows data on the number of 
enrolled students and new applications for 
student membership from students for five 
years ending 1943. The effect of the war is 
very clearly indicated in the figure for 
1943. 

The results portrayed in Table VI show 
in no small way the success achieved by 
Section membership committeemen in 
their contacts with wavering members. 

Table VII contains the “‘vital’’ statistics 
of the Institute for this year as compared 
with the past four years. Since it is the 
“fully paid members’ who make the AIEE 


Table VOI. Record of 
AIEE Membership 


Total Total Total 

Year Mayi Year May1 Year May 1 
aeeaeo sft 19057... 3,460 17,319 
T8855... 209 - 1906..... 3,870 . 18,158 
PROC LEeiep0 1907... .. 4,521 . 18,344 
eer... 214 - 1908..... 5,674 «18,265 
PRS90.. +» 333- ~1909..... 6,400 18,133 
g2000 00. 427 “1910,.... 6,681 18,003 
Peete 41S 191. os. 7,117 18,334 
Mpegs O15 °4912..... 7,459 . 17,550 
Pra wa 2 61S 1913 oe 7,654 - 17,019 
1894.5. 800 1914..... 7,876 ..15,230 
Rese 944° ADIB s: 8,054 . 14,269 
EO 1,099 <. 1916). 2. 8,202 .. 14,600 
A TF ies Oo ea 9 OF gaps 8,710 15,308 
-1898....1,098 1918..... 9,282 16,078 
BOOBs 151335 191955....10,352. 16,605 
29008. «1,183. ~ 1920..... 11,345 17,213 
BOOI ar, 200.- 1921... 013,215 17,886 
MIBO2 2.31549) -1922°.. 14,263 18,944 
Po OS% ry. 6 2;229 8" 1923) 555615,298 9 19435... 20,161 


1904....3,027 1924..... 16,455 


the successful organization that it is, it is 
always of interest to have a look at their 
statistical behavior. The total membership 
of 20,161 on April 30, 1943, includes 771 
names being carried in an inactive status 
because of military service as compared 
with 327 names on the same date last year. 

Table VIII is included to keep the record 


_ Straight and is self-explanatory. 


_ It would be easier to prepare a report of 
the year’s membership activities if Table 
IX could be left out. Every year we note 
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Table IX. Deaths of AIEE Members Reported in “Electrical Engineering” 


Obituary Notice in 
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Date of Date of Grade at Electrical 
Name Election Death Death Engineering 
ASSL Nias ss. crtter. slam kare Associate ?31...... OC ZO L OA A i. wie ASSOCIATES lace arrrecals errs cen Feb. 1943, p. 77 
Ackland) BW. cilevmare Associate ’05...... Mar. 28, 1942...... Member mane syed crete July 1942, p. 366 
POOR, PHA aie, ois nfes tno: » Associate 12/7 ..%2..". Pith PG ha ia ca sem DeY ia ree 6 etewjoci ac, « Sept. 1942, p. 481 
AMES A ZEl yhoo. cies se tira Associate ’09...... Noy. 23, 1942...... ASSOCIATE Wh eta ahite sera ei we Jan. 1943, p. 35 
PATENT Oy OWN chs svar Osiace!s erie Member ’26...... Apr. 15 1942 re WA SrA eD co mreces ee eee nk oitae July 1942, p. 366 
Atwood JRAsg «cs ace cat's Associate 716...... FRO TIL PA ears ASSOCIATES ovale erase >. Keres July 1942, p. 366 
Barrys juGginie’s setemaenae od Associate.’03...... Mar. 4, 1943....... VSSOMENAGCS Postale re sinter ss Apr. 1943, p. 177 
Barstow, W.S.............Associate °94.,.... Dee#26, 1942... BON OW is rei eiers nunc is ciel Feb. 1943, p. 76 
BAVA Rat IN stetanege atc terereess Associate ’89...... Sept, 5,-1942 0.3.5. Werther entree 4. atax tt Mar. 1943, p. 132 
Boothin GorAves « vacciticcvigalt Associate °13...... Feb. 18, 1942...... PASSOCTALE Css Wii dia\ te clea ite May 1942, p. 264 
Bremner, \Wyible s aie. heveinvses, Associate °93...... gune:20; 1942 a Memberss jecccrts sea Sept. 1942, p. 481 
US 330 | hed oy oP niatans eee Associate 703...... Auig.-23, 1942.2. 2 6: PRSSH ONC sth ace pea Fa Nov. 1942, p. 578 
Galyitus <P AS fe atone tte Associate ’29...... ANE 2S 194 Riis ASSOCIATOM Ey uo chal cietei yaw Oct. 1942, p. 533 
Carpenter, 'C. Bo) 5 cas Associate °96...... NOVO TO42 Re PASSOGIAt Nn sralelasiie i citer ar Jan. 1943, p. 35 
Christiansen, K. C........ Associate °17...... Decrees gee Members oe atiinces aoe Mar. 1943, p. 131 
Clank HRD cok nee tan Associate 732...... Jan. 21, 1942. .5..5. PSSSOCLAtE wie stein re ee eo June 1942, p. 331 
Cohor Fi Beaaceinns ee Associate °94,..... May 19, 1942....,. ASSOCIATE NM Stats doves ox, fe Dec. 1942, p. 624 
Coles Gi Nhs sete la ond ase Associate ’02...... Panag ees ¢ ASSOCIATE: 2/a0 6 Pena een Aug. 1942, p. 438 
@oustad We S85 cerns vo Associate °35...... Sept 140s erences ASSGCIARE scala ols: coh Orelel ais Oct. 1942, p. 533 
Cornell, Cele as Sateen ee Associate 790...... of Roe Gol spe POE at SR (Co V0, SI Ss Sept. 1942, p. 481 
Cravaton, Fe Ay i. sta e cw Associate ’08...... ra reayil Singh Obie ceetntiste o ARBSOCRACE: ni aide lcd eetd Ins June 1942, p. 330 
Danfordy Bob. a esc. et Associate ?37...... Octi11, 1942. 24.62 ASSOCIAVC ou ice ax Pas oa eke Dec. 1942, p. 624 
Darling es Sok hie cane « Member 734... ... Oct. 26, 1942...... Were Bieter clatste eiaje caret Dec. 1942, p. 624 
Davéenportyts Cos icleie sara Associate ’07...... Deer 19, 142 tas Wheiaber inane «sare tales Mar. 1943, p. 132 
Wadsomy i. AAc Fe cara sranatsecs Associate ’37...... Jam. 23; 1942. a5. - IASSOCIATC ay.) ans ieacoiatn eee te June 1942, p. 330 
DOW; Ale. jos eto Associate ’93...... Mar. 22, 1942...... Honorary Member...... May 1942, p. 263 
Duran, Ry Ueda. oscar Associate °05...... Jane 5;.1942. 3.91.05. ASSOCIATE Sere ccere sik rohne x Sept. 1942, p. 482 
Big tord, Pes; Winernss'<) cites vhers Associate’07...... June; 15194255, 10: Member tre <jcciers sateles Aug. 1942, p. 438 
Edwards, JoPisg .o05 onesies Associate ’92...... July 10, 1942....... Member: tase arreeee acd Nov. 1942, p. 578 
LOPS Vi Hears aa a Se ora Associate ’26...... May 10, 1942...... Membeny ovis. son teites es Aug. 1942, p. 438 
Fenley;-W. Hoi... ce ce Associate 714...... Nov. 22, 1942...... ASSOCIATE RE, ons Sais rece whe Mar. 1943, p. 132 
Rlonye Ay Girt Saker: as oe aa Member ’26...... Marz t,, 19432 vse. Memoria sir sinainnies Apr. 1943, p. 178 
Fortenbaugh, S. B......... Associate ’95...... Feb. 6, 1943....... CHOW es syeitrotat. otal ttenst Mar. 1943, p. 131 
Freeman, W. E............Associate ?11...... May 21, 1942...... WCRI EP ais: cteinje ches ir July 1942, p. 365 
roasts Garis, acicte aud tole Member ’22...... Palys 1942 oo oa EMDR nie eos are sacs Oct..1942, p. 533 
Gallagher, J. A............Associate 742...... Nov. 11, 1942...... Associates. <iuin cr siigisies Apr. 1943, p. 178 
Glander,. E.G... - «. «... «Associate 711.,....2: Sept10;. 1942 ccm ASSOGLALC Sein ates ict aapscten> Nov? 1942, p. 578 
Goldenstein, M.M........ Associate ’07...... Oct 1942- 55 eke se Member. ies. atevalv tient Mar. 1943, p. 32 
Goldmark, C. J........... Associate ’88...... Nov.1.3; 1942) 0. ire USSSOGIANG «/a.anre ste shaesnystare Feb. 1943, p. 77 
Hadley Beye ters iscartiers stators Associate ’96...... Jene!75) 1942 37 es Member iin siniaic cas. sets Dec. 1942, p. 624 
Harding, C..F..5.....2.«.Associate 06. <.... Apr, 13, 1942...... eH OW! cea haiccyes i sve 6 sears May 1942, p. 264 
Harisberger, John......... Associate ?02...... Sept: 9) 1942 sen coe WEIS er sasaki aais = hewels Dec. 1942, p. 623 
PIAS Cr ce sle oy sae eS Associate 704...... uly 20, 1942 Toe. |. Members sauces mnie ns Sept. 1942, p, 481 
Hayward, H. O. F.:.......Associate ?39...... Jan 1551943) res: PASSOCIALE ta iove-cte a wep een Apr. 1943, p. 178 
Hellmund, R. E........... Associate ?05...... May 16, 1942...... Bellows Joseat sateen « June 1942, p. 329 
PleppichieRin Litpisyia‘eiorcreeenle Associate °42...... July 30, 1942.,....7 UNSSOCTALC Ia hay ciel gnle cease ess Nov. 1942, p. 578 
Eterty Staaten sane tener Associate 717...... Feb: 20; 1943;. . 2 o.5 eH OWrags ia; sections salorccann ete Apr. 1943, p. 176 
ElSwitt Wi Revie cithtn casts Associate 994...... Feb. 21; 1940...... IASSOGIATOY cd's 2 a wett alerse Aug. 1942, p. 439 
Hilbert, Evi Bs denne ssl cessoolate 7422 os. Feb: 26, 1943...... PISSOGEATE ai alyicisi ciate: eee Apr. 1943, p. 178 
gg ieiten te Bat WA ie A aene Bacio rien ear Member ’24...... Feb. 12, 1943..:... WEeIMaDE? Src yesh sie sities Apr. 1943, p. 178 
Hosfords Tis Bist cw ects. oe Associate °30...... Decsi1942.. ra chess ASSOCIATE Sete lsh die’ oaedoietass Mar. 1943, p. 133 
BESS ROR. D hoe pas aia tenet Associate 711...... Mar. 6, 1942....... ASSOCIATE) < fare, o tne Ars ae May 1942, p- 264 
Kallir, Ludwig............ Member ’29...... Fane 2 9436 cies coax Member tant. tipaituss: see Apr. 1943, p. 178 
Weeéarnsy BiG Wis. sstesieresces orassts Associate ’24...... Feb. 18, 1942...... PASSOGCIALES Oo teste ate alee July 1942, p. 366 
Keligy Binds: scctheaten 2.6 Associate °19...... Apr. 5, 1942....... IASsOcIate S aclatevan ate totes July 1942, p. 366 
Roop pts Cr (Qin netsircare ticles Member ’21...... ants: 1943 snes, Member... %. ofa sls Feb. 1943, p. 76 
Tang aks Hewissd ovement Associate 721...... Apr. 4, 1942. ...... Member tinggi. fansite June 1942, p. 330 
Tonner’ GoW riccne carr: Associate °12...... Jjane;11), 1942.00... ASSOCIA LE aiersdary afe-¥o cies Aug. 1942, p. 438 
Manson, D. E.............Associate ?07...... Apr. 30, 1942...... Membern ics one neice July 1942, p. 365 
McBerty, F.P........0s05: Associate °12...... Oct. 19, 1942 Mar. 1943, p. 132 
Meyers Di iGo 5 sae, wees Member ’29...... Rebs 2.1943. eee Apr. 1943, p. 177 
Morgan Mi. Teint oe sare Associate ’39...... Jan..6, 1943) 0.006. Associate Mar. 1943, p. 132 
Morrow, L. W. W......... Associate °13...... Nov. 15, 1942 Dec. 1942, p. 623 
Nable6.| Sis oenmien, a Associate °18...... Sept. 17, 1942...... Moeniber viccsmuos estan: Feb. 1943, p. 77 
Nordstrum, EE. D.. . 0 3% Associate ’04...... Feb. °1'1943 2.0.5.6: INT ea et gcc ajs ohegaistrara<e Apr. 1943, p. 178 
- OReilly, A. Jo. au chee > Associate ?03....... Wane 27, 19430. cs PRSSOCIALE od aioreh since loravalsqctnr Apr. 1943, p. 176 
Tooley Rk cess a,ciree Associate ?39...... Apr: 6551942 veer NSSOCIATC Hy iainte = eonietesTete's Mar. 1943, p. 133 
Outzen, “As Nssiate el oeras Associate °14...... Aug. 26, 1941...... ASSOCIATE letiitral siete ete Apr. 1943, p. 176 
AUTOR Vatilaiie cicteter ae nice Associate 713...... Apr* 20, 1942...... SvOClAtCe se aniayiom@isiele(s July 1942, p. 366 
Penn; Marionss)0.0-4 0c c.e% Meniber2 212i. st. Mar. 29, 1942...... eHow shew sareerstesyominiate May 1942, p. 264 
Phillipa PoaRs avs, oa.2is goers Member?27 o..0% Oct 235194 2 Member iiiy.acheereteiietarece Dec. 1942, p. 623 
PORVOUs Apo Boe stataera: dentaravaiin se Associate 787...... INOv: 77,1942. ore oie HehOw.ctrstaiantale sleeicce’n Dec. 1942, p. 623 
POrieo pA arse dower eee S Associate 735...... May 2, 1942....... ASSOCIATE para clavuje We sie sete Oct. 1942, p. 533 
Prndle Bi feos wenarcicas Associate 706...... Dee..17 5, 19422). ait. « Members aoe citron sce Feb. 1943, p. 77 
RY PET, LI: src hakeleyetaravstecPe es Associate ?29...... Mar. 6, 1942....... VASsOCIate ses win spats east Sept. 1942, p. 482 
Ouigley chs Pastt snus deny ce Member 733...... Mar. 22, 1942.....: Miembetitinn tis sotrucialets May 1942, p. 264 
Wei pery Asn Eden sees in teen ah oie Associate?2217¢ 25... Feb..1, 1943... i. EHOW: soiictatale sievanhnastane Apr. 1943, p. 177 
crises Eats Goat cist oa alas she Associate ?90,..... Fully 5194200 rece BEMOW Gas Sues ke Sept. 1942, p. 481 
Rice sR aun acnsc psleit Associate ?21...... Mar. 24, 1942...... Meniber os jose. cress June 1942, p. 330 
Rom Ou Gate Paci alseslnt Associate ?07...... Mar. 25, 1942...... ‘Associate. Sete aan Sor. June 1942, p. 330 
Rosebrugh, -T. Raw. .c =.) Associate °91...... Jan. 24, 1943....... IASSOGIATE sa wk aes a ieee Apr. 1943, p. 177 
MStessy Cis Nee eters ca ists <i Associate ’25...... Sept: 7.1942). 2. 3s WAseacrtae wtat nae rn ce? Jan. 1943, p. 35 
Runyon, .W)..M. 2)se:0)s ots <ie'0\s Associate 741...... Umer G2) iets cic WASSOCTACE craise'geietee incite Mar. 1943, p. 132 
Rutherford, E. J..........- Member?35'-: 2.20% Dec. 10, 1942...... Member since ccasscrienc Mar. 1943, p. 132 
Sanderson, E. W.......... Associate °10...... Mar 1942 0h sacs (ASSOCIATE Stars) Sat -tate iota eee July 1942, p. 366 
Sandstrom, P. N...........Associate ’25...... Jan. 14, 1943....... (ASSOCIATE aus foe eter iene Mar. 1943, p. 132 
assceny, Wie Florin =.ic.e jeu cere Associate ’28...... Apr. 28, 1942, 0.0. Member iris s sca as vs, July 1942, p. 366 
Schiff, Martin............ Member ’20...... Feb. 15, 1943... 2... Fellowitccg a tems woe ote Apr. 1943, p. 177 


(Continued on following page) 
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Tuble IX (continued), Deaths of ALLE Members Reported in “Electrical Engineering” 


eee ts tC NA EAL LALO LADERA LALA LDA A 


Obituary Notice in 


Date of Date of Grade at Electrical 
Name Ulection Death Death Engineering 
Schwarz, Vi, We. , _ Associate '03, » Web, 21,1943, 005 Momber ys ris.0 doa) on Apr, 1943, p. 177 
Scudder, Wewlltt,,,,,.,,,,Associate '99,,,,, July 31, 1942.54.71 AMOGIBtE: sy 3a5 sows Sept, 1942, p, 481 
Reclig; Ac Mrsrrrecctceries Associate '07,,5555 Rept, 13,1942, ,7,> AMOCIMEs ra5 700210 sis Feb, 1943, p. 77 
Sharp, ©. WW, , Associate '02,.,,,,May 14, 1942.,..., Pollow': 45.7 esyn) wtass June 1942, p. 329 
Bhreeve, WL, Associate '06,.,,.. Apr, 24, 1942,,,+++ FP eOW fuses Fixit? a aa June 1942, p. 330 
Siegel, 1, M, Member '42,,,,,,Apr, 10, 1942,..,,. Member a s's.5.t cuir sae 7s June 1942, p, 330 
Amith, A, G,., Member 15,,...5 Oct, 25, 1942305 03: Momberiri vs sata aee te Mar, 1943, p. 131 
Snook, WH, C,, Associate '05,,.,,,Bept. 25, 1942.05 ys PONOW es ror nserernee Noy, 1942, p, 578 
Sipurck, Kh, M.,, Associate 18,,,,..Be6, 12, 1942..+20 + BOWOWw, psurreenreccvns eb, 1943, p. 77 
Stahl, Nees. 1, Associate '08,,,., Jan, 1, 1943; fas asa VOUOW 5454 arpa raat Mar, 1943, p, 131 
Stewart, R, B,,, , vAssoclate '96,,,,>,Nov, 11, 1942,,...4 BIOMOL ihe ateae wens Apr. 1943, p, 177 
Brockwell, J. V,, Associate ’03,,,,,,Jan, 28, 1943,,,,., Associate, scrcrrrerenee Apr, 1943, p, 177 
fummers, ©, L,,, Amocinta "4155, rend O42 nrvey dens veo Amocinte) jhilery ens nue Mar, 1943, p. 134 
Tanger, V.,,+, Associate '15,,,,,,June 11, 1942,...,, ASSOC ATO x1 ss ndshaly su Oct, 1942, p, 533 
‘Tesla, Nikola, , Amociate 88; .,,,. Jan. 7.1943). 1555 1ePOMOWs vans vue ee Feb, 1943, p, 76 
Townsend, C, W,,. Associate ‘AL, , May 28, 1942,.,.,. Amoclap higher ter July 1942, p. 366 
‘Towson, M, % , Assoclate '0B,,,,,, Mar, 17, 1942,,,,. AsOCHMte, evr ses rrrnnes June 1942, p, 330 
VanDyke, C. B,,, Associate "11, »May 8, 1942,..,+.5 AMOGIRIE. 1. SAA rsgs Ee Aug, 1942, p, 439 
Ward, Ralph f..,,, Associate "24 July 26, 1942,,,..,»Mambert,..::ssseters Jan, 1943, p. 36 
Weber, fh, L,, Associate '16,,,,.,,Apr, 27, 1942...45. Members 33>: ssenesaus Aug, 1942, p, 438 
White, TJ. Gis siessa. , Associate '89,,.,,,Jume 2,1942,,,..,. Meniberig ny xatasvuniy ane July 1942, p, 365 
Whittle, Horace,,,, Associate '20,..,,, Feb, 18, 1942,,,,. AMOCIAICr cr rccevnrsens May 1942, p, 264 
Williams, J, UL. ,, Associate °13.,.057 00 J Uy 1942, boos ve MODE, vend avay eens Dee, 1942, p, 624 
Woltz, Be Lies veges pvp Amociate 10) 05 20 NOV: 27, L9AZ i 159 1 PAORADOD 0 cs ret oe hone Feb, 1943, p, 77 
Wood, LAs Bry cs eee Monber 246. . 4505 May 5, 1942. .0.005 Momberss ri) pas eaites July 1942, p, 365 
Wood, W, D.,, , Associate "31 »Mar,.22,.1942,.552 AMOCIBIG. ++ rsererrvers June 1942, p, 330 
Woodworth, 1, B,, 1, Ampoclate 00, .,+.. May 29, 1942,,,,. Member ..,s¢0r 000000 Oct, 1942, p, 533 
Zimmer, OG, 8,. , Assochate '37,,,.5, July 21, 1942s cers. sAMOCINE: anise ns he bes ‘Noy, 1942, Pp 578 


with sadness the name of afriend, associate, 
or acquaintance who has left our ranks 
forever, Again this year we pay our last 
humble respects to those of our membership 
who haye taken their departure from this life, 

The general organizational form of the 
national membership committee remained 
the same as in the previous year, It has 
been found that an advisory subcommittee 
which assists the chairman in making 
quick decisions and the research subcom- 
mittee for studying perplexing problems in 
a detached and deliberate manner have 
greauly assisted in keeping the work of the 
committee moving in a well-balanced 
manner, 


Table X, Applications for Admission 


and Transfer 


at i a = 


Applications for Admission 


Khecommended for grade of Associate, , 1,444 
Thewelected to the grade of Assoclate,,., 136 


Not recommended, .,::000 ++ 00028 2 
1,992 
Kecommended for grade ol Member, ,, 197 
ILe-olected to the grade of Member,,,, — 26 
Not recommendéd,,.:+erecsrervya ee 49 
262 
IKecommended for grade of Vellow,..., 1 
Keeeleated to the grade of Mellow, ...., | 
2 
Applications for Transfer 
Keeommended for grade of Member, , 272 
~ Not recommended for grade of Mem 
ISME SM licaly yas py Cem bom tae tet cory Oe 
285 
Recommended for grade of Vellow,..., 47 
Not recommended for yrade of Vellow, , 
47 
Students 
KLecommended for envollinent aa 
Biudentis rics seine eran Sue OW ara eee 2,317 
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The research subcommittee is putting 
together and boiling down a considerable 
amount of material which will ultimately 
form the basis for a new AILE booklet 
which can be used to good advantage in 
explaining the Institute to potential new 
members, It will also be a very valuable 
reference booklet for each member, It is 
believed that a new and different way has 
been found to show what the Institute is 
and what it has done and can do for elec- 
trical engineers. 

‘The progress on this booklet has not been 
#0 fast as we had hoped it would be be- 
cause of the pressure of war work on the 
members of the research subcommittee. 
However, when the booklet becomes avail- 
able, it will be well worth the wait, 

It has been the consistent policy of the 
chairman this year to assist the Section 
membership committee chairmen in the 
principal task of getting new members and 
keeping present members, Relatively few 
communications have been sent out and 
those that did go out were brief and in 
line with the main objectives of the Com- 
mittee. ‘The Section membership com- 
mittees have functioned splendidly this 
year and deserve credit for doing a good 
job in the face of many odds. 


BOARD OT EXAMINERS | 


‘The board of examiners held,11 meetings 
during the past year, averaging about 2!/, 
hours each, and. acted upon 4,895 cases, 
divided as shown in Table X, This repre- 
sents an increase of 33 per cent over the 
total handled by the examiners during the 
previous year, 

While there were no changes during the 
year in the basic procedure followed in the 
consideration of cases for either admission or 
transfer, a question was raised on the inter= 
pretation of the constitutional requirements 
for Fellow grade, ‘The board of examiners 
has appointed a subcommittee to study this 
matter with a view to recommending 
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constitutional revisions which will clarify — 
particularly the wording of Article IL, 
Sections 4c, d, and ¢. A second subcom- 
mittee is making a study of the admission 
form to determine whether a more effective — 
form may be developed, 


COMMITTEE ON PLANNING AND 
CO-ORDINATION 


‘The committee considered thoroughly, in 
the summer of 1942, the desirability of 
modifying Institute activities to provide for 
greater assistance in the war efforts. At — 
the meeting of the board of directors on 
August 7, a comprehensive statement of 
policies and activities of the Institute under 
war conditions was adopted, Some of the 
principal parts have been mentioned al- 
ready under “War Activities,” ‘The state- 
ment was published in full (22, Sept. 1942, 
p. 477), 

The committee submitted a comprehen- 
sive report at the meeting of the board of 
directors January 28, 1943, which resulted — 
in the actions outlined below: 


The Sections and Districts were encouraged by the 
hoard to schedule the usual number of meetings, to be 
devoted to the war effort, or, in the event of a change 
in the international situation, to peace aims, 


Paragraphs 4c, 4d, and 4¢ of article IT of the consti- 
tution were interpreted as not requiring five years in 
Member grade. 


Members and enrolled students in the armed services 
and the merchant marine were given the option of 
continuing to pay regular dues or student fees with 
the usual privileges, or of being inactive members or 
students for the duration of the war without payments, 


The publication committee was authorized to prepare 
a quarterly news letter to be sent to members in war — 
service, f 
GOMMITTEE ON CODE OF PRINCIPLES OF 
PROFESSIONAL CONDUCT 


“Canons of Ethics’? were submitted by 
the engineers’ joint committee on ethics to — 
the Engineers Council for Professional De- 
velopment board at its annual meeting ae 
October 1942, and, after consideration by 
that board, were forwarded to the boards — 
of the several constituent members of 
ECPD, of which AIRE is one. The ear ; 
mission was made with the request for 


i 
1, General comments, 


2. A statement of what, if any, items of the sub- 
mitted draft could be omitted appropriately fren a 
code of ethics, 


3, What, if any, items should be contained in an — 
adequate code of ethics that are not in the submitted — 
draft of canons, 


The board of directors of ATEE referred 
the matter to the committee on code of 
principles of professional conduct, and that — 
committee has it under consideration with 
the hope that a report may be submitted t 
the board before the summer meeting. — ; 


COMMITTER ON° CONSTITUTION AND 
BY-LAWS 


The work of this committee has | I ; 
limited to making two routine changes in 
the by-laws and to consideration of the de- 
sirability of making a number of oe # 
the constitttion. Z 

The two routine changes in the by- 
were made to make the by-laws x¢ 
with the action of the board of ¢ 
taken at its meeting on August 7 
abolish the institute policy ¢ 


Specifically, the changes were as follows: 


Section 65—Delete the name of the institute policy 
committee from the listing under the heading “general 
committees.” 


ett 73—Delete the whole section. 

' The consideration of the desirability of 
making certain changes in the constitution 
is still in progress in the committee,on con- 
stitution and by-laws, and it is expected 
that the committee’s recommendations to 
the board of directors will be submitted well 
in advance of the close of the present ad- 
ministrative year. 

The specific points involving the con- 
stitution which are now under considera- 
tion by the committee on constitution and 
by-laws are indicated by the brief titles 
which follow: 2 


Elimination of the term “‘national.” 

Elimination of the term “professional engineer.” 
Tax-exempt status. 

Election procedure. 

Constitutional-amendment procedure. 


Mailing amendment and election ballots together. 
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Qualifications for Fellow grade. 
COMMITTEE ON RESEARCH 


The third year of operation of this com- 
mittee as a general committee continues 
to indicate that the change from technical- 
committee status has in no way interfered 
with the development of research papers by 
Institute members, as evidenced by a re- 
view of the large number of papers describ- 
ing various research works presented during 
the year. 

The number one activity of the com- 
mittee has been that of sponsoring two re- 
search problems: one, an extensive welding 
research program sponsored jointly with 
the American Welding Society; and the 
other, research on insulating oils and cable 
saturants, project 74. J. C. Balsbaugh, who 
has been supervising this latter project,” 
together with A. G. Assaf, presented, at the 
national technical meeting in January, 
some results of this work in a paper en- 
titled, “Electrical Stability of Electrical 
Insulating Oils Under Limited Oxidation.” 
The welding research program is very large, 
involving many problems, the total of the 
Welding Research Council budget being 
about $200,000. To this the Engineering 
Foundation and the Institute make rather 
small money contributions, but they co- 
operate as requested and thus keep in close 
touch with the work being done. The 
activity of the American Welding Society 
makes careful supervision of the project on 
the part of the Institute unnecessary. 

_ Two AIEE members, Comfort A. Adams 
and Herman Halperin, are entitled to the 
thanks of the committee and the Institute 
for the work they have done in promoting 
the work of the welding research and the 
cable saturants research, respectively. 
The committee has kept in close touch 
with all of the technical committees of the 
Institute by inviting each of those com- 
-mittees to designate one of its members as a 
special research-committee contact member. 
-- Through this means, any committee is 
readily able to call upon the committee on 
research as needed. 
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COMMITTEE ON SAFETY 


The committee has continued its activi- 
ties on the problems of safety from electrical 
fire and accident hazards. An important 
contribution was the completion of a bibli- 
ography of the publications in this field 
during the years of 1930 to 1942 by the 
Institute at the request of the committee, 
and the sale has been very gratifying, show- 
ing a widespread interest in information of 
this kind. 

The effort to persuade the Student 
Branches to hold meetings on safety has 
been continued during the current school 
year. In March 1943, a post-card ques- 
tionnaire returned by the Student Branches 
indicated that more than half of them held 
one or more meetings during the year on 
various phases of electrical safety. For the 
coming year, each Student Branch will be 
urged to hold a meeting on electrical-fire 
safety some time during the National Fire- 
Prevention Week in October, and also to 
hold at least one meeting on electrical- 
accident safety problems during the spring 
of 1944. The committee believes that 
safety is an excellent subject for Student 
Branch discussions. 

Encouragement has been given to the 
presentation of papers and publication of 
articles in Electrical Engineering and else- 
where. One technical paper on “The 
Effect of Frequency of Let-Go Currents,” a 
conference paper on the teaching of safety 
in one of the engineering colleges, and an 
article in Electrical Engineering on the role of 
lighting in accident prevention, as well as 
several short news items in Electrical Engi- 
neering, have been presented or published 
during the year. 

The Institute has supported the activities 
of the National Fire Waste Council and the 
National Fire Protection Association, and 
the AIEE representatives have participated 
actively in the work of various committees 
in the American Standards Association 
dealing with codes covering electrical- 
safety problems. 

War conditions make it increasingly 
important that. electrical installations be 
maintained in good order, and the com- 
mittee is lending its support in this direc- 
tion. 


Standards 
STANDARDS COMMITTEE 
The year 1942-43 from the standards 


' committee’s viewpoint was marked by the 


completion of an unusual number of stand- 
ards projects, reports on proposed standards, 
the initiation of new lines of various wartime 
endeavors on the part of the many com- 
mittees and subcommittees engaged in the 
normal processes of standards work, and 
also by the standards committee taking an 
active leading role in the promulgation of 
the Institute’s wartime policies as defined 
by the committee on planning and co- 
ordination and adopted by the board of 
directors on August 7, 1942. 

The war emergency has focused atten- 
tion on the importance of the nationwide 
general use of industry standards and also 
on the very definite advantage to be gained 
through the formulation by established 
industry standardizing bodies of all war 
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emergency standards or application guides 
for ‘‘duration” use. After careful considera- 
tion of the many technical problems in- 
volved in the preparation and use of 
emergency standards, the standards com- 
mittee decided that in a great majority of 
the cases the wartime situation could be 
taken care of effectively by the preparation 
of wartime guides and interim reports cover- 
ing the application of various types of 
standard electrical apparatus. Conse- 
quently, the standards committee, in 
collaboration with the technical program 
committee, and the special committee on 
co-operation with war agencies appointed 
by President Osborne, recommended that 
the Institute’s technical committees prepare 
guides and reports covering application 
and operation of apparatus and, where 
necessary, emergency substitutions or modi- 
fications of present standards. 

The preparation of some 13 or 14 such 
guides is now well along toward completion, 
and some are already completed. These 
guides and interim reports are educational 
in character and in no way mandatory. 
They have been prepared by technical 
committees for the purpose of making es- 
sential information immediately available 
to war industries, thus furthering the con- 
servation of critical material and labor for 
the war emergency. It is expected that the 
standards committee will be able to pub- 
lish these in suitable form for general use 
following the national technical meeting 
in Cleveland. 

One instance of the immediate need for a 
modification of an existing standard has 
developed... It will be a wartime “*‘ Modifica- 
tion of and Supplement to” ATEE Stand- 
ard 45, “‘Recommended Practice for Elec- 
trical Installations on Shipboard.” This 
modification of Standard 45, sponsored by 
the committee on marine transportation, 
is to apply during the national emergency 
only. It is now in course of publication, 
and a very heavy demand from the marine 
field is already indicated. 

It has been evident for a number of 
years that the growing complexity of stand- 
ardizing procedure has made it ever more 
difficult to understand for those not con- 
tinually in touch with the situation. With 
this problem in mind, the standards com- 
mittee has developed and published a 
“Standards Manual.’ The groundwork 
for the manual was laid by the late R. E. 
Hellmund, and it is proving to be of great 
assistance to the many committeemen en- 
gaged in standards work. A recent de- 
velopment, a proposed addition to the 
manual, is a chart showing graphically the 
various steps through which standards proj- 
ects must pass before final approval as 
AIEE and American Standards. 

Among the many new and revised stand- 
ards and reports considered and approved 
during the current year are the following: 
dielectric test voltage measurements; ap- 
paratus bushings; air switches and bus 
supports; switchgear assemblies; neutral 
grounding devices; wet tests; power cir- 
cuit breakers; principles for selection of 
reference values for electrical standards; 
insulator tests; lightning arresters. 

Several special committees and indi- 
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‘ yidual representatives were appointed to 
handle these new projects: terminal pot- 
heads; roof bushings and floor and wall 
bushings; general service conditions and 
altitude correction factors; co-ordination 
of AIEE and ASME test codes. 

A considerable number of standards 
which are being handled by ASA sectional 
committees, on which the Institute has 
representatives, or for which the AIEE is 
acting as sponsor or joint sponsor have also 
been or shortly will be approved formally 
as American Standards. These cover the 
following subjects: rotating electrical ma- 
chinery; transformers, induction regulators 
and reactors; graphical symbols for tele- 
phone, telegraph and radio use; graphical 
symbols for electric power control and 
measurement; graphical electrical sym- 
bols for architectural plans; a-c power 
circuit breakers, and rotating electrical 
machinery on railway locomotives and rail 
cars, and others. 

It has also been necessary, because of the 
many personnel shifts due to the war emer- 
gency and to reorganization of inactive 
projects, to select a considerable number 
of new AIEE representatives to serve on 
sectional committees of ASA. Two such 
projects of particular interest at the present 
time are mercury-arc rectifiers and electric 
fences. 

With a view toward conserving members’ 
time and travel, only three committee 
meetings were held this year, and as much 
work as possible was handled effectively by 
correspondence. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL ELECTROTECHNICAL 
COMMISSION 


The work of the International Electro- 
technical Commission has been practically 
suspended because of the international 
situation. The central office is being main- 
tained, however, and continues to receive 
mail at its old address in London, although 
its valuable records have been moved to a 
place of safety ‘for the duration.” The 
United States National Committee of the 
IEC also is keeping its organization intact 
and will continue to meet annually so that, 
as soon as circumstances permit, it will be 
possible to resume activities. 

The USNC at its annual meeting in 
December 1942 re-elected the following 
officers: E. C. Crittenden, president; L. F. 
Adams, vice-president; and H. S. Osborne, 
vice¢president and treasurer. 

During the year, the committee suffered 
the loss through death of R. E. Hellmund, 
and Clayton H. Sharp, its honorary presi- 
dent. Doctor Sharp was a founding mem- 
ber of the USNC and served as secretary 
from 1920 to 1924, as president from 1924 
to 1940, and as honorary president from 
1940 until his death. His absence will be 
particularly felt when peace returns and 
negotiations looking to the re-establishment 
of IEC work are undertaken. 


Technical Committees 
COMMITTEE ON AIR TRANSPORTATION 


Because all members of the committee 
are concerned primarily with the war effort, 
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the committee work was restricted to that 
which was absolutely necessary. Only one 
meeting was called, and that was held at 
Institute headquarters, January 28, 1943. 
All other work of the committee has been 
handled by correspondence. 

The activities of the committee can be 
divided into three groups: standards, tech- 
nical papers, and formation of sectional 
groups. 

A standard is being prepared by J. W. 
Allen of the Bureau of Aeronautics to show 
the relation of temperature to altitude, 
knowledge of which is necessary for avia- 
tion practice. This information should be 
of great value to electrical engineers 
throughout the industry, as the extreme 


_ range in both temperature and altitude is 


not appreciated by most design engineers. 
A subcommittee is preparing revisions for 
all Institute standards regarding rotating 
machinery that may be used in aircraft. 
The work of this committee will deal pri- 
marily with d-c apparatus and with in- 
creasing altitude and temperature varia- 
tions to care for aviation equipment. 

The committee has invited and received 
confirmation of approximately 60 technical 
articles which are being prepared by elec- 
trical engineers who are active in the avia- 
tion industry. These papers have been cor- 
related carefully into a program which will 
show all aspects of aviation activities. As 
these papers are published, it is anticipated 
that there will be a large influx of aviation 
electrical engineers into the Institute. 

For the third activity of the committee, 
the formation of aviation divisions within 
local Sections, the logical starting point was 


the Los Angeles Section, where many air- _ 


craft plants are concentrated. More than 
300 prospective members appeared for the 
first meeting of the proposed division. This 
division is now well organized and plans 


to meet at least six times a year to hear tech- | 


nical papers from its own members. 

As a result of the success of the division 
at Los Angeles, invitations were prepared 
for the formation of similar divisions in 
other localities, At this writing, the Phila- 
delphia Section is planning to form such a 
division, as eight large plants in its area 
employing many electrical engineers are 
concerned solely with aviation activities. 
There are many other plants in this area 
which have some aviation electrical activi- 
ties. It is anticipated that a very active 
division will result. It is expected that 
similar divisions will be formed in the 
Washington—Baltimore area, the New York 
Section, the San Diego Section, and the 
Seattle Section. : 


COMMITTEE ON AUTOMATIC STATIONS 


The committee held three meetings dur- 


ing the year, one at the summer convention _ 


in Chicago in June 1942, one at the na- 
tional technical meeting in New York in 
January 1943, and one in April 1943, at 
which the work of the committee and sub- 
committees was discussed. 

The bibliography on automatic stations, 
known as Special Publication 5, covering 


the period 1932-41 inclusive, was published. 


in December 1942, and is now available at 
headquarters. 
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- prepared in connection with a questionnaire 


The subcommittee which distributed 
copies of a questionnaire throughout the 
United States‘and Canada, on a-c auto- 
matic-reclosing equipment applying to stub 
feeders, has now completed its report, which 
has been submitted for presentation at thes 
national technical meeting in Ce ine 
June. 

A report on conductors used for super- 
visory control and telemetering has been 


issued jointly with the committee on pro- 
tective devices, and has been submitted by 
the committee for presentation at the na- 
tional technical meeting in Cleveland in 
June 1943. This report covers only the 
data coming within the scope of the com- 
mittee on automatic stations. The data 
prepared by the committee on protective 
devices was presented by that committee 
at the national technical meeting in Janu- 
ary 1943. ee 
The committee sponsored a paper on’ _ 
multichannel carrier-current facilities for a 
power line, together with a paper on auto- 
matic tie-line load control, an application 
to the Northwestern Electric Care: 
system. 
A paper on a new control sje for auto- 
matic parallel operation of load-ratio- 
control transformers was recommended by 
the committee on electrical machinery and 
the committee on automatic stations for 
presentation at the North Eastern District 
technical meeting. 
A paper on experience with oil circuit Hs 
reclosers on Rural Electrification Adminis- 
tration systems was recommended by the 
ommittee on protective devices and the 
committee on automatic stations for pres-. 
entation at the national technical Tae 
in Cleveland. : 


COMMITTEE ON COMMUNICATION 


The committee’s activities have been 
quite adversely affected by the war effort, ea 
because 
1. Executives and workers in the communication 
field have been overburdened with responsibilities, 


2. Clearances for prepared papers dealing with this — 
subject matter have been for the most part impossible 
to secure, particularly on up-to-date subjects. 


Material, therefore, which the committee _ 
could develop and sponsor for technical — 
meetings and for publication, has been very 
limited in quantity. In view of these 
circumstances, encouragement has bo 
successfully given to more of the “‘informal- 
conference” method of disseminating in- 
formation, and it is believed that further — 
conferences should be encouraged for the 
future. 

The committee has deferred for ‘the. 
duration the preparation of a report on the _ 
progress of the art in communications. 
COMMITTEE ON DOMESTIC AND 

COMMERCIAL APPLICATIONS 


began August 1. This move added 
talent and diversified personal interests, 
and gave wide geographical representation. Be, 

At the national technical meeting in 
January, one conference organized by the 
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“Analysis of Military Loads and Postwar 
Applications.” This conference placed 
emphasis on the need for accurate measure- 
ments of military loads, with applications 
and supply systems “cut to fit.’ 

(4 Inasmuch: as wartime restrictions and 
conversion of industry during the year prac- 
tically eliminated the production of domes- 
tic and commercial utilization devices, little 
or no justification was found for the com- 
mittee to undertake work on applications 
for civilian needs. Agricultural electrifica- 
tion received a greater share of attention. 


COMMITTEE ON ELECTRICAL MACHINERY 


Committee Meetings. The committee held 
two meetings during the year, one at the 
summer convention in Chicago, and one at 
the national technical meeting in New York 
in January 1943, at which technical ses- 
sions at national and District technical 
meetings were discussed, and the work of the 
committee and its subcommittees was re- 
viewed. 


Subcommittee Activities. The synchronous 
machinery subcommittee “has completed 
its work on the revision of the test code on 
synchronous machinery, and this code is 
now being reviewed by the test code co- 
ordinating subcommittee. 

The transformer and induction-regulator 
_subcommittee completed the “Interim 
Report on Guides for Overloading Trans- 
formers and Voltage Regulators,” which 
was presented at the summer convention in 
Chicago in June 1942, and at the Pacific 
Coast convention in Vancouver in Sep- 
tember 1942. ‘The subcommittee has pre- 
pared an “‘Interim Report on Overloading 
of Distribution Transformers” which is to be 
presented at the national technical meet- 
ing in Cleveland. As a result of the work 
of the subcommittee, several papers on the 
loading of transformers during the war 
emergency were presented at the national 
technical meeting in New York in January 
1943, and additional papers will be pre- 
sented at the national technical meeting 
in Cleveland. z 

The induction machinery subcommittee, 
in co-operation with the committee on in- 
dustrial power applications, prepared a 
report on “Proposed Guide for the Selec- 
tion of Electric Motors and Motor Con- 
.trollers,” as occasioned by the war emer- 
gency, and this report was presented at the 
national technical meeting in New York, in 
January. 

The insulation resistance subcommittee is 
working on a test code for measuring insula- 
tion resistance, and it is estimated that at 
least another year will be required for 

_ completion of this work. 


AIEEE Technical Meetings. The committee 
on electrical machinery sponsored one 
session at the summer convention, at which 
_ five papers on overload operation of trans- 
_ formers and rotating machinery were pre- 
sented. The committee participated in 
joint sponsorship of a session on mercury- 
 arc-rectifier applications at this convention. 
The committee sponsored one technical 
session and one conference session at the 
national technical meeting in New York. 
~The committee plans to sponsor two ses- 
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sions at the national technical meeting, in 
June, one of these to be on synchronous 
machinery, and the other on transformer 
loading. 


Co-operation With Other Committees. J. F. 
Calvert has been designated as contact man 
with the committee on research. The com- 
mittee on electrical machinery is repre- 
sented on the subcommittee on temperature 
measurements of the committee on instru- 
ments and measurements and on the joint 
subcommittee of AIEE standards committee 
on outdoor and indoor cable terminal pot- 
heads, roof bushings, and floor and wall 
bushings. 


COMMITTEE ON ELECTRONICS 


By action of the board of directors, a 
technical committee on electronics has been 
set up. This committee has taken over the 
functions of the former joint subcommittee 
on electronics which has been carrying on 
the electronics activities of the Institute for 
several years. The scope of the new com- 
mittee is as follows: 


Treatment of all matters in which the dominant factor _ 


is electronics, particularly those dealing with the de- 
sign, characteristics, or behavior of devices of an elec- 
tronic nature, or of the circuits associated with them. 
The treatment of complete equipments or systems may 
be considered within the scope of this committee if 
they depend predominantly on electronic devices for 
their operation. -If the field of application of such 
equipments or systems falls also within the scope of 
other technical committees, action with those com- 
mittees may be joint. 


In accordance with this statement of scope, 
the mercury-arc-rectifier subcommittee has 
been transferred from the committee on 
electrical machinery to the committee on 
electronics. 

Much of the work being done in elec- 
tronics is closely connected with military 
applications, so that very little material is 
available for publication at this time. The 
program activities of the committee have 
been principally concerned with the organi- 
zation of informal technical conferences on 
topics of interest in connection with the 
war effort. 

At a meeting of the committee held dur- 
ing the national. technical meeting in 
January, the question of a standardization 
program in electronics was discussed. In 
co-operation with the subcommittee on elec- 
tronic standards of standards co-ordinat- 
ing committee 7, a joint subcommittee on 
standardization policy was appointed to 
study and recommend such a program. 
This committee met and made its report. 


It recommended the transfer of the sub-_ 


committee on electronic devices from co- 
ordinating committee 7 to the technical 
committee on electronics, in order to cen- 
tralize all standardization activity in the 
technical committee. This transfer was 
made, after approval of the move was given 
by the standards committee. The com- 
mittee now operates as the subcommittee 
on electronic standards. The policy com- 
mittee further recommended that the fol- 
lowing program of standardization be 
undertaken by the committee on electronics: 


1. The preparation of standards of nomenclature and 
definitions in its field. 
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2. The preparation of a basic guiding standard in 
electronics modeled on AIEE Standard 1, ‘General 
Principles Upon Which Temperature Limits Are 
Based in the ‘Rating of Electrical Machinery and 
Apparatus.” 


3. The preparation of standard methods of measure- 
ment of the characteristics and quantities associated 
with electron tubes. 


The first of these projects is being under- 
taken immediately by the subcommittee on 
electronic standards. The latter two should 
be undertaken as soon as personnel can be 
made available, but it is doubtful if this 
will be possible during the war period. 


COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS 


The pressure of war work throughout 
the year has materially decreased the time 
available for either the preparation of pa- 
pers or the development of standards. 
Nevertheless two technical sessions on 
instruments and measurements were held 
during the year. At the meeting in 
Chicago, three formal technical papers were 
presented. Following this, a conference was 
held on the measurement and specifications 
of surface finish. At the national tech- 
nical meeting in New York, five formal 
papers were presented at the measurements 
session, and two other measurement papers 
were given at the switching equipment ses- 
sion. The former group were, for the most 
part, related to radio communication. 

At the fall meeting of the committee in 
November 1942, the possibility of preparing 
a guide or interim report covering the use 
of instruments under emergency conditions 
was considered. It was felt, however, that 
in the nature of things there was very little 
to be said except for a few exceedingly ob- 
vious procedures, and hence it was decided 
that no guides were required. 

Two new subcommittees have been 
formed. The first, on measurements for 
industrial control, has surveyed the field, 
developed contacts with other societies in- 
terested in this field, and is ready to join 
in attacking any measurement problems 
which may develop in it. The other, on 
high-frequency measurements, is planning 
a number of conferences or sessions at which 
a knowledge of the tremendous war-stimu- 
lated development of methods in this field 
can be disseminated to the Institute mem- 
bership. Military need for secrecy will bar 
many items, but it is hoped that some fea- 
tures may be presented even before the 
close of hostilities. 

The subcommittee on definitions has 
under discussion some 26 proposed revisions 
and additions to the definitions in the 
measurements section of the American 
Standard, ‘Definitions of Electrical Terms.” 
These changes will bring about closer 
agreement with the wordings used in other 
standards. 

The subcommittee on temperature meas- 
urements has made good progress in pre- 
paring a draft of a master test code. This 
will soon be ready for review by the main 
committee. When completed, it should 
prove of value, both by eliminating the 
need for repeating the details of measure- 
ment methods in the many standards for 
different types of apparatus, and by guid- 
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ing the art toward the use of satisfactory 
and generally recognized methods for tem- 
perature measurement. 

The subcommittee on recording instru- 
ments has begun a revision of AIEE tenta- 
tive standard 40 but finds that the art is 
growing very rapidly at the present time. 
Hence, it may be desirable to postpone the 
revision of this standard for a while. 


COMMITTEE ON LAND TRANSPORTATION 


No meeting of the committee was held in 
1942, but a land-transportation program 
for the national technical meeting in 
January was developed by correspondence. 
This included two formal papers on selec- 
tion of railroad motive power and main- 
tenance of motive power, respectively, and 
two conference papers on train communica- 
tion, and electrification of the Sorocabana 
Railway in Brazil, respectively. The latter 
two were presented formally, the first at the 
Kansas City, Mo., District technical meet- 
ing, and the second at both the Pittsfield, 
Mass., and the Kansas City, Mo., District 
technical meetings. Another paper on the 
advantages of high-speed traction motors 
was developed for the Kansas City meeting. 

One session of the committee was held 
during the January meeting. It was de- 
cided to omit a formal session at the na- 
tional technical meeting in June, but sub- 
jects for future activities were developed. 
These included means of developing a set of 
standards for grounding on electric locomo- 
tives. 

The paper on selection of railroad motive 
power developed extensive discussion, and 
it has been suggested that the study be 
continued with the co-operation of the 
railroad division and the gas, oil, and power 
division of the American Society of Me- 
chanical Engineers. 


COMMITTEE ON MARINE 
TRANSPORTATION 


The year 1942-43 has-been a war year 
for the committee on marine transportation, 
in that Standard 45 had to be reviewed 
carefully, and revisions had to be made in 
cases where essential war materials were 
specified. This has necessitated consider- 
able work on the part of each member, al- 
ready burdened with war work in various 
shipbuilding yards and allied industries. 

The War Production Board has been 
interested in the work of this committee, 
and, through the president of the Institute, 
arranged to have a representative present 
at the meetings. ‘The purpose, as stated in 
their letter, was to offer suggestions for the 
development of war emergency standards. 

The work of reviewing Standard 45 to 
meet existing emergency conditions has 
been a difficult task. A large part of the 
work has been done by the subcommittees 
on wires and cables, power applications, 
distribution, and fittings and appliances. 
The work under the cognizance of the sub- 
committee on wires and cables was started 
during the previous fiscal year, but, be- 
cause of the volume of work involved, it was 
carried over into this year. 

The first meeting to hear reports from 
all subcommittees was held November 6, 
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1942. At this time, revisions as of that date 
were acted upon, but not all reports were 
complete. The subcommittees were in- 
structed to bring their work to a conclusion 
at the earliest date possible, and, by corre- 
spondence and letter ballots, their work was 
completed in January of this year. A 
meeting of the main committee was held 
January 22, 1943, to receive final reports 
and approve the revisions applicable for 
the duration of the present emergency. 
In addition to this work, some few revisions 
and corrections have been made to keep 
Standard 45 up-to-date with the best cur- 
rent practice for electrical installations on 
shipboard. 

The special committee appointed last 
year to confer with the American Bureau of 
Shipping completed its work and made its 
report at the meeting November 6, 1942. 
The purpose of this special committee was 
to reconcile existing differences between 
Standard 45 and the ABS rules covering 
the same class of electrical requirements. 
The results were very satisfactory, and two 
widely used sets of rules are now more 
nearly in agreement. 

An extensive report on revisions of 
Standard 45 was compiled and submitted to 
the standards committee for action at the 
meeting held March 25, 1943. These modi- 
fications were approved, and are solely for 
the purpose of conserving critical materials. 
They are war emergency measures to be 
used only for the duration. The revisions 
are in a form which gives the modifications 
to the sections altered, and will have to be 
used in conjunction with Standard 45. In 
this form, it leaves Standard 45 intact and 
suitable for use without reprinting upon the 
termination of the war and emergency con- 
ditions. 

A meeting of this committee will be held 
before the close of the administrative year 
to act on any pending revisions to be issued 
as an addenda to the basic Standard 45. 
If possible, unfinished work now before 
the committee will be given final action in 
order not to carry it over into the next year. 


COMMITTEE ON POWER GENERATION 


Two major committee projects are in 
progress, one of which will be completed 
this year. 

‘The standards committee, at its October 
9, 1942, meeting in New York, requested 
that each technical committee consider 
the preparation of wartime guides to help 
the electrical industry find ways and means 
of getting “more out of what it has.” 
The committee on power generation con- 
sidered this and decided that, because of 
the many variables in the construction and 
operation of generating stations and sys- 
tems, it could best serve the desires of in- 
dustry by compiling a number of “hints” 
on this subject. The logical approach was 
to make a survey of what had been done by 
the manufacturers and the operating com- 
panies. Two subcommittees have com- 
pleted these assignments, and a complete 
report entitled “Emergency Measures to 
Increase Output of Generating Equipment 
and Systems” is being prepared. 

One subcommittee assembled the sug- 
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gestions in connection with generators. 
The generator was selected, as it is one of 
the most important links in the station, 


and usually other equipment is closely a 


associated with its design. 


The other subcommittee prepared a ,, 


questionnaire which was quite widely dis- 
tributed to the larger operating groups. 
This questionnaire covered such matters as 
loading of generators by temperature, re- 
building, and rehabilitation; intercon- 
nected operation; effect of system voltage 
and frequency on load; power-factor cor- 
rection; maintenance schedules; and per- 
sonnel problems. 

Both of these reports, in preliminary 
form, were presented at the national tech- 
nical meeting in New York and at the Dis- 
trict technical meeting in Kansas City. 
They will be presented at a joint meeting 
of the electrical equipment committee and 
prime movers committee of the Edison 
Electric Institute to be held in Chicago in 
May. The comments and suggestions re- 
ceived from these conferences will be in- 
corporated in a final report that will be 
presented at the national technical meeting 
in Cleveland. 

The other project, which is fast nearing 
completion, is the preparation of specifica- 
tions for prime-mover governing. This is a 
joint AIEE-ASME activity and is being 
carried on by a special committee. The 
specifications will be presented at the na- 
tional technical meeting in Cleveland. 


COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION 


On account of the war, the committee 
activity during the current year has fol- 
lowed a somewhat different pattern from 
that of the past. Committee meetings 
have been limited in number, and most 
activities have been carried on aro by 
correspondence. 

The distribution subcommittee spouse 
a technical session on ‘‘Distribution Sys- 
tems in Wartime” at the 1942 winter con- 
vention. By this early action, less than two 


months after the Pearl Harbor attack, it 


accomplished, in its field, a rather complete 
discussion of the problems confronting the 
electric-power industry as a result of the war 


situation. As no further problems of press- — 


ing need have arisen in the distribution field 
during the year, this subcommittee’s activi- 
ties have been confined largely to sponsor- 
ing papers within its field. 

The general systems subcommittee has 
been active during the past year in pre- 
paring a comprehensive report on “Shunt 
Capacitors,” 
technical session at the national technical: 
meeting in January 1943. 4 


The transmission subcommittee spon-_ 
sored two conferences at the January meet- — 
ing, one on “Emergency Loading of Trans- ~ 


mission Systems,” at which six conference 
papers were presented and discussed, and 
the other.on ‘‘Emergency Rating of Power 


Cables,” which likewise included six con- _ 


ference papers. Steps are now being taken - 
to have these last six conference papers 
compiled under one cover and made Sal 
able in pamphlet form. : 
This subcommittee is also planning ee 


which was presented at a 


sponsor, at the national technical meeting in 

June, other papers or committee reports in 
the same field touching on emergency over- 
loading of transmission conductors and 
cables. 

\ The lightning and insulator working 
group of the transmission subcommittee 
completed the proposed revision of Stand- 
ard 41, known as 41-A in revised form, 
covering the subject of “Insulator Tests.” 
This revision was approved by the main 
committee and forwarded to the standards 
committee with recommendations for its 
adoption as a standard. It is understood 
that the standards committee will offer this 
standard to ASA with the recommendation 
that appropriate action be taken for it to 
appear as an American Standard. 

The stations subcommittee sponsored a 
conference at the January meeting entitled 
“Substation Designs to Meet Wartime 
Conditions.” Thirteen contributors pre- 
sented material on a wide range of subjects 
including protective lighting, antisabotage 
measures, minimum use of critical materials, 
substitution of noncritical materials, and 
operating methods to increase the available 
electric capacity. 

In addition to the conferences just re- 
ferred to, which were organized and made 
possible by the active work of the sub- 
committees, the main committee sponsored 
three technical sessions at the January meet- 
ing: one on capacitor generators and trans- 
formers, the second on transmission lines, 
and the third on transmission and distribu- 
tion. A large majority of the papers in 
these technical sessions dealt, directly or 
indirectly, with problems relating to aiding 
the war effort in the electrical industry. 

The committee is planning two or more 
technical sessions at the meeting in June. 

In these wartimes, it seems undesirable 
to hold frequent committee meetings except 
where major problems of importance arise 
which affect the war effort. There are 
“several new projects which have been sug- 

gested for consideration by the committee, 


but it has not been considered expedient- 


under existing conditions to initiate active 
work on them at this time. The starting of 
new projects in the main committee, its 
subcommittees, or working groups, unless 
of vital importance, is believed to be more 
of a detriment to the war effort than an aid, 
and it is planned for the future to limit 
committee activities, so far as feasible, to 
the consideration and development of proj- 
ects essential to a successful prosecution of 
the war. 


COMMITTEE ON PROTECTIVE DEVICES 


The war has had marked effects upon the 
work of the committee. Several peacetime 
activities have been dropped. It has been 
necessary to develop as rapidly as possible 
two wartime guides for the conservation of 
materials in construction. Certain stand- 
ards have been pushed to completion as 
rapidly as possible. Three standards have 
been approved by the board of directors, 
and another has received the approval of 
the standards committee. 

The committee sponsored 36 technical 
papers presented at national meetings and 
two presented at the District meeting in 
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Pittsfield. It also sponsored five conference 
papers. 

The major divisions of the work of the 
committee were assigned to four subcom- 
mittees; circuit breakers, switches, and 
fuses; fault-current-limiting devices; light- 
ning arresters; and relays. 


Circuit Breakers, Switches, and Fuses. The 
subcommittee on circuit breakers, switches, 
and fuses prepared the “‘Interim Report on 
Application and Operation of Circuit 
Breakers and Switchgear,’ which, in pre- 
liminary draft form, was discussed at the 
national technical meeting in January, and 
in final form at the North Eastern District 
technical meeting in Pittsfield. 

Standard 19 on oil circuit breakers has 
been revised, and a working group has been 
organized to revise Standard 20 on air cir- 
cuit breakers. It is expected that the re- 
vision of proposed Standard 25 on fuses 
will be completed soon. 


Fault-Current-Limiting Devices. A° sub- 
committee report, “Correlation of System 
Overvoltages and System Grounding Im- 
pedance,” was presented at the January 
meeting. A preliminary form of question- 
naire on practices in grounding power sys- 
tems has been prepared, and the final form 
is expected to be completed soon. Com- 
ments and criticisms on Standard 32, on 
neutral grounding devices, are being col- 
lected. 


Lightning Arresters. An operating guide 
for the use of lightning arresters was pre- 
sented as an individual paper at the Janu- 
ary meeting, and is scheduled for presenta- 
tion as a subcommittee report at the na- 
tional technical meeting in June. 

Standard 24 on protector tubes has been 
published in report form. Work on a re- 
port on distribution tubes is in progress, and 
it may be combined with the former. 

Standard 28 on lightning arresters has 
been approved by the Institute and trans- 
mitted to ASA for consideration. 


Relays. The subcommittee on relays has 
been actively engaged in a number of 
studies: pilot-wire experience, out-of-step 
protection, manufacturers’ catalog informa- 
tion, relay-testing-procedure questionnaire, 
and a report on experience with relay sys- 
tems under actual combat conditions. 

Section 4 of American Standard C-57 on 
instrument transformers has been revised, 
and comments are being studied for final 
revision following a year’s trial use. Stand- 
ard 31 on potential devices and coupling 
capacitors has completed its period of trial 
use. 

A conference on relay testing and war- 
time relay problems was held at the Janu- 
ary meeting. : 


Awards 


COMMITTEE ON AWARD OF INSTITUTE 
PRIZES 


Four national prizes and ten District 
prizes were awarded for papers presented 
during the calendar year 1941 and for the 
student papers presented during the aca- 
demic year ending June 30, 1942. 

The papers considered were of a high 
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order, and in determining the awards for 
the national best paper prizes and the 
initial paper prize the committee had the 
benefit of gradings and recommendations 
of the technical committees. In addition to 
the four papers which were awarded na- 
tional prizes, honorable mention was given 
to others. 

The changes made in the rules on award 
of national and District prizes, issued in the 
new edition of January 1941, have been in 
effect for more than two years and have 
been found to be working satisfactorily. 


EDISON MEDAL 


The Edison Medal, which is awarded by 
a committee composed of 24 members of 
the Instftute, was awarded for 1942 to 
Edwin H. Armstrong, “for distinguished 
contributions to the art of electric communi- 
cation, notably the regenerative circuit, the 
superheterodyne, and frequency modula- 
tion,’ and was presented January 27, 1943, 
during the national technical meeting. The 
medal may be awarded annually for 
“meritorious achievement in electrical 
science, electrical engineering, or the elec- 
trical arts.” 


LAMME MEDAL 


The Lamme Medal committee awarded 
the medal for 1942 to Joseph Slepian, 
associate director of research, Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., “for his con- 
tributions to the development of circuit- 
interrupting and current-rectifying appara- 
tus.” Arrangements are being made for 
the presentation of the medal at the na- 
tional technical meeting in Cleveland, 
Ohio, June 21-25, 1943. The medal may 
be awarded annually to a member of the 
AIEE “who has shown meritorious achieve- 
ment in the development of electrical ap- 
paratus or machinery.” 


JOHN FRITZ MEDAL 


The John Fritz Medal board of award, 
composed of representatives of the Ameri- 
can Society of Civil Engineers, American 
Institute of Mining and Metallurgical 
Engineers, American Society of Mechanical 
Engineers, and AIEE, awarded the 39th 
medal for 1943, to Willis R. Whitney, vice- 
president in general charge of research, 
General Electric Company, Schenectady; 
N. Y., “for distinguished research, both as 
an individual investigator and as an out- 
standing ~and inspiring administrator of 
pioneering enterprise, co-ordinating pure 
science with the service of society through 
industry.”’ It was presented January 27, 
during the AIEE meeting. 


HOOVER MEDAL 


The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer, and is to be awarded 
periodically “‘to a fellow engineer for dis- 
tinguished public service” by a board repre- 
senting the national societies of civil, min- 
ing and metallurgical, mechanical, and 
electrical engineers. The sixth medal, for 
1942, was awarded to Gerard Swope, presi- 
dent, General Electric Company, and 
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was presented January 27, during the AIEE 
meeting. 


ALFRED NOBLE PRIZE 


This prize, established in 1929, consists 
of a certificate and a cash award from the 
income of a fund contributed by engineers 
and others to perpetuate the name and 
achievements of Alfred Noble, past presi- 
dent of ASCE, and of the Western Society 
of Engineers. It may be made to a member 
of any of the co-operating societies, ASCE, 
AIME, ASME, AIEE, or WSE, for.a tech- 
nical paper of particular merit accepted by 
the publication committee of any of these 
societies, provided the author, at the time 
of such acceptance, is not over 30 years of 
age. The award for 1941-42 was presented 
to George Wesley Dunlap (A’35, M’42), 
General Electric Company, Schenectady, 
N. Y., for his paper “‘The Recovery Voltage 
Analyzer for Determination of Circuit 
Recovery Characteristics,’ published in 
AIEE Transactions, volume 60, 1941, No- 
vember section, pages 958-62. 


WASHINGTON AWARD 


Audrey A. Potter, dean of engineering, 
Purdue University, Lafayette, Ind., and 
chairman of the National Advisory Com- 
mittee on Engineering and War Training, 
was awarded the Washington Award for 
1943 for “distinguished leadership in engi- 
neering education and research, and pa- 
triotic service in mobilizing technical 
knowledge for victory in war and peace.” 
The presentation was made at a dinner on 
February 24, 1943. This award may be 
made annually to an engineer, by the com- 
mission of award composed of nine repre- 
sentatives of the Western Society of Engi- 
neers, and two each of ASCE, AIME, 
ASME, and AIEE. 


THE MARSTON MEDAL 


The Marston Medal was established in 
1938 by the Iowa State College through the 
inspiration and generosity of Anson Mars- 
ton, dean emeritus of engineering. It is 
awarded, not oftener than once a year, to an 
engineering alumnus of at least 30 years’ 
standing for achievement in engineering in 


board composed of four alumni, one repre- 
sentative each of the ASCE, ASME, 
AIEE, and American Institute of Chemical 
Engineers, and the dean of engineering who 
serves as chairman. The presentation is a 
feature of the commencement exercises. 
Awards have been made as follows: 


1938 E. O. Shreve 
1939 Thomas H. MacDonald 
1940 James W. Hook 


CHARGES LE GEYT FORTESCUE 
FELLOWSHIP COMMITTEE 


Because of conditions brought about by 
the war there was no meeting of the com- 
mittee and no award made for the year 
1943-44. This action is the same as was 
taken last year for similar reasons. 


Joint Activities 
UNITED ENGINEERING TRUSTEES, INC. 


This organization manages property and 
funds held jointly by the four founder 
societies, including the Engineering Socie- 
ties Building, the Engineering Societies 
Library, and the endowment funds of the 
Engineering Foundation. 

During the year, a considerable program 
of renovation of the Engineering Societies 
Building was completed, despite increases 
in cost and difficulties in securing materials. 
Labor and material costs have increased, 
income from rental of halls and auditorium 
has been reduced, and it is expected that 
these adverse effects will become more pro- 
nounced. 

The building is reported to be in excellent 
condition and is fully occupied by the 
Founder Societies and associates. 

An abstract of the annual report of the 
corporation for the year which ended 
September 30, 1942, appeared in Electrical 
Engineering in January 1943, pages 43-4. 


ENGINEERING FOUNDATION 


The Engineering Foundation was estab- 
lished in 1914 as a joint organization of the 
four societies, ASCE, AIME, ASME, and 
AIEE, for ‘‘the furtherance of research in 
science and engineering, and the advance- 
ment in any other manner of the profession 


a broad field. The award is made by a of engineering and the good of mankind.” 
Table XI, Analysis of Employment Service 
Men Registered Men Placed 
San San - 
New Fran- New Fran- 
Month York Chicago cisco Detroit Boston Total York Chicago cisco Detroit Boston Total 
1942 - 
Miayi -i\viies ay, Ai ey en Teh BZ tad akan PAsfaer ic 4B ot PAU EY Des oe 32 Bie cereademnenete 102 
NTE se: Eo Aes is GOR is BA cate BO ucstnes ALLA ZOD wasn BB. oe Aoas i Ooms Tiles Siete 106 
Pal yates wa ier? LOO sya, Bech Oieteiz'a te QA Fait oT eee Pk weer BON: UB arg oy eouehate eae TS oe Ani tate 104 
August. ..... WAZ sie aus AT acces Or seats Sears BLES Noe 304 uae. AO Avera 13s Sees 7 AR Le Mica Seen BeSAE: 100 
September. ..107..... 4D re air 23) iraey 20 en te AD aigtl 3 280 wees Ol tare ISAM ic diate wrak Segre GU cc acaee 93 
October... .. DOOR Sone BAe PAS ECLA St ae 1k Ae D7 ease LO ie pate Re Soiree 85 
November.... 91,.... PANS cur 4B are Ni Mies Soa Bonin DADE S0SLe 14 oes Tike Or tts ZO Facies 85 
December.... 84..... PR bein i Cheat Ura oA SB ens PAO Pe Oberoi Terie: 2a cares Beate 11 « 84 
1943 
PJANMUATY. usar ledua ae Me Sok a Ba CAR ye ee PMU ON BS len 14h 2 ana Gena B Neha 88 
February..... 2 Oscar 44 ois SO Oka tie 28a BGs. mares 73:1 eR 20 ew gl Le 182k y Asie = Sak 64 
Moarebiiens cre to0 cise HOES Sys aerate 28 re ees Veen, ATA ate iO. Seseretd 152 ee AS iee sis Sires aid Sn ae 75 
Apriloyns cnet doy are 51 ap Panera Qo wenies BOSE e Ns os 30e ete LAR ot Washes flCh, 73 
Totals. LST Te 1 Oniriart 009% fers OUD, aed OGuigen a, LAr ope 4Odie a. lace eta On 105 98. .. 1,059: 
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30, 1942, appeared in Electrical baie att 


Each research project supported by it is” 
under the sponsorship of one of the founder — 
societies. 

In recent years, ‘the Institute has been 
sponsor for three research projects: sta- 
bility of impregnated-paper insulation, at _ 
the Johns Hopkins University; insulating ” 
oils and cable saturants, at the Massachu- 
setts Institute of Technology; and the 
comprehensive program of the Welding 
Research Council, with the American. 
Welding Society as joint sponsor. The last 
two are still receiving Engineering Founda- 
tion.support. 

During its fiscal year 1942-43, the Engi- 
neering Foundation is supplying funds for 
17 research projects bearing on war work 
and also is supporting studies in the de- 
velopment of the engineer through its con- 
tinuing contribution to the Engineers’ 
Council for Professional Development. 

A comprehensive abstract of the annual 
report for the year which ended September 


in January 1943, pages 44-6. 
ENGINEERING SOCIETIES LIBRARY ~ : 


The Engineering Societies Library, which — 
was formed by combining the separate 
libraries of the four national societies of 
civil, mining and metallurgical, mechanical, 
and electrical engineers, with its composite 
card catalog now in preparation, probably 
constitutes the best collection of its type in 
the United States. On September 30, 
1942, the library had 154,770 volumes: — 

Special services rendered by the library 
include: photoprints, searches, abstracts, — 
translations, bibliographies, book loans by 
mail, and others. The library board has — 
been considering means by which members 
might be informed more adequate re- 
garding the services available. 

An abstract_of the annual report of. the: % 
library appeared on pages 46~7 of Electrical 
Engineering, January 1943. — yp 


EMPLOYMENT SERVICE _ 


Operating as an incorporated nonprofit- 
making organization, the Engineering 
Societies Personnel Service, Inc., assis 
members of the founder societies ‘desiring 
to secure new positions and conversely as-_ 
sists ee searching for ce 


by members. 
Offices are operated in New York, N. YA 
Boston, Mass., Detroit, Mich., ‘Chicago 


New England in Boston, the Engineering — 
Society of Detroit in that city, the Western 
Society of Engineers in Chicago, and | the 
Engineers Club of San Francisco in that ci 
The service is supported by the join 
contributions of the societies and the indi- 
viduals who secure peony An ani 


reported to the national societies is 
in Table XI. 


ENGINEERS’ COUNCIL FOR PROF! 
DEVELOPMENT } 


This Council, organized in 193% 
gage in activities leading toward 


hancement of the professional status of the 
engineer, includes three representatives of 
each of the eight participating organiza- 
tions, which are the national societies of 
civil, electrical, mechanical, and mining 


‘\and metallurgical engineers, the Society for 
‘the Promotion of Engineering Education, 


the National Council of State Boards of 
Engineering Examiners, and the Engineer- 
ing Institute of Canada. Its principal ac- 
tivities have been carried on by four com- 
mittees: student selection and guidance, 
engineering schools, professional training, 
and professional recognition. 


The status of the accrediting program, 
after actions taken at the annual meeting 
on October 18, 1942, and not including 
options under accredited curricular, is 
given below: 


War problems and their effects upon the 
work of ECPD were thoroughly discussed at 
the annual meeting October 18, plans were 
developed for carrying out ECPD func- 
tions locally, a statement of canons of 
ethics for engineers was approved in prin- 
ciple and submitted to the constituent socie- 
ties, a new special committee on unioniza- 
tion of engineers was authorized, and the 
publication of a ‘Manual for Junior 
Engineers” was authorized. 

A comprehensive report on the annual 
meeting, including the reports of commit- 
tees was published in Electrical Engineering 
in December 1942, pages 626-30. 


JOINT CONFERENCE COMMITTEE 


The joint conference committee, com- 
posed of the presidents and secretaries of 
the founder societies and. the American 
Institute of Chemical Engineers, met in 
New York April 19, 1943, and considered 
numerous topics of interest to the several 
societies, 

REPRESENTATIVES 


In addition to the representatives in the 
joint organizations mentioned above, the 


Institute is represented in numerous other 
joint activities of interest to engineers in 
general. The names of its representatives 
upon nearly 30 joint committees and na- 
tional organizations were published in the 
September 1942 issue of Electrical Engineer- 
ing, pages 485-6, and in the 1943 Year 
Book. 


Appreciation 


With particular pride in the accomplish- 
ments of the Institute during the past year, 
despite the prevailing difficulties, the board 
of directors thanks the national committees, 
and the District, Section, and Branch offi- 
cers for their continuing enthusiasm and 
their generous contributions of time and 
effort; it thanks the members in general for 
their keen-interest in and support of all In- 
stitute activities. 


Respectfully submitted for the board of 
directors. 
H. H. HENLINE 


May 27, 1943 National Secretary 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Curricula 
MesMMEMADUCEPCULCUL. orehe seri Yo: ocasa/sieikimica is On wate sie 496 
Provisionally accredited. .........2...0000005 75 
BRT ERR CORCOI CE Ot cyan cs rein o's laxnra ities wry = ale. s' so pi 101 
Action pending or deferred.................. 5 
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Balance Sheet April 30, 1943 


\ ASSETS LIABILITIES 
Property Fund Assets: Property RAE ORCI ret Wa Riots pu AE RS eure idle are wea nie aia ele a $546,446.62 
One-fourth interest in physical enouises of United . 
Meteiabertng “Tcpstéeks Inc. : Restricted Fund Reserves: 
Land, buildings, and equipment (less depreciation ReseroM Capital Kander j'ai icon alec seers Ale RCT 0 ones $281,156.04 
a and renewal reserve).......0.0seeeeeceecesucecs $389,888.61 PeBSION AUG a 2 wires fusTte Seierare 8 Sia cetace pista etre wre’es « 28,187.50 
Funded depreciation and renewal reserve........... 108,559.87 Life Membership fund........ 0. 0s eeesee eee e eee e ees 7,761.92 
, - aE SS International Electrical Congress of St. Louis Library 
TEST] Se en a en eee IO es $498,448.48 BEA eettaia Sete te ters ercaalmaiaia Wisse cic uie a creel ocvp eal ove 5,488 .05 
Equipment: Lamme Whedal find cam ca etttle walnerers vic calg tic sie.s lev ove 4,569.83 
Piercy = suclémes. and fixtures eealcd Salas oe ce 36,366.37 Disses fue dct c ss vartivte ciao ee cue seeds ae,sares 1,087.97 
Office furnitu d fixt i - 
Beto, $2 aga 30). me ipa ea ee depre 8,630.42 SO bal RESEPIC CCG: LUA TESCE VION = 550° 5 vi <\0'n,nje'ere( 7s) boa oiaje)eiaidie oie sland 328,251.31 
CATT ole eae oe nn i Slee CA oa 3,001 .35 ; a te : 
Investment less reserve in full $943.73—Schedule 1 .... 4 pea ak SOs ete nee tc deputies, Bec 
poem Se prccounts Payables eee. case. « vie ssc s na oe ewe se se $ 13,485.63 
Botalaraperty fund assete ects oo cla ais wae ah hese vas ernie bide $546,446.62 Deferred income: 
og PUES VECEIVEd 1 IN) AA VANCES wines esersleiets cess 6 si5te ele econ 4,877 .07 
Restricted Fund Assets: 1 Entrance fees and dues advanced by applicants for 
5 Rees atecosti- less reierves $20:7119/9 2 (quoted memberships. APNE eee e teste esse es peteeeeeees 1,199.60 
market value, $275,195.03) Schedule eae $278,398.33 Ree etree ensues unallocated recent) -<> 5: pes 
MSCS bit Give seis nee 49,390.36 Subscriptions to publications received in advance..... 5,450.82 
einai OrecciebIe etek eee 462.62 Operating fund eserves sles sale vice nies cir wiaiaieibain aja,ol 66,214.28 
Prete) eesiticted fand asset 328,251.31 Total operating fund reserves, liabilities, etc... ........ 0+. e+e 92,297 .91 
Operating Fund Assets: 
RMR RCEKDIDIG SS iiss, Sains vo occ aa oe ek ane 8 SORE $ 54,204.19 
Accounts receivable: 
Members—for dues (less reserve, $8,000.00)......... 10,075.64 
ING ACRES 0 te eee PCR RE Geo AAC ECE ae PS 516,70 
PT ABCMLAME CNIS! Souk Mice, ciartesitn «sea Pe eee ee ee 1,931.88 
PeCrued interest TECelVADIE: ysis dics vss v alelCgiriste eae 3,594.63 
Inventories: : = 
OST TA A Seen qe he SIE te, LIPS ere 1,468.50 
ES TUB AY] tL, SADA COORL OTE OE OR OREO 6,792.50 
hgh in process (May issue of Electrical Engineering, 
Beta aa etcetera faa ai etal eigtasnra ARSEINTtahe gore Seats face 4,909.63 
Text and cover DA DCKcrepnvisiaents cians cass wikis, oni ntet aha 7,106.75 
Ban ped eer sts ccidt sic. Coed ast eet cat voee sets 1,697.49 
hotelonerating fund assetasiesc..hc,s,0 «Tals Gea aic'ssielele cle elaisieipiera a 92,297.91 
CE NAS CRE SRA hor Gee RSD TSCA i AMR Se a ae $966,995.84 ST eaaliser eRe oe No st Bas oafmang ee eee ee OE 995 .84 
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; ’ 
Securities Owned, April 30, 1943 
Schedule 1 ; 
Restricted Funds 3 
Principal Amount ; 
of Bonds or International 
= : Number of Reserve Life Electrical Lamme ~ Total 
Shares of Capital Pension Membership Congress Medal Restricted 
Stock Fund Fund Fund ~ Library Fund Fund Fund 


Railroad Bonds: 
Alleghany Corporation 20 year collateral 
trust conv. 5%, due 1949 (stamped)... ...$15,000.00 ..... FLO 27) SO sesctin aetectie ener te core hel axe enna Sapa fe aria series ene Patties er econo a $ 10,627.50 
Baltimore & Ohio Railroad Company 
6% refunding and general mortgage 
series C, due 1995 (stamped).. ap deevO00 00 can os 8594000 ie iin ahlase nile wtutth gh RM anak Sutount oy Manic Seema ose entrees $4, 33010050... 13,270.00 
Chicago & Erie Railroad Corapany, 5% fh eh, : 
first mortgage, due 1982..........0.0-00 1,000.00) .¢..-. AOS OORT 5 er abate trims tieial alg? stata siete artineeee ie viel sak een nee earner 1,105.00 
New York Central Railroad Company 
5% refunding and improvement mort- 3 
gage series ©, due 2013 .5.5 2 sissies we oe 6,000.00 ..... 5, fAD SO. pc aks ee cae supa Bi pare: iFev ci Aca ask GM Reyes HLS «AUR Ua eahee RCI ae oie Nas inex 5,742.50 
Northern Pacific Railway Company 6% 
refunding and improvement mortgage : 
series (Bi dpe 2047). | Mies vila austenite 10,000.00 ..... TO5962 5D. 5 ie, siay v:aswieep valet aca et piend «ln sol Seg ie ick x letier ety ean Ita far RTS an ear eee aa at : 10,962.50 
St. Louis-San Francisco Railway Com- 
pany 5% prior lien mortgage series B, 
due 1950 (certificates of deposit)........- 6,000.00*..... Sy497 5O¥, ic cee ener e en eee ewe eens sueentianons snes etic aap eS 5,497 .50* 


otal rarlroad bonds haynes esiele ae cre tate arteries shea BF 42875 OO: ast eicziee intrest gone = ap Rihana ta elgg RT No $4,330.00..... $ 47,205.00 


Public Utility Bonds: 


New York & Queens Electric Light & 
Power Company 31/2% first and con- 3 j 
solidated mortgage, due 1965........... 10;000.00. 8 2. 12,000 OQ coi fierce ares an) ence acm nly cote ere mys) wc ls) at ol ee eon nla $ 11,000.00 


Bond and Real Estate Mortgage: 
Fidelity Union Title and Mortgage Guar- 


‘ anty Company first mortgage certifi- 5 TR 
cates (on property 75-79 Prospect ‘ : 
Street, East Orange, N. J.) 4%, due = 
EE SS OD ONG Ruaae CnO mEopoto oe 14,132 002... AS UT i A Ae sateen NaC Cin oso Od donc. d ori QnbAce Aime Sera na eOs $ 13,188.27*.. 


United States Government Bonds: 
Treasury Savings bonds series D, due 


uty, MUSAOL Ee tects eirtera unde tmores 10,000.00 ..... § 7,644 OO Fils ain en eo OR rata dae hie eae PE TARR eee. oO $ 7,644.00 
Treasury Savings bonds series D, due ‘ . 

Janvary TOUISON Skies einer einnes laterals 10,000.00 ..... TOD LOD 5 SF ayo atnicahare earn aaa os Rawat igh Metis Mia even PR ie eT Nay. Protiveraie ats 7,500.00 
Treasury bonds 2%, due 1950/48.......... 77,000.00 ..... *FB230 FRA en oes a Re 2 ole GN SRR TE SITS TEA RES oneness » . 78,130.94 
Treasury bonds, 2!/2%, due 1968/63....... 20,000.00 ..... BO RUN UA Sure mshi SBC as S5S0QO M005 Aes incsctinteosarce! jet hieiete eae sete crane 20,000.00 
Treasury bonds 21/2% due 1972/67........ 6,300.00 ..... 1 LOOSO0) erent wes A AE ee gine SSS ZOD; OO icintcrstente beste acsiate: ah 6,300.00 
Defense bonds series F, due June 1,1953..... 34,000.00 ..... 255160 [OOME ce ae shots cree lg ap ttierels oh diese. cia eneegagite ReneS. =e rc eine Reraels,eratn Forel igs 25, b6OO0ie 
Defense bonds series G, 21/2%, due ‘ s 

Deceniber 151954. fai an rs cies eanenee TS; 000 006i sy: ieragtt me Manta at ied $18/000:. 000. 85s atacy muna ee eed he te os ie a eR tara 18,000.00. 

Total United States Government - an 

POURRA 5. Soe Sirciccaiesinle eran Sree SA eee SETTLE hale peices $134,534.94 ..... $18,000.00..... $5,000.00..... $5,200) 00 r, cacins wowace $162,734.94 


Capital Stocks: 


American Can Company................. 60 shares 
American Telephone & Telegraph Com- 

DANY: Feta san are cio aerhetereiakeevele i nvaur intestate 30 shares 
Boston Edison Company...........-.---. 200 shares 
Commonwealth Edison Company.......... 200 shares 
Eastman Kodak Company... Risthiere:the cr, aa DMR DLANES 
E. I. du Pont de Nemours Company. hore oe 40 shares 
General Electric Company.............--- 130 shares 
General Motors Corporation..............100 shares 
International Harvester Company.......... 100 shares 


International Match Realization Co., 
Ltd. voting trust certificates for capital . 


shares of International Match Corpora- " 
MON) A. Sei alee eae an eee 6 shares*¥ ..... 2,094.15* 
Sears Roebuck & Company..............- 100 shares ..... 6,014.97 
Standard Oil Company of New Jersey...... . 110:shares. ..... 4,791.78 — 
Union Carbide & Carbon Corporation....... (0'shares’ vor., *4,858.35 
‘Opal’ capitalsstocks!s, "sass 42k ee ee ee $° 65,050:04 sete sce! PR san wahsk ea a Bree Sach <8 65,050.04 
SL Ota icles sm tas alaromstelete siayelaetetee lea re es antadelg ate vices $266,648.25 ..... $18,000.00..... $5,000.00..... $5,200.00.....$4,330.00.....$299,178.25 .. 
*Less reserve in full for the securities des- ‘ fi 
ignated *, considered to be of doubtful ; S41; 
Valeinatre yam creations tae POI te RROD HARON OI aPasiic $20,799 90-csas.4.2s cores tesa aac a a 
Total Securities, Less Reserve,...............02+e005 8245, 5aB eoSinrace $18,000.00,.... $5,000.00... $5,200.00. asp $4,330.00. at $278 98 33 a 
———— REE St OS 
= r 5 \ . £ * i 
’ 4 
. 7 eas * = ‘ ‘ 
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Statement of Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1943 
Exhibit B 
‘Gash on Deposit With The National City Bank of New York, RE QUE! SONURLEL Se cia wiuncinie pinches sures 8 wr SM bie, nee pate Siiee Kae ube eheatars $408,581.89 
ER EAs tains, AR a ast ee ae a ios Nickels Gs bp eia. a's ita Wiican Osis) «. 4 $ 16,633.48 Disbursements (forward)..........0..cceeuceeeucecs $225,396.23 
Receipts: » Traveling expenses: 
Dues (including $99,684.00 allocated to Electrical Engi- Geographical Districts: 
neering subscriptions).)......+-....eeeeeeeeeeee eres $222,544.15 Executive committees. ... 0.0... 6566s cece eee ees 2,768.68 
/NLACSTET TLE On Sa eee 85,586.44 Vice-presidents........- eset ernst sees e screens 482.82 
Transactions subscriptions. ...........-0.002+ee00eeees 4,802.03 Branch counselors and chairmen.............. 00005 4,254.11 
Electrical Engineering subscriptions. ...........00000 0000. 10,142.38 President's appropriation. ....... +. ++... +++sees ess 1,483.73 
Pdecitscal Definitions. .....<.dajn'6e + oi uee Wises se eae sans 13,205 .05 Board of directors. ....-.. +++ s+2esesee terse eres 6,500.91 
Miscellaneous publications (preprints, Standards, National nominating COMMITEE cecipiat fer cinle wietelas< 4.0 1,226.67 
Mp rmesactOS RUE, tC.) ax cae pe ak aia imate aie rime derail rhe 17,020.75 Administrative expenses, «. 06.6... sees sees neces 50,061.53 
tena tcea emma sud tia. oe eae hel sous Suess 13,337.75 Geographical Districts—Branch paper prizes........... 324.00 
NEI ECCS Som Ge vs, Acie eee ne ale syeinw eo tials 11,384.51 Institute prizes, national. .......-.-+-. sss sve ee teense 409.00 
Membership badges.............0000ceseereeeeeewes 3,585.20 American Co-ordinating Committee on Corrosion. ..... 25.00 
Transfer fees............. BBA. cumiahiasiaktenrostgapiara ck 1,503.37 American Standards Association, ....-....--.+-++++5- 1,500. 00 
- Interest and dividends on investments of Restricted United Engineering Trustees, Inc.: = 
CAO a7UTIARY ae Deo ea ey nage nrnasee aie Socheeia ss 6,780.28 Building assessment... .....-- ++. .see eee ee eee ee es 10,984.81 
Transfer from Life Membership fund................5 1,350.12 Library assessment. ..........-+- 7 HAG SE SUE 10,401.60 
"05 Sit Ta TEESE TAT UT pe A roa ee le OR LD 706.38 Engineering Societies Personnel Service, Inc........... 814.50 
Engineers’ Council for Professional Development....... . 1,700. 00 
Hareaiicereipis is. 9 -iic so She ee aoa eee ck ate Cee ue at 391,948.41 Engineers Defense Board....-.....-+++s0+++e seers ees 110.00 
eee ee Engineering Foundation Projects: 
Brotelgea ener tens asthe Ses aes tee Dodie ass Havent eek eee $408,581.89 Insulating oils and cable saturants.....+...<s..-+-. 250,00 
Li WG RES meme MECI Hales Stale Ciieieinisia wie visioin Vis/aiG picinle.e.n s/s 250.00 
Disbursements: EXOGVEKITIEC Alans eenasisialarstanainteises cues so ww NS arabe 83.25 
Publication expense: International Committee on Illumination............. 200.00 
Peteeperca) Eyngarteersne soi. <5 ssc sais e sient dats ums Qnaa tee $ 98,867.51 John Fritz medal... 0.60.6 see peeves eee eee tee eee 269.75 
EMER ORS et sex Wich rae oe okt ne «eh Tues Shoes 7,540.41 Production: clinics. 0.2.00 ¢e0 yy cee sete tens ee eee 80.34 
“Nuon til od aa eee er es 9,884.71 Committee on radio broadcasts. . 174.30 
Miscellaneous publications (preprints, Standards, National Fire Protection Association—Dues........... 60.00 
Transactions supplement, etc.)......... cee ee eee 14,119.12 Membership badges... .........- 2202-5 eN ee ee ee eeees 3,766.30 
eee RE PROTOS rs iain gi hd oe eae wane ae RON ; POR SIS MICEN als cs ct ir estas <scsise wikie ech ae theme sie 250.00 
Institute Sections... Transfers: 
SES IEASICNCG! foo ois a5 fas sod sie Te Keele alee x iL GP EORIGIRM a tein k <niee m sita me Spin eos 80S a8 Umi> 10,000.00 
Edison Medal committee : ¢ PEG Rewenves Capital Sent. oo nalse Cisis.s/iia sinusitis wwe een 20,000.00 
Finance committee....... Office furniture and fixtures, and repairs.............- 530.17 
Headquarters committee. . NESE eH RCOWS tanta ste kaa: sisi eee a wurais ala viemiace ark why 20.00 
Membership committee 9,307 .62 ae ae ae eee 
Standards committee: etal ielis PurseMeNte, cyte: lalecct le cstv cles e's wuivlaes ie Caryhts + 354,377. 7 
POE RR CHT DIE ERELOTES 7 oo a) ort we, = wishe\ntaik sipcn/nioln 2/0/35) 6014 0s 2 18,055.17 
Cini ea ee ai aa 2 i oe 8,669.83 
Committee on cooperation with war agencies.......... 212.35 
Technical i Rage one i en OORen korean ae 3 ees . 
oe te at sas Cash on Deposit With The National City Bank of New York, 
SE ai RRR Ie Selene a $225,396.23. $408,581.89 Ade a isd Bile Ae coe SAIN ETL a Re oa Sa 
AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements of Restricted Funds for the Year Ended April 30, 1943 
Exhibit C 
Restricted Funds 
International 
Electrical 
Reserve Life Congress of Lamme Total 
ped Pension Membership St. Louis Medal Mailloux Restricted 
Fund!) Fund Fund Library Fund Fund Fund Funds 
Cash on Deposit With The National City Bank of 
New York and Various Savings Banks, May 1, 1942...... $35)520)87.00.0 4 $18,000.00..,...$8,805.91...... $141-8O03.0 5 S2NGIRS Se eas BLOF 5 S5c. cere $ 63,751.26 


Receipts: 


Transfer from operating fund......... AMA SOd SOpeAO ; : 20,000.00...... SE OLOOO ROO. rire cisuanebeleine vey ovel crelarsiaie,t) sna lerapuiy ie vlufn Sits faks\nyaa Oy wiale ese We ='sye\efele: ate 30,000.00 
RRC NODC SAUD ACG: 1e te taloiste ve yrist os (es/eiaral cosipiate srmisieiedsvel tte apne vais «,kvacisi. «ra ake don i tideeless See ae ee DABi DUM witentn)tia:s1e eh oletebnieibrwinte 6/2, aja wie erin isl eieLe rn Wether ole 228.21 
TIGIALST ACIS SPOT CAD AGE ae Roe nan ORC eae ee OK $29,944.84...... $10,000.00...... BZ5DEZO vce es $130.00) .5)2. SAAB OOw cet en Me Bene $ 40,394.22 
Robalutemae au che ot iho QUE CHO CO FDSTC RAVES $65,465.71...... $28,000.00...... $9, 0651752 03 S27 1c 80 may ee $254.83...... ST OST OT an an $104,145.48 

Disbursements: ‘ 
Parech ase Of RECULLUCE yi 1m, oa8is/ns Saiahels Kare wipenl e's ees © vs $30,178.00...... $18,000.00...... SEO ONOO Saari atetrede aun) otehoter ciuicss lec Me aualatie via hequTisaadtnyety fk cP $ 53,178.00 
Peroenearticeniedaly bronzeireplica’ andl CEriAGate sc <-yaicisie han een eine) ence cence si a nels potas #Lieg eos ana ba asteie wslpiaie © $227 00K eras cance ment: 227.00 
Beersicrstoroperating fund on etic ter aise atte tare wise cictein= Cau thacletypae Rance ENGR ae oes LSE OTD re tenet dacale cheratepeacoot aye wis, Meant atceatel tls lee sista ERTS 1,350.12 
otal disbursements: .\ 2. ,icisworsipons sacs nls Bere eos $30,178.00...... $18,000.00. Mee ACRE LOAN VAT ines GAC OIE 1n horse S221 OUR iatatteny tele esate nat sine we $ 54,755.12 

_ Balance on Deposit With The National City Bank of 

»New York and Various Savings Banks, April 30,1943. . .$35,287.71...... $10,000.00...... $2574. 5D Die aioe $271.80. 2.2.8 SDT 583 icra $1,087 .97...... $ 49,390.36 
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x ml, SE, Pei A ne ee gre ae , oa fie lee ’ 4 
S 2 a i am ch ay . nee by). nae g's ee 2 & i tres J : 
: Pa ae : 
2 : 5 " , S 
HASKINS & SELLS 1 EAST 44TH STREET 
CERTIFIED PUBLIC ACCOUNTANTS NEW YORK 


ca May 14, 1943 
American Institute of Electrical Engineers, Ea gude 
33 West 39th Street, New York. 


4 


Dear Sirs: = 


We have examined the balance sheet of the American Institute of Electrical Engi- 
neers as of April 30, 1943, the related statements of cash receipts and disbursements of 
operating and restricted funds for the year ended that date and schedule of securities 
owned as of April 30, 1943, have reviewed the accounting procedures of the Institute, 
and have examined its accounting records and other evidence in support of such financial 
statements. Our examination was made in accordance with generally accepted auditing 
standards applicable in the circumstances and included all auditing procedures we con-— 
sidered necessary, which procedures were applied by tests to the extent we deemed ADpre: 
priate in view of the system of internal control. : 

In our opinion, the accompanying balance sheet, gheanle of securities owned, and © 
statements of cash receipts and disbursements fairly present, respectively, the financial — 
condition of, and securities owned by, the Institute as of April 30, 1943 and its recorded — 
cash receipts and cash disbursements for the year ended that date, in conformity with — 
generally accepted accounting principles and practices applied ona basis consistent with _ 
that of the preceding year. So ee Des ELS 

3 Yours ones ; 


(Signed) HASKINS & SELLS. 


> 


Report of the Board of Directors = 


Officers and Committees for 1943-44 


Officers 


President 


NEVIN E. FUNK Philadelphia, Pa. 


(Term expires July 31, 1944) | 


Junior Past Presidents 


DAVID C. PRINCE Schenectady, N. Y. 


(Term expires July 31, 1944) 


New York, N. Y. 
(Term expires July 317, 1945) 


HAROLD S. OSBORNE 


Vice-Presidents 


District 
1 K. B. McEACHRON Pittsfield, Mass. 
3 CHARLES R. JONES New York, N. Y. 
5 A. G. DEWARS Minneapolis, Minn. 
7 E.T. MAHOOD Kansas City, Mo. 
9 E. W. SCHILLING Bozeman, Mont. 


(Terms expire July 37, 1944) 


2 W. E. WICKENDEN Cleveland, Ohio 
4 CW. RICKER New Orleans, La. 
6 L.A. BINGHAM Lincoln, Nebr. 
8 J. M. GAYLORD Los Angeles, Calif. 
10 W. J. GILSON Toronto, Ont. 
(Terms expireJuly 31, 1945) 

Directors 


T. F. BARTON 
M.S. COOVER 
R. G. WARNER 


New York, N. Y. 

Ames, Iowa 

New Haven, Conn. 
(Terms expire July 31, 1944) 
Spokane, Wash. 

Chicago, Ill. 

Pensacola, Fla. 

(Terms expire Fuly 31, 1945) 


L. R. GAMBLE 
T. G. LECLAIR 
F._R. MAXWELL, JR. 


K. L, HANSEN Milwaukee, Wis. 
W. B. MORTON Philadelphia, Pa. 
W. R. SMITH Newark, N. J. 


(Terms expire July 31, 1946) 


East Pittsburgh, Pa. 
Dallas, Tex. 

Milwaukee, Wis, 

(Terms expire July 31, 1947) 


Cc. M. LAFFOON 
C. W. MIER 
'S. H. MORTENSEN 


National Treasurer 


W. I. SLICHTER New York, N. Y. 


(Term expires July 31, 1944) 


4 


National Secretary 


__-‘«x#. H. HENLINE = New York, N. Y. 
or (Term expires July 31, 1944) 
‘= 


Local Honorary Secretaries 


AustRALIA—V. J. F. Brain, Department of Public 
Works, Bridge Street, Syduey, N.S.W. 


Brazit—Richard H. Bowles, Sao Paulo Tramway 
Light and Power Company, Sao Paulo 


EncLtanp—A. P. M. Fleming, Metropolitan-Vickers 
Electric Company, Traflord Park, Manchester 


France—A. S. Garfield, 173 Boulevard Haussmann, 
Paris, 8E 


Inpta, Nortaern—V. F. Critchley, 17 Bahawalpur 


Invi, Sournern—N. N. Iengar, The Tata Power 
Co. Ltd., Bombay House, Bruce Street, Fort Bombay 


New Zraranp—P. H. Powell, Canterbury College, 
Christchurch 


if Swepen—A. F. Enstrom, Ingeniorsvetenskrapsaka- 
.. ta demien, Stockholm 5 


Transvaat, Sours Arrica—W. Elsdon-Dew, P.O. 
Box 4563, Johannesburg 


oo _ Road, Lahore, Punjab: 


General’Committees 


> 


Executive 


Nevin E. Funk, chairman, 1000 Chestnut St., Phila- 


delphia 5, Pa. 
T. F. Barton D. C. Prince 
G. R. Jones W. I. Slichter 
H. 8S. Osborne R. G. Warner 


Board of Examiners 


H. S. Warren, chairman, 420 Lexington Ave., New 


York, N. Y. 
P. H. Adams A. E. Knowlton 
R. H. Barclay T. G. LeClair 
M. CG. Beebe Alexander Maxwell 
E. D. Doyle K. B. McEachron 
J. F. Fairman R. C. Roe 
C. W. Fick H. M. Trueblood 
A. L. Harding K. L. Wilkinson 


L. F. Hickernell Sidney Withington R. J. Wiseman 


Code of Principles of Professional Conduct 


G. A. Waters, chairman, 6400 Plymouth Ave., St. Louis, 
Mo. 

W. M. Piatt 
Walter C. Smith 
W. E. Wickenden 


Harry Barker 
D. D. Ewing 
Dugald C. Jackson 


Constitution and Bylaws 


I. Melville Stein, chairman, Leeds & Northrup Com- 

pany, 4901 Stenton Ave., Philadelphia 44, Pa. 
Mark Eldredge C. A. Powel 
R. L. Jones W. I. Slichter 


Pason Medal 


Appointed by the president for term of five years 
A. E. Knowlton W. B. Kouwenhoven, chairman 
F. V. Magalhaes 
(Terms expire Fuly 31, 1944) 


K. T. Compton W.D. Coolidge J. M. Thomson 
(Terms expire July 31, 1945) 
J. T. Barron R. E. Doherty J. V. B. Duer 
(Terms expire Fuly 31, 1946) 
F. D. Newbury D. C., Prince W. E. Wickenden 


(Terms expire July 31, 1947) 
C. A. Powel David Sarnoff 
(Term expires Fuly 31, 1948) 


Elected by Board of Directors from its own membership for 
term of two years 


C. R, Freehafer 


T. F. Barton T. G. LeClair K. B. McEachron 
(Terms expire July 31, 1944) 
W. J. Gilson Cc, M. Laffoon W. R. Smith 
(Terms expire July 31, 1945) 
Ex officio | 


Nevin E. Funk, president 
W. L. Slichter, national treasurer 
H. H. Henline, national secretary 
: (Terms expire Fuly 31, 1944) 


Finance 
T. F. Barton, chairman, General Electric Company, 


570 Lexington Ave., New York 22, N. Y. 


C. R. Jones W. R. Smith 


Charles LeGeyt Fortescue Fellowship 


W. F. Davidson J. M. Gaylord 
: (Terms expire July 31, 1944) 

O. E. Buckley, chairman Ernst Weber 
(Terms expire July 31, 1945) 

A. R. Stevenson, Jr. H. W. Tenney 


(Terms expire July 31, 1946) 
Headquarters 
HercuNis Stahl Vchairnans Consolidated: Edison Costes 


New York, Inc., 4 Irving Place, New York 3, N. Y. 
T. F. Barton H. H. Henline 
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Lamme Medal 


P. H. Chase I. Melville Stein 
S. B. Williams, chairman 
(Terms expire July 31, 1944) 
CG. L. Dawes J. L. Hamilton K. B. McEachron 
(Terms expire July 317, 1945) 
Robin Beach O, B. Blackwell C. M. Laffoon 
(Terms expire July 31, 1946) 
Membership 


John H. Pilkington, chairman, Consdlidated Edison 
Company of New York, Inc., 4 Irving Place, New 
York 3, N. Y. 

W. S. Hill, vice-chairman, General Electric Company, 
570 Lexington Ave., New York 22, N. Y. 


L. A. Bingham W. J. Lyman 
Tomlinson Fort L. C. Miller 
F. G. Guldi E. G. D. Paterson 
L. F. Howard Jj. R. Riley 


District vice-chairmen 
(To be appointed) (1) 
E. P. Yerkes (2) 
Allan R- Dixon (3) 
Stanley Warth (4) 
LeRoy A. Griffith (5) 
Ex officio 

Chairmen of membership committees of all Sections 


Donald Thomas (6) 

C. V. Waddington (7) 
Ralph A. Hopkins (8) 
Richard Setterstrom (9) 
Frederick Krug (10) 


Planning and Coordination 


Davi C. Prince, chairman, General Electric Company, 
1 River Road, Schenectady, N. Y-. 


T. F. Barton T. G, LeClair 
G. W. Bower J. R. North 
F. A. Cowan H. H. Race 
H. H. Henline I. Melville Stein 


Prizes, Award of Institute 


F. A. Cowan, chairman, American Tel. & Tel. Com- 
pany, 195 Broadway, New York 7, N. Y. 


H. A. Affel W. A. Lewis 
P. L. Alger J. B. MacNeill 
F. E. Harrell H. E. Wulfing H. H. Race 
Publication 


H. H. Race, chairman, Research Laboratory, General 
Electric Company, 1 River Road, Schenectady, N. Y. 


C. E. Dean Jobn Mills 
F. M. Farmer P. H. Pumphrey 
H. H. Henline C. F. Wagner 
K. B. McEachron S. B. Williams 


Research 


W. A. Lewis, chairman, School of Elec. Engg., Cornell 
University, Ithaca, N. Y. 


F. M. Clark E. L. Moreland 
F, M. Farmer G. W. Penney 
R. H, George F. B. Silsbee 
G. T. Harness R. W. Sorensen 
M. J. Kelly C. G. Suits 
F. R. Maxwell, Jr. V.K. Zworykin H.W. Tenney 
Safety 
W. Ralph Smith, chairman, 80 Park Place, Room 5329, 
Newark, N. J. 
L, F. Adams A, C. Muir 
A. B. Campbell Albrecht Naeter 
C. F. Dalziel C.N. Rakestraw 


E. C. Rue 
Frank Thornton, Jr. 
E. E. Turkington 


H. P. Dougherty 
John Grotzinger 
O. S. Hockaday 


L, E. A. Kelso Wesley Weinerth 
R. L. Lloyd H. B. Williams 
Sections 


G. W. Bower, chairman, Public Service Electric & Gas 
Company, 80 Park Place, Newark, N. J. 


O. C, Brill E. T. Mahood 
M. S. Coover W. B. Morton 
C. A. Faust R. M. Pfalzgraff 
Frederick Krug C. S. Purnell 
S. J. Lisberger E. W. Schilling 
J. M. Thomson 
Ex officio 
Chairmen of all Institute Sections 
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General Committees (continued) 


Standards 


J. R. North, chairman, Commonwealth & Southern 
Corp., Jackson, Mich. 

A. CG, Monteith, vice-chairman, Westinghouse Elec. & 
Mfg. Company, East Pittsburgh, Pa. 

H. E, Farrer, secretary, A.1.E.E., 33 W. 39th Street, 
New York 18, N. Y. 
R. L, Jones 

Alex, Maxwell 

S. H. Mortensen 


P. L, Alger 
R, C, Bergyall 
W, P. Dobson 


Cc. M., Gilt FE. B. Paxton 
R,. T. Henry H. S. Phelps 
T. B. Holliday Gordon Thompson 
Ex officio 


Chairmen of Working and Coordinating Committees 
of the Standards Committee 

Chairmen of AIEE Technical Committees 

Chairmen of ALEE delegates on other standardizing 

bodies or sole representatives thereon 

. National Committee of the Interna- 
tional Electrotechnical Commission 


President, U. 


Student Branches 


R. G. Warner, chairman, 7 Alden Avenue, New Haven, 

Conn, 
Everett S. Lee 
H, C, Madsen 
E. W. O'Brien 


L. A, Bingham 
H, L. Davis, Jr. 
A. G, Ennis 

Lx officio 
Student Branch counselors 


BE. M, Strong 


Technical Program 


F. A, Cowan, chairman, American Tel, & Tel. Gom- 
pany, 195 Broadway, New York 7, N, Y. 


C. S. Rich, secretary, AIEE, 33 W. 39th Street, 

New York 18, N. Y. 
P. L, Alger S. H. Mortensen 
H. W. Bibber C. P. Potter 
M. D. Hooven T, A, Worcester Frank Thornton, Jr. 
Ex officto 


Chairmen of all technical committees, the committee 
on planning and co-ordination, the committee on 
safety, and the standards committee 


Transfers 


M. J. McHenry, chairman, Hydro-Electric Power Com- 
mission, 620 University Ave., Toronto, Ontario 
E, A. Crellin J. W. Lingary 


Arthur L, Jones I, T. Monseth K. B. McRachron 


Technical Committees 


Air Transportation 
T. B. Holliday, chairman, R.R. 7, Box 260, Dayton, 


Ohio 
W. V. Boughton Jaiby pao site 
Fred Foulon E, E. Minor 
Vernon H, Grant Cc, N Mirick 
R. W. Gemmell D. CG, Prince 


John Maxian, Jr. Fr, O. Wisman D. R. Shoults 


Automatic Stations 


F. F. Ambuhl, chairman, Toronto Hydro-Electric 

System, 14 Carlton St., Toronto, Ontario 
R. B. Arthur J. R. Harrington 
W. W. Edson G.S, Lunge 


Joseph A, Elzi 
L, R. Gamble 


Perry Peterson 
CG. F. Publow 


E, E. George M. EB. Reagan 
R. M.S. Goo G. S. Whitlow 
B. E. Hagy CG. BE. Winegartner 


Basic Sciences 


R. W. Ager, chairman, Cornell University, Ithaca, N.Y. 
J. G. Brainerd, vice-chairman, Moore School of Nec 

Engg., University of Pennsylvania, Philadelphia, Pa, 
J. D. Tebo, secretary, 463 West Street, New York 14, 


N.Y. 
L. A. Bingham BP. GC, Lindvall 
A, Boyajian K. W, Miller 
H. L, Curtis Brian O’Brien 
L, O, Grondahl J. A. Parrott 
C. R. Hanna G. W. Penney 
H. L, Hazen H. H. Race 
N. S,. Hibshman Walther Richter 
J. E. Hobson M. F. Skinker 
M, J. Kelly F. G. Tappan 
W. A, Lewis Ernst Weber — G. S, Timoshenko 
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Communication 


H. A, Affel, chairman, Bell Telephone Laboratories, 
463 West St., New York 14, N.Y. 


A. L. Albert H. E. Kent 
H, H. Beverage D. K. Lippincott 
J. D. Booth E. T. Mahood 
F. B, Bramhall] L. R. Mapes 
R. S. Burnap J. R. Martin 


J. L, Callahan R. G. McCurdy 


D. E, Chambers Cc. W. Mier 
I. S, Coggeshall H. H. Nance 
. B, Coleman H. H. Newell 
. A. Cowan E, J. O’Connell 
John Davidson, Jr. L. G. Pacent 


H, CG, Dillingham 
D. D, Geiger 

E. BE. George 

CG, G. Grimes 

E. W, Hamlin 


J. G. Patterson 
Haraden Pratt 
John B. Russell 
Arthur Bessey Smith 


A. P. Hill Warner T. Smith 
S. B. Ingram H. M. Turner 
G. W, Janson E, P, Yerkes W. GC, White 


Domestic and Commercial Applications 


W. F. Ogden, chairman, 5600 W. Taylor Street, 
Chicago 44, Tl. 


L, F. Adams V.G., Lippitt 


D. K. Blake L. W. McCullough 
M. M. Brandon H. E, Metz 
M. K. Brody Max Rothpletz 
Carl W. Evans H. P. Seelye 
R. W, Fleming Gordon Thompson 
W. R. Harmer Frank Thornton, Jr. 
R. R. Herrmann R. G, Warner 
W. S. Leffler Wesley Weinerth 
Education 
Robin Beach, chairman, Polytechnic Institute of 
Brooklyn, 99 Livingston St., Brooklyn, N. Y. 
H. W. Bibber C, A, Powel 
G. F. Corcoran H. GC. Powell 
O. E. Edison CG, W. Ricker 
S. L, Henderson H. H. Skilling 
M. GC, Hughes R. W. Sorensen 
E, B. Kurtz J. G. Tarboux 
Everett S. Lee B. R. Teare, Jr 
W. A. Murray G. B. Thomas 
J. A. Northcott, Jr. H. N. Walker 
R. G, Porter R. W. Warner 


Electrical Machinery 


I’, E. Harrell, chairman, 1088 Ivanhoe Road, Cleveland, 


Ohio 

Sterling Beckwith C. M. Laffoon 
Theodore Braaten T. GC. Lloyd 
B. M. Cain R. C, Moore 
J. F. Calvert T. H. Morgan 
J. E. Clem W. J. Morrill 
A. M. deBellis S. H. Mortensen 
. T. Harness M. S. Oldacre 

3. B. Hathaway F. D. Phillips 

R. A, Hentz C, P. Potter 
J. K. Hodnette M. L, Schmidt 
W. R. Hough W. CG. Sealey 
F. P. Kaspar H. D. Sill 
H. H. Kerr B. Van Ness, Jr. 
1, BE. Kilbourne GC, G. Veinott 

L, A. Kilgore B. M. Werly 


Electric Welding 


J. H. Lampe, chairman, The University of Connecticut, 
Storrs, Conn. 


G. A. Adams ¥. W. Garman 
E. M, Callender K. L. Hansen 
L, W. Clark C. E. Heitman, Jr. 
W. E. Crawford S. M. Humphrey 
J. W. Dawson : G. G. Landis 
DD. Ewing I, W. Maxstadt 
G.H, Fett R. GC, McManter 
QC, J. Firth BE, H. Vedder G. L, Pfeiffer 


Electrochemistry and Electrometallurgy 


CG. CG, Levy, chairman, Westinghouse Electric & Mfg. 
Co., East Pittsburgh, Pa. 
J. E, Housley 

W. CG, Kalb 

W. B. Kouwenhoven 


J. V. Alfriend, Jr. 
F, T, Chesnut 
L, H. Fletemeyer 


J. G, Ford R. M. Pfalzgraff 
W. z Gilson F, O. Schnure 
W. E. Gutzwiller W. R, Schofield 
J. B. Hodtum N. R. Stansel M. F, Skinker 
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R. E. Smith 


Marine Transportation 


Electronics 


S. B. Ingram, chairman, Bell Telephone Laboratories, 
463 West St., New York 14, N, Y. 


J. H. Cox Joseph Slepian 

W. G. Dow Thomas Spooner 

T. S. Gray B.F.Tellkamp 
GC. GC. Herskina J.T. Thwaites +) 
P. L. Hoover H. M. Turner — 

M. E, Reagan D. C. Ulrey 

H. R. Paxson W: C. White 
Walther Richter C. H. Willis 

E, W. Schilling H. Winograd 


y 


Industrial Power Applications 


John Grotzinger, chairman, Goodyear Tire & Rubber _ 


Co., Akron, Ohio 
E. L. Bailey M. J. McHenry 
E. T. Carlson A. C. Muir 
L. W. Clark J. J. Orr 
W. G. Dow W. A. Perry 
CG. W. Drake F. O. Schnure 
K. K, Falk Hugh L. Smith 
J. S. Gault Herbert Speight 
F. E. Harrell Jerome J. Taylor 
M. R. Horne E. E. Turkington 
Kurt W, John L. A. Umansky 
A, E, Knowlton R. L, Walsh 
E. D. Lilja W. E. Wickenden 

R. H. Wright 

Land Transportation ° : 


A. G. Oehler, chairman, Simmons-Boardman Publishing 
Co., 30 Church St., New York 7, N. Y. 
H. C. Griffith, vice-chairman, 1617 Pennsylvania Blvd., 


Philadelphia, Pa. 
P. H. Hatch, secretary, 514 Siwanoy Place, Pelham 
Manor, N, Y. 
J. G. Aydelott G. L. Hoard 
R, Beeuwkes J. G. Inglis 
Leland W. Birch Fraser Jeffrey 
W. A, Brecht GC. R. Jones 
H. F. Brown L. C. Josephs 
GC, M. Davis Paul Lebenbaum 
E. B. Fitzgerald P. A. McGee 
J. E. Gardner T. H. Murphy 
W.S. H, Hamilton 


J. A. Noertker 
F. W, Willcut 
Light, Production and Application of 


W. G. Kalb, chairman, National Carbon Co., Carbon 
_ Sales Division, Cleveland, Ohio 


D. W. Atwater P. S. Millar 
A. G. Dewars G. T. Minasian 
GC. L. Dows R. C. Putnam. 
S. G. Hibben Harris Reinhardt 
O. W. Holden C. E. Seymour ~ 
H. E. Mahan ' ’ E. M. Strong 
J. A. McDermott C. C, Whipple 


1. A. Yost 


W. N. Zipper, chairman, Gibbs & Cox, Inc., 1 Broad= 
way, New York 4,'N. Y. 


E, G. Alger PLB: Harwood 
R. A. Beekman ‘C.J. Henschel 
R. D. Bennett Alex Kennedy, Jr. 

H, CG. Coleman Clarence Lynn 
P. J. Dumont F. R. Maxwell, Jr. 
J. B. Feder » I. H. Osborne 
A. R. Gatewood Wm. H. Reed 
L. M. Geldsmith E. M. Rothen 


H. F. Harvey, Jr. O. A, Wilde P. E. Vance 


Power Generation 


| 
A. G. Monteith, chairman, Westinghouse Electric & — 
Mfg. Co., East Pittsburgh, Pa, Wwe 


F. A, Annett J. A. K A 
G. A. Corney ‘A. J. Krupy — 
R.P. Crippen C. M. Laffoon _ 
John Joseph Dougherty V. M. Marquis 

H, A, Dryar * C, W. Mayott | 

J. H. Foote ' ~ G.M. Pollard 
A. H. Frampton Charles R. Reid — 
R. L. Frisby Herbert B. molds 
Frazer W. Gay M. J. Stein i 
W. D. Hardaway H. D. Taylor | 
Fraser Jeffrey . R Treat 


F. D, Troxel re 


Technical Committees (continued) 


Instruments and Measurements 


Seer, L. Dawes, chairman, Harvard University, 


Pierce Hall, Cambridge, Mass. 


T} \s. Gray, vice-chairman, Massachusetts Institute of 


Technology, Cambridge, Mass. 


E. I. Green, secretary, Bell Telephone Laboratories, 
180 Varick St., New York 14, N. Y. 


Perry A. Borden 
A. L. Brownlee 


L. A. Burckmyer, Jr. 


. T. Burke 


Foon: 
; ie) 
3 
a 


8: 


. M. Hathaway 
. S. Hibshman 
B 
Cc 


Hazog sr mr ool! 


I. F. Kinnard 


W. G. Knickerbocker 


A. E. Knowlton 
H. C. Koenig 
Everett S. Lee 

J. T. Lusignan 
Paul MacGahan 
H. C. Otten 

W. E. Pakala 
G. R. Patterson 
E. G. Ratz 

A. R. Rutter 

F. B. Silsbee 
Roy M. Smith 


H. M. Turner 


Power Transmission and Distribution 


H. EF. Walfing, chairman, Commonwealth Edison Co., 


D. L. Beeman 
D. K. Blake 
C. D. Brown 
H. W. Clark 
Harold Cole 


oe 


K. E, Hapgood 
C. A. Harrington 
J. B. Hodtum 

E. K. Huntington 
J. P. Jollyman 


Protective Devices 


R. J. Wiseman 


72 W. Adams St., Chicago, Ill. 


H. E. Kent 

A. A. Kroneberg 
C. M. Laffoon 
W. W. Lewis 

J. T. Lusignan 
L. M. Moore 

E. W. Oesterreich 
Jj. S. Parsons 

W. S. Peterson 
L. M. Robertson 
S. J. Rosch 

E. V. Sayles 

A. E. Silver 

F. V. Smith 
Philip Sporn 
Stanley Stokes 
O. W. Titus 

J. J. Torok 

H. M. Trueblood 
C. F. Wagner 

L. T. Williams 


J. B. MacNeill, chairman, Westinghouse Electric & 
Mfg. Company, East Pittsburgh, Pa. 


A, E. Anderson 
H. D. Braley 
O. E, Charlton 
J. E. Clem 

H. W. Collins 
F. W. Cramer 
William Deans 


=! 


\ 


O>P mS P> Hr serra! 


Hanker 
Harder 


APS > Bt Ey pe bc 


LeClair 


1943, VoLuME 62 


W. A. Lewis 

S. C. Leyland 
H. J. Lingal 

F. R. Longley 
L. R. Ludwig 
J. R. McFarlin 
J. R. North 

H. V. Nye 

S. C. Poage 
H. H. Rudd 
W. J. Rudge 
H. P. St. Clair 
A. H. Schirmer 
H. P. Sleeper 
C. L. Smith 

F, V. Smith 
Roy M. Smith 
H.R. Stewart 
H. E. Strang 
H. R. Summerhayes 
P. L. Taylor 
J.J. Tesar 

J. M. Towner 


Therapeutics, Applications of Electricity 
to 


C, V. Aggers, chairman, Westinghouse Elec. & Mfg. Co., 
X-Ray Div., 2519 Wilkins Ave., Baltimore 3, Md. 


Lloyd L. Call W. B. Kouwenhoven 
W. D. Coolidge H. C. Rentschler 
Roy Kegerreis C. W. Ricker 


Special Committee 


Registration of Engineers 


C. R. Beardsley, chairman, New York City Department 
of Commerce, 60 Broadway, Room 1404, New York 4, 


N.Y: 
A. T, Campbell T. G. LeClair 
Tomlinson Fort K. B. McEachron 
N. B. Hinson W. H. Stueve 


J. G. Wray 


Institute Representatives 


Alfred Noble Prize Committee, ASCE 
Robin Beach 


American Association for the Advancement of 
Science, Council 


T, H. Morgan I. Melville Stein 


American Committee on Marking of Obstructions to 
Air Navigation 


G. E. Dean H. L. Huber 


American Coordinating Committee on Corrosion 
H. S, Phelps 


American Research Committee on Grounding 
C. T. Sinclair 


American Standards Association, Standards Council 


R. T. Henry J. R. North H. S. Osborne 
Alternates 
H. E, Farrer H. L, Huber E. B. Paxton 


American Standards Association, Board of Directors 
J. T. Barron 


American Year Book, Advisory Board 
H. H. Henline 


Committee of Apparatus Makers and Users, NRC 
L. F. Adams 


| 
Charles A. Coffin Fellowship and Research Fund 
| Committee 
Nevin E, Funk 


Consultative Committee on Engineering (Advisory 
to the War Manpower Commission) 


John C, Parker 


Electrical Standards Committee, ASA 


H. L, Huber V. M. Montsinger J. R. North 
Alternates 
H. E. Farrer E. L. Moreland E. B.: Paxton 


Officers and Committees—1943-44 


Engineering Foundation Board 


F. M. Farmer W. I. Slichter 


Emgimeering Societies Monographs Committee 
F. M. Farmer W. I. Slichter 


Engineering Societies Personnel Service, Inc. 
H. H. Henline 


Engineers’ Council for Professional Development 
O.W.Eshbach J.F,Fairman  F. Ellis Johnson 


Hoover Medal Board of Award 
H. H. Barnes, Jr. F.M. Farmer John C, Parker 


John Fritz Medal Board of Award 
F. M. Farmer 
H, S. Osborne 


David C. Prince 
R. W. Sorensen 


Library Board, United Engineering Trustees, Inc. — 


W. A. Del Mar G. L. Knight 
H. H. Henline W. I. Sliehter 


Marston Medal Board of Award 
H. B. Gear 


National Bureau of Engineering Registration, Ad- 
vieory Board 
C. R. Beardsley 


National Fire Protection Association, Electrical 
Committee 


W. Ralph Smith F. V. Magalhaes, Alternate 


National Fire Waste Council 


Wills Maclachlan W. Ralph Smith 


National Research Council, Division of Engineering 
and Industrial Research 
R. W. Sorensen 


Quarterly of Applied Mathematics 


J. G. Brainerd 

Research Procedure Committee, Engineering 
Foundation 

W. A. Lewis 

United Engineering Trustees, Inc. 

F. M. Farmer Everett S, Lee C. E. Stephens 


U. S. National Commission, International Commis- 
sion on Illumination 


J. W. Barker Robin Beach W. C. Kalb 


U. S. National Committee, International Electro- 
technical Commission 


H. L, Huber V. M. Montsinger J. R. North 
Alternates 

H. E. Farrer E, L. Moreland E. B, Paxton 
Washington Award Commission 

H. B. Gear L. R. Mapes 


World Power Conference, Executive Committee of 
U. S. National Committee 
Nevin E. Funk 


General Counsel 


Parker & Aaron 
20 Exchange Place, New York 5, N. Y. 
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Student Branches of the Institute a. e 


Counselor 
Name and Location District (Member of Faculty) z Chairman _ Secretary 
Akron, Univ.rof;//Akron,Ohi0: 3). sieesernes svete esate isintel ele Disiiyereietetr tial shave Ay J.B. airbura ect ac cee cn weye Robert LMowne aces were ota Stanley Myers a 
Alabama Polytechnic Inst., Auburn, Ala... ........-0+-+eeeees Che Beet Ne Mains USES =, te sos omit sy se 4 JevPiMcRaec aan cetsan mat eetiten Warner Sinback 
Alabama; Univ,;of, University, Alace.: sim <mieptxicsteie = sles’ Atottie aeiee WihS Miller Fo isto aataeeceesate Frank Tompkins...... Pfr ang raat Louise Inge 
Alberta, Univ. of, Edmonton, Alberta, Can........ PMR 0 diols ae TOS Pasrcrecie ares Ros. Phillipsss (citi ecetenenst B. McDiarmaid.............+...D. MacDonald tS ¢ 
Atizona; Univ:.of, Tiesony Arizic .2s¥ amiss on inten obit ante Bene ay anc ie iG. Clarkes a cateties aoe SoH. Foote:cs sai iva ee eer eeen S Herbert Jacobs 
Arkansas, Univ. of, Fayetteville, Ark..5......000sececeseneues iL ates tet, aot tae W)B. Stelznertiaic aston tom a ete Wi Ra TBomias) Survie snr sani tale D. P. Patterson 
British Columbia, Univ. of, Vancouver, Can..................- NOES alte 996 WB. Coulthard yy ican telesis or S.J. Beatonie ties saw epectarere ys O. M. Julson. 
Brooklyn,Poly. Inst. of, Brooklyn, N. ¥.........02.0esees sees Dishiaaec eterna teteay A. B. Giordano 
(Day: Division) 258 Satreenictasearon ne steerer Pe te ory CI be tO ee Fito ee corm care Eugene Lovette.................Wm. Stolze 
(Evening Division) zi cis sciy acta se « Wineein wel al mapas lev ere one’ ol nyeia aire: lexwey\oln\ 6 el pyar ciel = ait ore vai ae Renton A. E, Ruppel : 
Brown Univ; Providénce, Ro tos jcnanneen saute ees amie vce seit Reaule dae cee Fo N. Dompkins rersistas seh rcatiptel= Woe Bamballe,- ais sae ee D. C, Taylor 
Bucknell: Univ., Gewisbtirg, Pav... 20. seh winery cnn vp owls cence Qireia ches Sve shee KB. MacKichany vr «<5 ives os) Henry Parkins 0) noc saci kee eid John Raudenbush 
Calif Instof Tech, ; Pasadena,: Califz, mete ts ccet bare etete Oa irevertt neat FB. Wi Maxstadtc.. rusia aie-0% RR. Lauterbach asc csternt en aea Alfred Robinson 
Galif.; Univ: of, Berkeley, ‘Calif... ....\-cisls visi xinve vistainirsd «isomer Sa ee eg Pi E.: Mortons ten tol uaer eteee Henry Doeleman................ J. B. Duryea 
Carnegie. Inst: of Tech., Pittsburgh, Pais.% s,s t ces woes es Sanat Sen nua G.-R. Pattersoaets.ce » iterckeiere W.. Wa Carpenter ca cantn ie coun E. A. Sagan. 
Case School of Applied Science, Cleveland, Ohio............ INS IRIS orion ioe P. Lisi Hooversinec ieee iisauee ies ROE GRODECR ara size! osiniateiol eters G.B. Ober 
Catholic Univ. of America, Washington, D. C................. Pa Sec PEN ty T. J. MacKavanagh............ Wai Whelan: 16 oi tintaret rete mrss P. J. Bayer 
Cincinnati; Univ. of, Cincinnati, Ohio y..5 .ci...0cs reser oss Des PEE es LR. Culweeciies ics c2 ten re W.. J. Gruberns tance ieee ras C. G. Haehnle E 
Clarkson College of Tech., Potsdam, N. Y......-....+0000+0-: ibaa r nchr rene! A. Ro POWers mantane aehe Nis ares R. J. Whalen........ Bion ae he G, E, McElroy 
Clemson Agri. College, Clemson, S. C.......0.:-5.2s0eeeeeeee AS arya rteae ats ¥. T. Tingley. es see ate Eaton ieee maniisi ie icioatine tae J. E. Webb - Min 
Colorado State Col. of A. & M. Arts, Fort Collins, Colo. ........ Grcecanresaaies KF. B. Béattyoencctcd ax a. eee Glen Powergs oiir4 os sierciacat nian. als Ralph Green ; 
Colorado), Univ:/of, Boulders ColoAt sim mnre netare eials 2 = ate preter Gao wi betes HB. Palaters Fees seniate vain ein Douglas Thegor.. sa..77 oes aes R. E. McCosh = 
Columbia’ Univ., New: York, N. Wi. evamactdsn syeraie inva areca Bc eames J. Re Rageszinin. cg. dt a one Edward Buyer ys veta..'s alate nee eos Cc. P. Thomas 
Connecticut, Univ; :of, Storrs, Conne.iitaa vinrisiorets slo's ea a oi Meta tat oe G. S. Timoshenko.............. iS Pg) Fos oe rah ee thet > OSE ie R. J. Jefiries 
Cooper Unions New Work, Ni Ye .cakc at eon nett nie tine Sos neato iD aera oes aaa es J. W. Hostetter 
Day Division) s a5 alhjtims wieies, soln Meats in clare sets ees aalieae Bs w sins anse.t, 8 crayera ata ele wines arabs eels eter gl eel Seymour Levander.,.........-... Thomas Schwartz 
(Evening, Division) <i. iijieccie ova y Cae trates Do's nin pl aeralaunle eh ele ghellm bw Fmsuzaly Ot ateeyatOhES Bie ft eet ae ne ae Pe Je Coup Bin eereis eran nisiarslatetaisye wid S..Meyers 
Cornell Univ. Ithaca (Ni ois civ win corscsttruit eet rice sl sca Peas sail Sch: 0. Danese E.-F. Bé.Grosss ine dee ks areas Robert Garmezyv.o.5 . sje ane eae ue Richard Koch 
Delaware, Univ. of, Newark, Delivic cs. . sisteistecreisie le acta e ere chs NCR Perr M.'GYoung ate Gomes ‘Want. Schuster. 2). csicicneteamce eee s Clarence Perry 
Denver, Univ. of; Denver) ‘Colas, vives siemens ss 5 te ae see 6 hws Cees FB... McClain caren eae sane Maynard’ Thompson............. Walter Magnuson — 
Detroit; Univ.iof; Detroit, Michi. rae. . eects ats te stv ne Sarat Shope orate rataee H. Os Witnets.5. pie eee prep Bellatatre natesccme ce tates F. W. Rowe 3 
DrexelLnst:of Tech., Philadelphia, Pajs.scsates sc ao:s alae s etre ae De stasis ee B.C. Langes so eee ae Paul Bérozaye snes tee or eee are D. E. Thomas : ia 
DukeUniy.; Durham, 'N, Glo.05 Fy addins nty o sniete au saloa ett Baca once ce O.F: Melee; Ir.sanit coax one oe KOE. Sanger:3 sy. gets Charles Myers 
Florida, Univy...of,, Gainesville; Fla.v i. .eaireniinssocekentoewame © A Ss Te EVES Smith cece ois (te clei eats ee Leshie Siroup:.< s.0 cts Sent epee O. R. Gano 
George Washington Univ., Washington, D. C................. PRE eo Ce SIO UT EAS Perce Aa IN€d Schreiner gems serrate George Conrad 
Georgia School of Tech., Atlanta, Ga... oc. pe0 ee eee een e ene es H. B. Daling a kipteuelia Gane ahaa RU Bis. Morris oye witeiars mew me eee L. S. Apple 
Harvard. Univ., Cambridge, Mass... ogi. sien sve raceese canvas LS rome oo Jo Ds Cobine 0. oan. cna tee tacos J. G. Fisher : 
Tdahoj.Wniy. cof, Moscow, kdaho. cara ayteyaiisisieieleloyetololetns) sta aiulol> Dike sasha eae ote J- Hugo Johnson <. 53 citjc0 sce te RE Coneadefvs aeagnesatness oeerete Howard Kambitsch 
Dlinoia Inst! of Tech. Chicago; Wj.) assholes aieiate ».arairinia) aia Dn elie: «al eater E..H.- Freeman $50 62% ite se att James McDonald). oc 6 sees ee cee Irving Kaluzna 
Iino; Waive ot Urbana, ill iscternore lela visions sigtolbete,< a cin aielers Daihen eran EAs Reid fewanernais sie = ule VurAS Rey dbeck. co sreniav an etanrar Jj. E: Hinchcliffe 
Towa State’ College; Ames, Towaiz <./i 1s 4/5 <perevisiee a's oie ROE heen. ted B.S.) Willis rata y abet eect John Lagerstrom 
Towa; Univ. of, Towa! City, owas. cic tte ctietisle saree caislna tke site Dace heats HER. Reedi ssc secenakaen Ee Eo GarlsOn ccc. fei «00 Stee ae Vv. W. Chabal 
Johns Hopkins Univ., Baltimore, Md...........-22eeeeeceeee Dik cearsehe ee ¥F, Hamburger; Jv...c. 0 cdes esses Verrion Evans. <2 <6 sos = eee Earl Kellér 
Kansas State College, Manhattan, Kan..............22000e0s ER ee gee a J. E. Ward, Jens... Be Bere e BR. §- Cossaart (5 1 ae eee eae A. K. Kingsley | 
Kansas, Univ.of Lawrences hans a1 aietaeictiaie «inte either mee UiaRnccistee eres Gic&. Richardson t.e. sexe ns 6 Brank Blues -iss. soe eyertnpsreis seer id Glen Sankey 
Kentucky,: Univ. of, Lexington, Ky... oc icee vos oaks alee ence Yee to, Brinkley Barnett............-... R. L. Hucaby ‘ 
Lafayette College, Easton ya... 10h sa ethnics ip isles: amatiod on Deal Sane eka BREW. Smit. chee.) Pee eee Paul Ackroyd... % 50-5 ste eee ke .G. P. Clute, Jr. 
Lehigh: Univ.; Bethlehem; Parc occ c/scase at tars ce te eeeernsninta: clavate 2 Neste Seer GG Brennécke. 24). 3-0 cases Gordon Roberts :\./.37. canvases cour Ralph Lau © 
Louisiana State Univ., Baton Rouge, La... .. 6.2... esc eee 4 eae Ac IRAMBCY io ee Se iele chee cis hie tite A\-BE Daniels. [i522 osc on aici vee L. E. Gulledge 
Louisville, Univ. of, Louisville, Ky............0.cecceneeseess PRO ee M..G, Northtop.).. ... 2.2. exes L. E. Vordenbrueggen............ J. L. Wedekind 
Maine) Univ.of ‘Orono, Me. fame sis: = sc cithaice en bike eee steinta aie Li cteregetars taser IN. 2. Wilsons,'3c 2b twenties D. E. Davis x J 
Manhattan’ Gollege; NewYork, aNia¥... «|. 207. sqinenteeiitte ss pie 3 .iocts nusihe tata REL Weilizerd..tarstos santenensct Re Re Dlewitts: saw cits eeisishreekis oars D. G. O’Connor oe 
Marquette Univ., Milwaukee, Wis..........0.00seceneereeens DS tel itageas ate J.-E. He Douglas. ic5. ss eepaee Arthur Zimmer sie! <miciciona hocsints D. Bernhagen ~ 
Maryland, Univ. of, College Park, Md..............00ees000: 7 atc EA ) Ol Is lel ghana coon ch Laon Lyal Merrtkéns.. 3.25202 fee. Mate Wade Dorsett _ 
Mass. Inst. of Tech., Cambridge, Mass.............00+e--00e ss acs Ancameeiiat Re Bis Wildes eich one Candas ake ste. sumeraleieyenr seme J.B. Angell fr 
Michigan Col. of Min, & Tech., Houghton, Mich...............- Siew eheaekreee CER Gage he eciek end gicios peleeniake RR sEez, SHEPMAM py aiielecora etary siete ae ats W. T. Ames * 
Michigan State Col., E. Lansing, Mich...............-2e-0005 Be eaiate tire mais MUM Cory cee en oy, eS Beae W..-B, Bennett. tin sis 31 Ane nah J. E. Allen _ 
Michigan, Univ. of, Ann Arbor, Mich............0..ee0eee0e Sekar wiccuuenet J. S.Gaultli5. ose eee. M.A. Gileos ess anna sen sR: E.- Miller aes 
Milwaukee Sch. of Engg., Milwaukee, Wis...............20005 yea ee ha Bol. Wiednemiinvas qucaag uence Gordon Stanhope D. C. Schmidt 
Minnesota, Univ. of, Minneapolis, Minn...................05 SS spalelaleuohi arate tae J. H. Kuhlmann...... Ba erhatrnens WHE: Carter. 5. tan se sie samen E. J. Proszek 
Mississippi State Col., State College, Miss...........0.0.2220005 Seer oooar oar N. MG McGorkles cnc om RE Uathoven'wanicice auineoe ors J. E. King, Jr. 
Missouri Sch. of Mines & Met., Rolla, Mo................-.. US Bsc eng Je SJORNSAN si matetisis wie estore (Ge Bic: Dak Deten kya tee initiate R. E. Gogan 
Missouri, Univ. of, Columbia, Mo...... 62. s.cee-eseecneucese Sie ilasti a teiass D.. Waidelichicnctatelscromie singe av Bj. Gastineau, ie aiieieis see oe Robert Roney 
Montana State College, Bozeman, Mont.........-......see0e: 95-5. 5). eee E-2W. Schilling: cisco matieniaeetoo Howard Ellsworth. ............- -.Rod Auclair = 
Nebraska, Univ. of, Lincoln; Neb... scce . | csc cewaiieen sens CPR eRRG eore OE SEdison= nisi Seekers GWA. Stutt) . cies bate A Aad aietuiettos shoe PERSE ~ 7 
Nevada, . Univ. ‘of;Reno; Nevada. sec oics'c 010 clsceteae arlene i Robert Howard 
Newark Col. of Engg., Newark, N. Joust. ..00s0cccdveneuaeues Bee toe sans FA. Russellovie: c.cgscs secs Taro Ree © ON ea Lae J. G. Friedman 
New Hampshire, Univ. of, Durham, N. H.............-...05: Aieb areca ate Rote WaB: Nulsen eins. tee eaten Richard: Foley, :c,)sis-o paces we ee A.G. Yeaton 
New Mexico State Col., State College, N. M...........+--.00 Tas iglats =)» ees Mi: Asi Thostas s\.: cc tiek caiaaiite Jack Burleson is)saan sd se sie ioes Paul Russell 
New Mexico, Univ. of, Albuquerque, N. M.,........-.....--. VPS oxmar er. Re Wa ea DY, cai tote ateince teterenaaievers Edward encena ejaite apeat piel caves ey N. Maguire 
NewYork, Col. of the City of, New York ...........0..0-000- IER Pe ec Harry Baum F 3 
(Day. Division) occ arciclers sivitis sia pias oinin wile ave. Guts o Revove paresale ioc /eTs cel s oon ce et ceTi a cle ere Re ee ee N. Rynkowsky........ Sr avarsigiess ....Irving Flyer — 
(Byening’ Division) (5 estarckieisauje inanimate ee eet Te ee ae é goa 
New ‘YorkiUniv., New Yorksia.7 cacestesmiemerc ae eecie ene oe ‘Die ant aale ee P. C. Cromwell 
(Day Division). g5.i.5.0 Pele stam eh Beeches ae ee eae Terrie ware oe ee rca Ts UN er Thomas Fentress ......... hes oes Sidney Hasin ot 
(Evening Division) % oss. woiies's ary mrwntarstiie stew die age tue i ae ere nn EE ee ee Wo WMWrandess ic. caste teen or C R. Morrell ~ 
North Carolina State Col., Raleigh, N. C Hwan fc ites ML Ketvers int ncakancss mteea cia G.-B: Stevens 5-52. 408s- nisntae ca P. D. Strum | x 
North Dakota State Col., Fargo, N. D... 20.0... ceuesceeenees Sera cipeinead Hy Si Rush Cae eee Waldron Wigtily 600. cve. ene Marvin Gebhardt 
North Dakota, Univ. of, Grand Forks, N. D............22..0 neat ote's seers G."W. Rook: Sas sn sation nie Ernest shoes. i250). stn wii eee Herbert Frey 
Northeastern Wniv., Boston, Mass. aicisitate chelciesianiesteteieter aera US SE Ca Sa ercan R. G. Porter fx 
(Division A) isc. 55a 5 sole wtelbagt ess ale a) claiaene/aiesate ae ancnct tps Sraaahspartiaie’atsikrs er aiolack nh Sher ena tie eee T. F. Mahoney.............4.+.5 J. O'Leary 
(Division! BYs 2206.5 sas Sea giav-caim Ble lata etogenn) aches dhe) Teter oye eam steISet. oe wchen ici ts lta ears aleve ean ci eee a GaP) Minalgas: srlaac tent cntecte J. E- Mrose 
Northwestern Univ., Evanston, Il... 0.22... ce eee cee eee ceeees Ose idiob cave RY W2 jones s,, « aemeap antec eate (Chad: Pierce setts ste eee tiara G. Gauer 
Norwich, Univ.,-Northficlds/ Vt, case: oss sassy ieee ceine Tice eee pte oe D; ES Howes!45 20 tena JS Allen soot. erence eee W. Flinty Rs 
Notre Dame, Univ. of, Notre Dame, Ind................-.00: Pepin ce aan Ju A: Northootts...2. Gaeeame ores GVA Charters) so. ui. ener R. J. Martina _ tA 
Ohio Northern Univ.,-Ada, ‘Ohio® ich cs eee one ee cn onsale 7 Been nto ore GW. Riein, toate Ralph Walters. ..:. 5)..00-4 252.50, Ay Ault 
Ohio State Univ., Columbis, Ohiot ...........00cececeeecces ens ereamesite tcl. S.Obbvants. victease ae 0 eee Edward Hayden............5205+ John Birch _ € 
Ohio Univ. Athens Ohio... scence Cokes Se ERE ae ee TN ee Se IG CPI a CIO cots SS AE Sea Thomas Raymond 
Oklahoma A. & M. Col., Stillwater, Okla..........c.00eeeee: TS GOR Bete AL Naeter Vim ae cite nae CL Lucky: ne. 5 cata chaevenins eta _. Stephen Nelibet 
Oklahoma, Univ. of, Norman, Okla..............cceeeeeeess Tea Mba IRSVAS) Churchi:<) eanisice marker ieee FS) Chafina<-. van Bh ae ees J.C. Curry — 
Oregon State Col., Corvallis, Ore............. Rae Di yierars he batiere= Lee Reto Wa? Huggins Snake cee C. W. Eastman ‘ ...C. E. Allen 
Pennsylvania State Col., State College, Pa..............2..25: irra stevia Poe Rice ics ee eee BBE VODsARR agree darn aati onele E. P. Diehl - 
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Student Branches of the Institute (continued) 
3 Counselor 
Name and location District (Member of Faculty) Chairman Secretary 
Pennsylvania, Univ. of, Philadelphia, Pa.............5--..005 Braet ipo Sop Ron War tet septa ckivs piste afa.c ae Ds By Charaty avs. asta rear sisi sis ai Marvin Jacoby 
Petapurgh, Wniv. of} Pittsburgh; Pain... cio waeaale eee ces Direc d Cian bin 3 RT Gi Gorhiaya introns. eyeletdae ficial ISG MD OLIOts aya aimee = 2, oie A. J. Baeslack 
Porto Rico, Univ. of, Mayaguez, P. R.. 1.1... ese eee eee ene Drhabbe re sinirelny ERAS Vatican Us Did Jes yer tis tee, oe = Sto URSS7Asr PLOBtOM weve our rag Nesteitts tates iafe J. E. Gomez 
Mratt institute, Brooklyn, Nu Ver cack. wks s dees Seeskh ose Dace Cee ROB TOMED Wire heat iiny .feree ea Sk Wartinwlcewis tise tals tears eects hie M. H. Kitchell 
PeterceronsWaiv., Princetony Ne Juices eee te eit wok wells Deeteiertie sie tera WNiek Coot JONNSOD Arp hehoteiiicien eee ee | ZeRUG IRN SUE Ra os ae re eo irneeia G. R. Compton III 
Bede NIV. Latayette, Ladvccs net's aiesiviet wis gitis ccs sivlewle Beit nite ome ote eeioricatts aoa niais rnin tetore rerio RAE. Witains «65 tr csgeleiene yes W. M. Robinson 
eee ASE POlye TiStis, 1 TOYS IN. Yoda's wisi nclae Oo waleee ts Une hee iN ae Soy GP Erg) RIOR Well ce ele oe ce icieiears PPEU SYORCD navel avdpal ott dietivela/a eine ai4 John Litsios 
Rhode Island State Col., Kingston, R. I............ 22.0000 0-e Denote lace, W Jnaw bray. o> cies ncmeiecs Donald Campbell......:.......5. Paul Ross 
PSLGEULMAt (tite, LOUSTON, DORAN visivin/s opie e.neloin-eisjq)erritiaie aye» wiaje en's Mad santo aie ei Gia SWise meyers co alts clei pianice PIR SAVC «cre uistente oa seraiate & ale, e' J. H. Valcik 
ime Polverinst..-)erre Eayite, Bnd. ator, chs ajoice erie ccoledels ws aie Sinise cenrets p-saie ls CoC. Knipmryer ss. wis sce aesie'e vi UBER RAG WOU bin eviews finials aid Pata mcs R. D. Calvert 
Rutgers Univ., New Brunswick, N. J.......02- cee scence eee Deere eee bea tixe ee OR racay cies ite wk a ore cacare isi alsbenslagy i ciscorcceleseleias'= Sete Wm. Blauvelt 
Santa Clara, Univ. of, Santa Clara, Calif................050-- Se ie iad ANG Te Wiatreinies. sch eke vere ck aes Were IROOM I ailitrearaccte-w'e wi eiwiaisintn E. M. Selle 
South Carolina, Univ..of, Columbia, S.C: 2.2.0. nee ec ees tee AE Aa WOM Baer oy nad tings anette tran DM Glarsorinycs sin cietigcaaas Sienisiomt Enoch Smith 
South Dakota State Col., Brookings, S. D.............0...-005 ear te al ere Wi EN, (Gamble. wate ins iscrcit scant BoO Randall. ices aiaue vieja sc V. V. Nielson 
So. Dakota State School of Mines & Tech., Rapid City, S.D...... GR ae Re ean Pe Bic RARE eB eek Geno hie Wonzld! Sullivan’. < choc. « ds rasceisie via’ W. H. Gardner 
Southern California, Univ. of, Los Angeles, Calif.............. [ees peer ae BS Bre glele eter sistent Otte ccs Howard Helfman .jisic sree 0c ,ce's Alois Jokl 
Southern Methodist Univ., Dallas, Texas................0525. Peta oe hi Br NEL Clete acc Ss rivte siete intent aia RETR HEL GINS ele eis lc turers alateiaeevrs as John Savage 
Stanford Univ., Stanford University, Calif..................04 Sin vitor Sana He Sialling scat cine, sorwemneeon Pe MICAS COIOT Er, eruts teh iterated hate, «sere W. H. Levers 
paevens)Inst.of Lech:, HobokenssNe iJ. csc cries on ate nals wcle warns CEG ine On IOr Wm. L. Sullivan 2 
Swarthmore Col., Swarthmore, Pass... cle. ee dae ee hence PAs pee eas Wend ic Creme ie aes. sofia «ware © Richard Chambers.............. Evelyn Granat 
pyeecuse Wry, syracuse, N. You. cen ale asco crea reise + ete wie Lesotho eatin Ch W: Henderson yo 5 6 binae ot INR V EY wiaie + seein ce sin tte eld abiians P. J. Harter 
mbennessee, Univ..of, Knoxville, Tenn... 6. iciic enn cle ne pee ee tere oat ieee WYO Tete Sieh stig nid oes 0 ale Robert Powell. cnjjccensehs one cies T. A. Pomeroy 
Texas A. & M. Col., College Station, Texas.................- Taira eee weds Bis alin gh aM, «igo a\e aes Helmut Sommer’ 5 cr iain aninee 3 Dixon Catt 
Texas Technological Col., Lubbock, Texas..............00005 Li darars SP ws OR \ Sali 711 Co ty aes OM or ieee ie tr Oa Die Cheaney ovate. ces wciciat ele Hal Pender 
ER IMIV Of, Alistin, Texagsy ccs odeicevne heb eecle s+ des wens Worscieee es eno RSA. Galbrathi~s ooo... cies iamas Harold Stith... iciecsiscravte oko oe Jay Seefeld 
eMraOhs Putts College, Mass.<.o oie acces > vier ccis eek eke tees tits ites Wed SEOWEL cP tte 6 ois ic sie Were John Meadows... 02.2...+.e52-0»s Walter Huening 
Wate lniv. New Ofleans, La.. 0: sdat etcaavccacecuvasecce 4y cas ane As CronyiGht a tate dash oe race RE PPP eB IanO. ch teria ac ces aax © E. G. Holmes 
PGE ON se OCLCDCCIOC VRE. WY acne ett s:steje vind sie a ujsiaiplevane eve Bae etn, Site BIW Bibbet soc, fsa enpee es JolinsSchamberger.....-.-.-..-...: John Mann 
Utah Univ..of, Salt: Lake City, Utah... oc eee eee ne eee, aon Lee DE Maria cs, rea soa eee Ce Cantey ahs soofen koe etc en R. W. Johnson 
Vanderbilt University, Nashville, Tenn...............00.00005 Air eae yy ey Se ERO OCH EACLE Tc vias Hemcnnre tie neta ASV BUC yal graacy (ni ea yeas MCORP ON F. T. Ragan, Jr. 
Memmont, Univ, of, Burlington, Vticiic occ. cakes vet eee eee akarer as are ta reat ete BRINE CK e6ixe sauigshe cise secant ret karkis ors Cratetecareials «ote a ete R. F. O’Grady 
alnprasCol.. Villanova, Pay oa cc oto cok ie wipe 5 He olnely aie e's Bei aatchse wat ore EIN SF BUeCH es. seo isin cries Seman Anthony Mannino............... J. L. O’Brien 
Virginia Military Inst., Lexington, Va..............222200005 Bre. see eH eS. Jamikone, ween eietna Maes Mier A MOMIAN Ssruhs wets, 5's historia ge tek F. A. Collins 
Wirginta Poly. Inst.; Blacksburg, Va.-........ 50.0.0. cece eee e eee Ay Seat raze, aherareye (Oo tg he SABAH APRA Chap eE (OP To nglO ET eae Brett Sepa eee R. B, Fetter 
Witguman Univ. of, University, Varies ov. cussed ss cteencaecuee Araneta gles rues Ns Rf ENP aes oo Oe CRSP CLL OY = enazrstaemgcte ale braleveva bis P. B. Peyton, Jr. 
Washington, State Col. of, Pullman, Wash..............0.0005 Dare ate vee eae Pes Mickeys cavum Meee ows os PORN JORNIORE Me w sehen cee w's,2- Robert Anderson 
Washington, Univ.of, Seattle, Wash... 0): < os wcce cee uence Dh. ater heme cite R:.Es Eindblomicg ix cher cree dca eee Marre str aters\eiets Bake eras Lloyd Elliott 
Wwashineton Univ, St.Louis; Mo... wi esdeds ete ces aeawss Heh is cee caaaiet dle Di AciBischers Sh0y satin oa eee «tee ABs, WV. VCCHRIED . « <e-rett-ne tin resa tele C. W. Jeep, Jr. 
West Virginia Univ., Morgantown, W. Va..........000020000e RR rie Os ee VAS EL BOrmaatt on ase ims aioe pininte'n te Kae WM POWMERN N iss piccres rename 3 D. R. Steele 
Wisconsin. Univ. of, Madison, Wis. . 00% cscs ces ov cet cee Bae tetas es PARP RCO soe ck civ a 6 eile she gi PR) BB No ome aa M. W. Oleson 
Worcester Poly. Inst., Worcester, Mass...........---0.00000eee TAS treet Va Siegietenice. ok ovine tee tame os ¥J- Mickiewitzs..25 ssc sivas E. G. Baldwin 
Wyoming, Univ. of, Laramie, Wyo........... 60.000 cence ees Gs auhiee See G. H. Sechrist.......: Gos aere eS BG Avion ate! oe Buia ciel orain ess Y. Hattori 
Netesumiv.,awiew Haven, Conn. cic 2 tleudionie esos eck ete ne’ Nach = Date eek Airy Contac. og career sae celts AC) Bie SUVABLLSSIYIN Sa ateiaicietese aletate: «:« in} T. H. Hedene 
Total Branches.......... 125 
Number of Enrolled Students November 1, 1943—3,573 
: 
e e e e e 
Geographical District Executive Committees 
Chairman Secretary Chairman, District Committee on 
4 District (Vice-President, AIEE) (District Secretary) Student Activities 
a | P 
1 North Eastern....K.B. McEachron, General Electric Company,,... Victor Siegfried, Worcester Polytechnic Insti-..,.R. G. Porter, Northeastern University, Boston, 
; o5 100 Woodlawn Ave., Pittsfield, Mass. | tute, Worcester, Mass. Mass. 
wo 2 Middle Eastern,,.W. E. Wickenden, Case School of Applied....H. R. Vaughan, Westinghouse Elec. & Mfg.....P. X. Rice, Pennsylvania State College, State 
A Science, Cleveland 6, Ohio Co., East Pittsburgh, Pa. College, Pa. 
p *3 New York City. ..C. R. Jones, Westinghouse Elec. & Mfg. Co.,....R. L. Webb, Consolidated Edison Co. of New....D. H. Wright, Pratt Institute, Brooklyn, N. Y. 
a 40 Wall St., New York 5, N. Y. : York, Inc., 4 Irving Place, New York 3, N. Y. 
& 4 Southern........ C. W. Ricker, Tulane University, New Orleans. ...F.E. Johnson, Jr., 317 Baronne St., New Or-....Claudius Lee, Virginia Polytechnic Institute, 
= 15, La: “leans 9, La. : Blacksburg, Va. 
3 5 Great Lakes...... A. G. Dewars, Northern States Power Co., 15....N. C. Pearcy, Public Utility Engg. & Service....M. M. Cory, Michigan State College, East 
7 } S. 5th St., Minneapolis, Minn. Corp., 231 S. La Salle St., Chicago 4, Ill. Lansing, Mich. 
* # 6 North Central....L. A. Bingham, University of Nebraska, Lin-....Frank C. Howard, Iowa-Nebraska Light &....H.B. Palmer, University of Colorado, Boulder, 
—- coln, Nebr. Power Co., Lincoln, Nebr. Colo, 
; =7 South West ..... E. T. Mahood, Southwestern Bell Telephone. ...R.G. Kloeffler, Kansas State College, Manhat-....M. A. Thomas, New Mexico State College, 
Co., 11th & Oak Sts., Kansas City, Mo. tan, Kans. State College, N. M. 
PACING. = servis > J. M. Gaylord, Metropolitan Water District of....Mark A. Sawyer, Box 5300, Metropolitan Sta-....F. W. Maxstadt, California Institute of Tech- 
Southern California, 306 W. 3rd St., Los tion, Los Angeles, Calif. nology, Pasadena 4, Calif. 
Angeles 13, Calif. 
9 North West...... E. W. Schilling, Montana State College, Boze-....W. A. Boyer, Anaconda Copper Mining Co.,....L. D. Harris, University of Utah, Salt Lake 
“ man, Mont. Butte, Mont. City, Utah 
10 Canada......... W. J. Gilson, 1244 Dufferin St., Toronto, Ont.....W. Roy Harmer, H.E.P.C. of Ontario, 


Sam 


a 


1943, VoLuME 62 


* District 3 includes all foreign countries except Canada. 


Officers 


620 University Ave.. Toronto, Ont. 


and Committees —1943-44 


Nore; Each District executive committee includes also the chairmen and secretaries of all Sections within the District, and the District vice-chairman of the national mem- 
bership committee. . 
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Sections of the Institute | ey 
eer re reine man et tp eee 
When Membership } 


Name District Organized Aug, 1, 1943 Chairman Secretary Secretary’s Address 

ALTON o.1 07 Hee Me ae 2,, Aug, 12,'20,..., 871.0. Re FB, Snyderics iiss Hy L, Smiths. ven ann Goodyear Tire & Rubber Co,, Akron, Ohio 

Alabama...,..... 4,.,May 22,’29.,., 42,,..E, R, Coulbourn,,... CHE SIttloh. sap sve Alabama Power Co., Birmingham, Ala, 

ASWZOnSsicoo anes 8.,,Mar, 22,’41,,.. 37...-Malcolm Bridgwater, .. A. Gissel.........+ Central Arizona Light & Power Co,, Phoenix, Ariz. 

BOstons ia cameras 1.,,Feb, 13,'03,,.. 574....1, Cooper, Jr.........W, I. Middleton. ..i.. Simplex Wire & Cable Co., Cambridge, Mass. 

CentralIndiana.,. 5...Jan, 12,°12,,,, 133,..,.C, R, Swenson,..,... CLE. Parks... were Public Service Co, of Indiana, Inc., Indianapolis, Ind. 

Chicagon rs dienes beso aa Al Orne aus 649, ce Fy de Kelthi i cro s ne R: CG, Ericson. 2... 0% Northern Indiana Public Service Co., Hammond, Ind. 

Cincinnati... ..... 2,..June 30)'20)..5 1507. .0V iG, Rete. 7, sy0.uau W. Hi, Breunig. «+ 66s 303 West Third St., Cincinnati 2, Ohio b 
Cleveland...,...5, 2 tr BOpti 21) (Orivvi A00Ne pats lar SLOOVER i hi van aes VA OIRRN ons cena Ohio Bell Telephone Co., 750 Huron Rd., Cleveland, Ohio ~ 
Columbus-7...... 204. Mar. 17, 224.0 Geko nnes OF EVEN; .> cuca R. W, Miner,..,....323 No, Ardmore Road,, Columbus 9, Ohio 

Connecticut,,,.... Vice Apt: 16;"Z ean, ‘BOS nics bs Ge PLOW. see eat. C.D, Wewilttisa.ie08 « P.O, Box 1562, New Haven 6, Conn, 

DORV{ODs eth cst aleve 2. June” 9, 9435055. Lees srkeni fo PIUZ wn ee ai sa J: W. Gehrke........ Dayton Power & Light Co., 25 No, Main St., Dayton 2, Ohio 

DONVON ies aareiics 6.) May, 18,7157 ciGlb Gus o> Wi dks DAY WOC ah we poss caer R. Patterson,...... Public Service Co. of Colorado, Denver, Colo. 

Kast Tennessec,,.. 4,,-Sept, 2,736..., 134...,R.™M., Ferrill..,..,.... W. R. Gilkeson,,..... Tennessee Valley Authority, Chattanooga, Tenn. 

Etiosisthiscter vty 0.2 7 PL Rin low EIR act Wyre se HN, Shaw... sxe, W. D, Bearce, | sass. 4121 Sassafras St., Evie, Pa, 

Plorida sia ot favs 40 Jans 28,431 WS6Na Create CLOUR ra sees P. J, Catlins evocesas Florida Power & Light Co,, Miami, Fla. 

Fort Wayne,,,,... 5.,+Aug, 14,’08,,.. 100,,..C, W. Kronmiller..... E. G, Downle......+« General Electric Co., Fort Wayne, Ind. 

Georgii tains 45.4 Jans 14, OR wey, Odes) Kak DUOMORES yp aise ee Carl Evans, ...,....+ Electrical South, 1020 Grant Bldg., Atlanta 3, Ga, 

TAOUSIOD hb iata > 7 oe AUGn Ty 2Ba sce USF) 0 beds e oO RROUROR ae Hezzic Clark,,....... P.O, Drawer 2220, Houston 1, Tex. 

LOW Sire atvy a's nee 5 jv Jin. 25,2505.) BD» sr WV sD» BOMB se patie en E. B, Fowler.....3 00 Northwestern Bell Telephone Co,, Des Moines 9, lowa 

Ithaca,...,.+.+5+6. 1,.,Oct, 15,'02,,,. 60..,..A.B, Oredic.....,...W. B., Meserve,....,.Cornell University, Ithaca, Ni W¥. 

Kansas City....... TevvApts 14, 165i 0+, 1430.01 Ve Ba FLOBSLOL),cviss:s vee Rami e OOM y sierately nk Box 679, Kansas City 10, Mo. 

Lehigh Valley,,... 2s vo APT 116, 209 tree 189) csaih ea le NV VRC) 1 5 lente Lor Sn Ma OC rst ale tie oy Penn. Pwr, & Lt, Go., 135 N. Washington St., Wilkes * Barr Pa. 

Lon Angeles. ....++ Bin May: 19508 4 0 848s i iccdds Ee RUUMEs's onesie hi. 8. Condon,......+ 357 South Hill St., Los Angeles 13, Calif, 

TOUUSVELO teas sae Aye Oct, 15,265 ai te (ha sip kan Gta) YUCMION: Ah opin vine M.S. Winstandley..., Louisville Gas & Elec. Co., Louisville, Ky. 

LVDS ise pick cle oe, Live vA tae, hae ee MaWales oh WV res COOK yaar nr gare C..A. Atherton, 49. Champion Lamp Works, 600 Broad St., Lynn, Mass. 

Madltonssc0sccess Ses Jane (By "OO can) TOu 0g evens AMOMES wie tien ate E. H. Scheibe......+. 144 W, Gilman St., Madison 3, Wis. 

Manafield......... ev plas, 96, (OP, duns a GB) 2 ii tee DOVE p caiets ht ee M; Ar Gilesogss vetuig 589 Crescent Road, Mansfield, “Ohio 

Maryland....55..+ 2...,Dec, 16,'04,.:, 349..,.,M.W, Pullen, .iress. J. L, Hildebrandt... ,,CGonsol, Gas Blec. Lt. & Pwr. Co, Monument St. Bldg., Baltimore 3, Md. 

Memphis,.....,... 4,2 May 22,°805) 05 © 67 Five Be POMIGK TS geste: M; Gy Sifférd’s 056 5 Westinghouse Electric Supply Co., Memphis 1, ‘Tenn. 

Melody visiin vats etre oie JUNC Boy edin's.e) SOT tir ole Se An OVO nett ret hy By Aubert, sas sre ns eid Apartado Postal 1399, Mexico, D. I’, Mexico 
Michigan: ijccpses Sv veansn 13, 11 sien) 095s Wemls VreRShOs wvareni M, M, Cory.........Michigan State College, East Lansing, Mich. 

Midwestern 

Canada,.......10,,,Oct, 14,'25..,,  26....M. L. HMaynes......45 J, RRras CUNE yarraNent 1945 Scarth St., Regina, Sask., Can. 

Milwaukee,.,,.,..°5...Feb, 11,°10,,., 318..,..R. Hi. Barle,,<....1.+ E. L. McClure....... Wisconsin Elec. Pwr. Go., 231 W. Michigan St., Milwaukee 3, Wis. 

Minnesota,....... 5,..Apr. 7,’02,,,, 118.,...W. H, Gille,.......,..L. A. Griffith, .......Minneapolis-Honeywell Regulator Co., Minneapolis, Minn. 

Montana......,.5 9... June 24, 31,.., 40....0.R. Davis... .. 0.00% W. H. Blankmeyer... .,Montana Power Co,, Butte, Mont. 

Montreal,,......> 10,..Apr. '16,'43..., 149..,.Frederick Krug......, D. M. Farnham...... 107 Craig St. West, Room 307, Montreal, Que., Can. 

Muncle Shoals,.... Bo Feb 18; 9SB i cnc 128 is 0s Leo mite anys pnttat Arthur Vaughn,...., 702 Commons, ‘Tuscumbia, Ala, i 

Nebraska, ........+ Bei Jan. 215 2b icky coO0 fey GOs Fy AR hese I. M, Ellestad........ Northwestern Bell Telephone Co., Omaha, Nebr. 

New Mexico ‘ 

Weoat Texatscicce Tenniats  Ty940 sia) 4B a vets Cle WiC ynaaiee mi, {G) Vi. Cooper icine vas El Paso Electric Co,, El Paso, Texas 

New Orleans,,.... Mie rWOCr 8,933 iis, T4115 50 Oh Pe enOnbaga satin: Ff. E, Johnson..,..... 317 Baronne St., New Orleans 9, La. 

New York snwrdsss 3.1 +Dec, 10,19... .3)586,..,O.8; Purnellsc....s Js oy Callahan, RGA, Communications, Inc., 66 Broad St., New York 4, ‘N. aun 

Niagara Frontier... 1,,.Feb, 10,'25.,., 186....C, EB. Gaylord........ WJ Bt reudenberger. Buffalo Niagara Electric Corp. ., Buflalo 3, N. Xen 

North Carolina, Yor See Mar 2'29. 405 999.405 FB. Roblaion),vuraa L, M. Reever, «iss . North Carolina State College, Raleigh, N. At; 

North 'Texan.,.... 7,...May 18,'28,.,. 164...,H,.G. Mathewson,...E. H. Flath.......... Southern Methodist University, Dallas, ‘Tex. 

Oklahoma City... 7,..Feb. 16,'22.,.. 90....R, W. Linney,....,... Ch Dy Jobers cantare Oklahoma Gas & Electric Go., Oklahoma City 2, Okla, 

Philadelphia naan Zur cbeby 18,095 6 B6Z0 ss cine MPA way vice e M. L, Lehman.,...:. American Tel, & Tel, Co,, 530 Bourse Bldg., Philadelphia x Pa. . 

Pittuburgh. ss .+s0s 2,.:Oct, 13,702... 657,...G,s W, Penney, vss ss R. GC, Gorham,...... University of Pittsburgh, Pittsburgh, Pa. 

Pittsflelds..:c0r vice 1,.. Mar. 25,'04,.., 195..+.J.. R, Méador,......+ D, D. MacCarthy,..,..General Electric Co., Pittsfield, Mass, 

Portland........55 9... «May 18,’09..1. A77...:AO. Mangoldiceneas WB, Batata scat Portland General Elec, Co., Portland, Oreg. 

Providence..,..... 1,..Mar, 12,’20,... 93..4,FL. P, Turner,.,......GeB, Andrews... 0. . 40 Bridgham St., Providence, R. I. 

Rochester,........ 1,,:Oct, 9,'l4..5. 121.,. 5 Walter Orileyi..).5.> O. L. Angevine, Jr... Stromberg-Garlson Go,, 100 Carlson Rd., Rochester, 3, N. Y. 

St. Louis. ..sss.05 Wes Jani Thy 0816s 1295000 Bs As OOOPED a sania F. J. McCluskey,..... James R. Kearney Corp., 4236 Clayton Ave., St, Louis, Mo. 

San Diego. ci 8,0 Jame 18) °390.,, 86.65. W, da JOnnIOn on ven J. Ws Doolittles ys 06 . Southern California Tel, Co,, 914-C St., San Diego 1, Calif, 

San Francisco, .... 8...Dec. 23,'04....%601....0, EB, Baugh, .+se.es D, 1. Anzini.........General Electric Co., 804 Russ Bldg., San Francisco 4, Calif. 

Schenectady,,.... 1,.,Jan. 26,'03,,.. 630,..,0. 0; Rutledge....... Pie Lightweiatentay: General Electric Co., "Schenectady, NvYs Nig 

Seattle, ee ic 9.,.,Jan, 19,'04,.., 249,,.,H. V. Strandberg..... CG. Dy Bowevsitiecks . Pacific Tel, & Tel. Co, Seattle, Wash, + ot Se 

Sharon Baht phere Tey 2,.,Dec, 11,25... 162... 8, Gates.......0., F. Di Fielders...4.5.5 1324 Yahres Road, Sharon, Pa. } 

South Bend ey ve 5...Feb, 26,'41,,., 48,...U, 9. Stauder,.,...., C, M, Dunn........ Misra’ Blectrie Co., 112 W. Jefferson, South Bend, Ind. ; 

South Garolina, sev 4,,,Mar, 2,'°40,.., 55.... We, Kendrick. -...: By DiTlngley as st. ssh Clemson College, Clemson) S. CG. : oe 

South Texas,....., 7.,sMay 23,'30i,.. 50,..,G, 2, Sobmitt. si, 00 S. R. Friedsam,.,... Lower Colorado River Authority, Austin, Tex. e* 

Spokane. v..sssss. 9...Feb, 14,'43.8,, 85....H. B. Mollrud......4 JF. Gogins,.....45 06 General Electric Co., 421 W. Riverside Ave., Spokane 8, Wash 

SpringAald. s,s Ud JUGS 20, 922.5 ay Bde clpseam VIN ey ene B. N. Durfee... .% «28 Talcott Ave., West Springfield, Mass. 

Syracus@ss..65...4 1..;Augr 12,920... 129.5, .My Gy Prattsss.... 040 Je We Dicoits rare . . Westinghouse Elec. & Mfg. Co., 420 N. Geddes St., Syracuse | ‘, N. Rt" 

Toledo AO uae Poros Bir JUNG 9, 207510. 5! BBi in eel UPALOM sig ele ls W. M, Campbell. ....2145 Central Grove Ave., Toledo, Ohio a. 

Toronto SN core 10, Sept. 30, "038.0. SBls4. Bs Ch BASnenns see cnt T, G, D, Churchill, :, .76 Adelaide St., West, Toronto, Ont., Gan. 

TOMA. i sacrseceee Ze Oct, 1,°37.405 79.0 ¥ W/E Slammer, +P. BE. Genitryis sek | {Southwestern Bell. Tel. Co., 424 So, ‘Detroit Ave. » ‘Tulsa 3, Okla, 

Urbanangune cians Bia Nove 25,020.05 1) 773s Ge Rs PEC. crv A. D, Bailey, ......,., University of Mlinois, Urbana, IIL. 

MGR since ae, nines 9,.,Mar. 9,°17,,,, 85...,.T, A. Robinson.,..+..J. A; MeDonald)...;. General Electric Go,, P.O. Box 779, Salt Lake City 9, Utah. 

Vancouver......., 10,, Aug. 22, '113,.. 98,., 00D. Ingledowss vss. L. B. Stacey....+4 ...570 Dunsmuir St., Vancouver, B. C., Can. te 

VirginlaNaalsv alias Ao May 19,722,015 147. or O, Br Oreetysisninass A, I, orbes,.,.. +... Newport News Shipbuilding & Drydock Co., Newport News, va. i 

Wathington,...... 2., Apr. 9, OR iia’ Gos ner es DoOUsbese ri oreers W. PF, Dietz,. . . . Westinghouse Elec. & Mfg. Go., 1625 K St., N. W., Wethinihatt 

Went Virginia. .... 2..,Apr. 9,'40...,  38..,.A,.M, Rosenblatt.....B.M. Barlow,...... Ravens Park, St. Albans, W. Va. 

Wichita si) shires. en TWN Sept, 16,737...,  62.4.4G,W, Fishers. ... 5.45 Rwy Dios. aaeshes Kansas Gas & Elec, Go., 201 N. Market St., Wichita 1, Kamal 

Worcester. .s....0% Ly. Bob, 1820.5. a Sth | Hi Jewelliris ss en Wane CLPCOa mie tin ig American Steel & Wire 'Co., Hleotrical Cable Works, Woreester, Mass. 

Total Sections,.........4: 14 
SUBSECTIONS f x P 

Minois Valley (Urbana Section)... 6.46545 aoe: sdhos Wenn SLONOMABGare ere ea eink B.A. Briczony oc. .0 500+ esses Genteal Mlinois Light Co., Peoria, TL ; 

Niagara Falls (Niagara Frontier Seation)........0.00 0s ee QyiG Moone rca ctusteils's ts. A.W, Walmsley... 06. .....+++Eectro Metallurgical Co,, Niagara I’ N. : 

Rock River Valley (Madison Section). .....000cereee eves O; V, Bullen... .5> iiss afe a B.'T, Anderson, ..........++++625 Rome Ave., Rockford, Ill. Py 4 

Zanesville (Columbus Section)... 6.6.6.0 cc cece eee ver). OnBenwick:, isi. min’s, ole JG, Everhart: 0605 veces . Line Material Co., Zanesville, Ohio. 
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I. Technical-Subject 
: Index 


Abnormal Overvoltages Caused by Transformer Mag- 
netizing Currents in Long Transmission Lines. 


Paterson, Schroeder... 322.06. ss0=e.50 ness 32-40 
Adjustable-Speed Drive for A-C Systems, A New Type of. 
Conrad, Smith, Ordung.......... . 7-10; disc. 385 


Adjustable-Speed Drive for A-C Systems, A New Type of. 
Part II. Conrad, Smith, Ordung. .522-5; disc. 932 
Advantages of High-Speed Traction Motors. Atwell.. 


- 0 OSE ESSOR DOD GUC OC aC es aOCr ES aOOor 508-10 
(AEIC) Guide for Wartime Conductor Temperatures 
for Power Cables in Service...... 606-10; disc. 942 


(Agricultural) Rural Electrification Engineering and 
Electroagricultural Engineering. Samuels........ 
MMI Fere nxn s.ahe.i' 0. y'aivp se niesereteievels 193-7; disc. 459 
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